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Preface

This book is edited as the Proceedings of The 6th IFToMM International
Symposium on Robotics and Mechatronics (ISRM 2019), a biannual event
organized by the Technical Committee for Robotics and Mechatronics under
International Federation for the Promotion of Mechanism and Machine Science
(IFToMM).

The aim of ISRM is to promote timely scholarly exchange for the robotics and
mechatronics R&D community. ISRM 2019 is the sixth edition of its series
following the previous versions held in Hanoi (Vietnam) in 2009, Shanghai (China)
in 2011, Singapore in 2013, Poitiers (France) in 2015, and Sydney (Australia) in
2017. The sixth ISRM comes to Taipei (Taiwan) hosted by National Taiwan
University of Science and Technology during October 28–30, 2019.

Based on a peer-reviewed evaluation, the ISRM 2019 proceedings present
state-of-the-art research findings in robotics and mechatronics in the 46 papers by
the authors from 19 different countries throughout 5 continents. The contributed
articles are categorized into 8 different technical sessions to be presented at the
symposium, including mechanism synthesis, analysis, and design, kinematics and
dynamics of multibody systems, modeling and simulation, sensors and actuators,
novel robotic systems, industrial and service-related robotics and mechatronics,
advances in medical robotics, and historical development in robotics and
mechatronics.

Last, we thank the authors for their valuable contributions, as well as the
anonymous and volunteer reviewers for having completed their work in a timely
manner. We would also like to express our sincere gratitude to Professors Med
Amine Laribi and Carl A. Nelson for their editorial work for the special session on
advances in surgical robotics.

July 2019 Chin-Hsing Kuo
Pei-Chun Lin

Terence Essomba
Guan-Chen Chen
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Stiffness Analysis of a Semi-symmetrical
Three-Translation Delta-CU Parallel Robot

Huiping Shen1, Yixi Wang1, Guanglei Wu2(&), and Qingmei Meng1

1 Modern Institutional Research Center,
Changzhou University, Changzhou 213016, China

2 School of Mechanical Engineering,
Dalian University of Technology, Dalian 116024, China

gwu@dlut.edu.cn

Abstract. The Delta-CU parallel mechanism is a semi-symmetrical 3-DOF
translational parallel mechanism designed by the author based on the topological
structure design theory of POC equation. Compared with the Delta mechanism,
the structure is more simple, and the kinematics performance is consistent. The
stiffness modeling and characteristics of Delta-CU mechanism are studied in this
paper. First, the stiffness model of the limb is established by using the virtual
spring method, and the equilibrium equation of the limb is given. Then, the
differential mapping from the deflection of the virtual joint to the end-effector is
obtained by the Screw theory, and the Cartesian stiffness matrix of the mech-
anism is obtained by the equilibrium equation; Finally, through the Virtual
Work based stiffness index, the Delta-CU mechanism under given parameters is
analyzed and compared with the Delta mechanism.

Keywords: Three-translation parallel mechanism � Stiffness analysis �
Virtual spring method � Virtual Work stiffness index

1 Introduction

Existing stiffness analysis methods can be divided into: finite element analysis (FEA),
matrix structure analysis (MSA) and virtual joint method (VJM). The obvious
advantage of FEA is its high precision but is only limited by the discrete steps for being
re-meshed and analysis of a parallel robot at different position. The modeling of the
links and joints has accurate physical models [1, 2], but is difficult to analyze in real
time due to recalculation and repeated meshing. FEA could be applied to the final
design stage in practical applications [3], and often used as a comparative analysis in
the study of other stiffness modeling methods [4]; MSA mainly combines the method
of finite element analysis [5], considering the links and joints as units, and compared
with the FEA method, the computational complexity is obviously reduced, but the
Cartesian stiffness matrix (size of 6 � 6) cannot be directly obtained, and it must be
transformed from a high-dimensional matrix (size of n � n) to a low-dimensional
matrix (size of 6 � 6) [6, 7].

For the stiffness modeling of parallel mechanisms (PMs), the most widely used
method is the VJM. This method is an extension of the traditional rigid body model in

© Springer Nature Switzerland AG 2020
C.-H. Kuo et al. (Eds.): ISRM 2019, MMS 78, pp. 3–15, 2020.
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which the link is considered a rigid body, but a flexible joint is created (in order to
accumulate all types of compliance of the link or joint), geometrically, this is equiv-
alent to adding a virtual joint (VJ) which is embedded next to the joint, apparently the
lumped performance of compliance greatly simplifies the modeling. The main idea of
the class of the VJM is proposed early [8], and only considering the compliance of
active joints as the main source of the compliance of the PM. Thereafter, the VJM was
applied to different PMs through different assumptions and numerical methods [9–16].

Different from other methods, the virtual spring method (VSM) of stiffness mod-
eling proposed in [11] can be convenient and fast to analyze the stiffness performance
of different PMs for optimization. In the process of stiffness modeling, the limbs of the
PMs can be modeled separately. Therefore, after material and cross-section parameters
of the links have been known, the stiffness can be calculated from just the inverse
kinematics of the PMs, and also derived when the PMs are in a singular configuration.
On the basis of this, the author simplifies the computational process of motion mapping
by using Screw Theory [12], which improves practicability of the VSM.

This paper first introduces the composition of the semi-symmetric three-translation
parallel mechanism Delta-CU. From the appearance, it is similar to Delta but the
structure is simplified [17]. Based on the completion of kinematic analysis [18], the
stiffness analysis of Delta-CU is carried out. Firstly, based on the VSM, the compliance
model of the limb is established, and the Cartesian stiffness matrix (CSM) of Delta-CU
is obtained by using Screw Theory. To solve the problem of unit inconsistency of the
CSM, the stiffness characteristics of Delta-CU are analyzed by virtual work (VW) in-
dex. The stiffness difference between Delta and Delta-CU has been compared and
analyzed.

2 Delta-CU Structure

(a) Delta-CU mechanism (b) Experimental prototype

Fig. 1. Delta-CU manipulator

4 H. Shen et al.



The Delta-CU designed according to the theory of parallel mechanism topology design
based on Position and Orientation Characteristics (POC) equation is shown in Fig. 1.

It consists of a base platform (BP) 0, a mobile platform (MP) 1, and two identical
R-RPaR hybrid limbs and a R-TT simple limb, each of which consists of an active link
and a parallelogram (includes four revolute joints) which is written as Pa. The active
link and the parallelogram are connected by a revolute joint, and are connected to the
mobile platform 1 through a revolute joint (written as R-RPaR); the two links of the R-
TT limb are connected by a universal joint T, the limb and the base platform 0 is
connected by a revolute joint, another revolute joint connects the limb to the mobile
platform 1. The lengths of the three active links connected to the base platform 0 in the
three limbs are equal; the length of the link connected to the movable platform 1 in the
R-TT limb is equal to that of the parallelogram in the hybrid limb.

3 Stiffness Modeling

Each limb of the Delta-CU can be regarded as consisting of an active link and a passive
link, which can be uniformly represented as a compliance model containing the virtual
springs (VSs), and modeling of the R-TT limb in the Delta-CU, as shown in the Fig. 2.

• 1-dof spring, indicates the servo stiffness of the actuator.
• 6-dof spring, corresponding to rotational and translational deflections of the link in

the Cartesian coordinate.
• 2-dof, indicates that the passive universal joint T which is subjected to an external

force to generate a passive motion.

Similarly, Compliance model of the R-RPaR has been established in Fig. 3

• 1-dof spring, between Active link and Parallelogram, indicates passive joint from
the parallelogram.

• 5-dof spring, corresponding to rotational and translational deflections of the par-
allelogram in the Cartesian coordinate which will be explained below.

• 1-dof, at the end of the limb, represents that the passive joint R at the MP.

Fig. 2. Compliance model of the R-TT limb

Stiffness Analysis of a Semi-symmetrical Three-Translation 5



3.1 Motion Equation of the Limb

As shown in Fig. 4, Ai;Bi;Ci i ¼ 1; 2; 3ð Þ are the center of joints, the origin of
Cartesian coordinate frame O-XYZ is at the center of the BP which is equilateral
triangle, and A1 is on the Y axis of global coordinate frame O-XYZ.

From the compliance model of Figs. 2 and 3, a general equation of motion from
deflections of the VSs and passive motion to deflection of the MP in the limb can be
given

Dt ¼ JihDhi þ JiwDwi i ¼ 1; 2; 3ð Þ ð1Þ

Wherein, Dt representing the deflection of the MP in the Cartesian coordinate
system, which consists of rotational deflections and translational deflections; Dhi is the
deflection of the VS at the actuator and the end of links in the i-th limb; Dwi describes
the passive motion of the passive joints in the i-th limb; Jih and Jiw are the Jacobian
matrices corresponding to the deflections Dhi and passive motion Dwi.

For example, the local Cartesian coordinate systems B1-uvw and C1-u′v′w′ as
shown in Fig. 4 are established, and the u-axis and the u-axis are respectively along the
axis directions of the links A1B1 and B1C1; the w-axis and w′-axis are along the axis of
actuator; the v-axis and the v′-axis are perpendicular to the plane formed by the u-axis

Fig. 3. Compliance model of the R-RPaR limb

Fig. 4. Symbol of Delta-CU mechanism

6 H. Shen et al.



and the w-axis, the u-axis and the w′ axis, respectively. So Jih and Jiw in R-TT limb can

be expressed as J1h ¼ J1hac J1hrd1 J1hrd2
� �

and J1w, then

J1hac ¼ $̂
1

hac

h i
; J1hrd1 ¼ $̂

1

h1 $̂
1

h2 $̂
1

h3 $̂
1

h4 $̂
1

h5 $̂
1

h6

h i
;

J1hrd2 ¼ $̂
1

h7 $̂
1

h8 $̂
1

h9 $̂
1

h10 $̂
1

h11 $̂
1

h12

h i
; J1w ¼ $̂

1

w1 $̂
1

w1 $̂
1

w1 $̂
1

w1

h i
where

$̂
1

hac ¼
w

ða� pÞ � w

� �

$̂
1

h1 ¼
u

ðb� pÞ � u

� �
; $̂

1

h2 ¼
v

ðb� pÞ � v

� �
; $̂

1

h3 ¼
w

ðb� pÞ � w

� �
; $̂

1

h4 ¼
0

u

� �
; $̂

1

h5 ¼
0

v

� �
; $̂

1

h6 ¼
0

w

� �

$̂
1

h7 ¼
u0

ðc� pÞ � u0

� �
; $̂

1

h8 ¼
v0

ðc� pÞ � v0

� �
; $̂

1

h9 ¼
w0

ðc� pÞ � w0

� �
; $̂

1

h10 ¼
0

u0

� �
; $̂

1

h11 ¼
0

v0

� �
; $̂

1

h12 ¼
0

w0

� �

$̂
1

w1 ¼
w

ðb� pÞ � u

� �
; $̂

1

w2 ¼
v0

ðb� pÞ � v0

� �
; $̂

1

w3 ¼
w

ðc� pÞ � w

� �
; $̂

1

w4 ¼
v0

ðc� pÞ � v0

� �

Wherein, u; v;w; u0; v0;w0: respectively represents a direction vector of the coor-
dinate system of the local coordinate system in the state coordinate system;

ai; bi; ci; p: The position vectors of points A, B, C, and P are respectively denoted in
the coordinate system O-XYZ.

3.2 Equilibrium Equation

Assuming that the force/torque of the VSs at the joints in the limb is sih, then
sih ¼ Ki

hDh
i, Wherein, Ki

h represents stiffness of the VSs at the actuator or end of the
link in the limb.

It is assumed that there are infinitesimal deflections of the VSs (dhi) and passive
motion (dwi) when the limb is subjected to an external force/torque f i from the MP,
then dti ¼ Jihdhi þ Jiwdwi.

The virtual work done by the constraint force in the limb is �sihdhi (opposite to
force of the VSs), according to the principle of virtual work

fTi dti � sihdhi ¼ 0 i ¼ 1; 2; 3ð Þ ð2Þ

Only the VS is forced to work, dhi and dwi can be eliminated:

Jih
T
f i ¼ sih i ¼ 1; 2; 3ð Þ ð3Þ

Jiw
T
f i ¼ 0 i ¼ 1; 2; 3ð Þ ð4Þ

Equations (3) and (4) is the equilibrium equation of the limb. Due to the inverse

matrix of the stiffness matrix is Ki
h
�1

called the ‘Flexibility matrix’ because of Ki
h

being always symmetric positive, Each rod is treated as a cantilever, for which the
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6� 6 compliance matrix is denoted by K�1
rod ¼ kij

� �
, the nonzero elements calculated

upon the Euler-Bernoulli beam theory taking the following form:

k11 ¼ L
GIx

; k22 ¼ L
EIy

; k33 ¼ L
EIz

; k44 ¼ L
EA

; k55 ¼ L3

3EIy
; k66 ¼ L3

3EIz
; k35 ¼ k53 ¼ L2

2EIz

k26 ¼ k62 ¼ � L2

2EIy

Wherein, L is the length of the link; A is the cross-section area of the link; Ix is polar
moment of inertia of the link; Iy and Iy is the moment of inertia of the section; E is the
modulus of elasticity of the material, G is the shear modulus of the material.

Then, substitute Ki
h
�1
sih ¼ Dhi into the Eq. (1) together with Eq. (3) and simpli-

fied, the matrix form of equilibrium equation of the limb can be obtained.

Sih Jiw
Jiw

T
0

" #
� f i

Dwi

� �
¼ Dt

0

� �
ð5Þ

among them, Sih ¼ JihK
i
h
�1Jih

T

3.3 Cartesian Stiffness Matrix

Because f i ¼ KiDt (Ki represents the stiffness matrix of the limb), the Eq. (5) is
expressed as

Ki �
� �

� �
� Dt

0

� �
¼ Sih Jiw

Jiw
T

0

" #�1

� Dt
0

� �
ð6Þ

The external force/torque f at the center of the MP can be decomposed into the
forces/torques f i of the limbs, resulting in:

f ¼
Xn
i¼1

f i ð7Þ

Because KDt ¼ Pn
i¼1

KiDt (K represents the stiffness matrix of the PM), and elim-

inating the variable Dt to obtain the Cartesian stiffness matrix of the PM in the global
coordinate frame:

K ¼
Xn
i¼1

Ki ð8Þ

8 H. Shen et al.



However, for a complex R-RPaR limb containing a parallelogram structure, the
parallelogram structure must first be modeled as a separate structure. For this, a local
coordinate frame as shown in Fig. 5 is established.

The short bar in the parallelogram structure is regarded as a rigid link, and the
stiffness of the parallelogram structure is modeled by the above calculation method, and
the stiffness matrix KPar, of the structure at the reference point E is calculated as

KPar ¼

2
k11

þ k33d2S2q
2ðk33k55�k235Þ

0 k33d2S2q
4ðk33k55�k235Þ

0 0 0

0
d2S2q
2k44

0 0 0 0
k33d2S2q

4ðk33k55�k235Þ
0 4k55 þ d2Cq2

2ðk33k55�k235Þ
0 2k35

k235�k33k55
0

0 0 0 2
k44

0 0

0 0 2k35
k235�k33k55

0 � 2k33
k235�k33k55

0
0 0 0 0 0 0

2
66666666664

3
77777777775

ð9Þ

Where, Cð:Þ, Sð:Þ represents cosð:Þ; sinð:Þ; ½k� represents the element in the com-
pliance matrix of the long link.

It can be seen that in the stiffness matrix KPar, the elements of the sixth row and the
sixth column disappear due to the force of the reference point E in the direction of the
passive R1, R3 and the passive R2, R4. To avoid the matrix singularity, the KPar must
be a stiffness matrix of 5 � 5, so the parallelogram structure could be regarded as a
passive link with a R-joint at the head and a 5-dof VS at the end.

4 Numerical Analysis

4.1 Structural Parameters

Referring to the design parameters of a certain type of Delta, the dimensional
parameters of Delta-CU are as follows. As shown in Fig. 1, the length of the active link
is Length 1, the length of the passive link is Length 2, and the radii of the circum-
scribed circle of the state and mobile platform are R and r respectively, as shown in
Table 1.

Fig. 5. Parallelogram modeling
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The Sectional parameters and material parameters of the link are shown in Table 2,
wherein the hollow link has an outer diameter D and an inner diameter d, and there are
two long links in a parallelogram.

4.2 Delta-CU Mechanism Stiffness Analysis

From the scale parameters shown in Table 1, according to the kinematics analysis of
Delta-CU [17], a cylindrical working space with a diameter of 400 mm and a height
range [250, 550] (mm) in the state coordinate system can be obtained. The position of
the mechanism corresponding to [0, 0, 520] (mm) is substituted into Eqs. (1)–(8), the
stiffness matrix K can be obtained by MATLAB:

610

0 0 0 0 0 3. 961
0. 475 0 0 0 1. 909 0

0 0. 261 0. 572 0. 888 0 0
0 0. 311 0. 851 0. 572 0 0
0 0. 090 0. 311 0. 261 0 0

0. 552 0 0 0 0. 475 0

⋅

⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

−
−

−−

The above Cartesian stiffness matrix is divided into two 6 � 3 matrices along the
broken line, and the element units in the two matrices are N/rad and N/m respectively.
Because the dimension of the matrix elements in the stiffness matrix is inconsistent and
the coupling of translation and rotation exists, in order to analyze the stiffness char-
acteristics of Delta-CU at different positions, this paper uses the virtual work
(VW) stiffness index [13] for evaluation.

Assuming that a unit external force funit is applied at the center of the MP which
deflection is denoted by dt, the virtual work of external force is

W ¼ fTunit � dt ð10Þ

Table 1. Design parameters of Delta-CU

R (mm) r (mm) Length1 (mm) Length2 (mm)

108.5 60 223 442

Table 2. Sectional parameters and material parameters

Active link
D � d (mm)

Passive link
D � d (mm)

E (GPa)

R-RPaR 30 � 26 16 � 12 (�2) 210
R-TT 30 � 26 Poisson

0.3
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Therefore dt ¼ K�1funit, the definition of the virtual work W ¼ f T
unitK

�1funit, VW
stiffness index is:

VW ¼ 1

fTunitK
�1funit

ð11Þ

Under the external force of the same unit, the smaller external work, the smaller
deflection, so the larger VW index, the better stiffness performance of the mechanism.
The VW index based on the principle of virtual work is to evaluate the ability of the
mechanism to resist deflection under a given external force or external torque by a
single value. Therefore, the concept of virtual work is used to make the index more
physical.

In most cases, the stiffness characteristics of the gravity direction are particularly
important for the performance of the mechanism. Therefore, in order to analyze the
resistance of Delta-CU in the working space, it is assumed that the external force and
the unit external torque along the direction of gravity are applied to the end as funit = [0
0 0 0 0 1]T and funit = [0 0 1 0 0 0]T, using the above calculation method of the VW
stiffness index, the variation diagram of the VW stiffness index in the workspace shown
in Fig. 6 is obtained.

It can be seen from Fig. 6 that at different working heights, the closer to working
center, the better Delta-CU’s ability to resist tensile deflection and the worse torsional
resistance; however, whether torsional resistance or tensile resistance, the change in
stiffness performance is more gradual at working height of z = 550 (mm).

In actual working conditions, the deflection resistance of the mechanism is deter-
mined by the weakest working area. As can be seen from Fig. 6, although the maxi-
mum values are significantly different, the minimum values in the working area are
relatively close, so the conclusion is obtained; the higher the working height, the more

(a) External Force (b) External Wrench

Fig. 6. VW index in workspace
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stable the stiffness performance, and this working characteristic meets the requirements
of the actual working conditions.

4.3 Stiffness Comparison of Delta-CU and Delta

It can be seen from the literature [17] that under the same design parameters, Delta-CU
has the same kinematics performance as Delta, so according to the relevant parameters
of Tables 1 and 2, Cartesian stiffness matrix of Delta has been also obtained at
[0, 0, 520] (mm):

610

0 0 0 0 0 3. 561
0. 475 0 0 0 1. 809 0

0 0. 475 0 1. 809 0 0
0 0 0. 822 0 0 0
0 0. 552 0 0. 475 0 0

0. 552 0 0 0 0. 475 0

⋅

⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

−

−

From the above stiffness matrix, the stiffness of Delta still has coupling charac-
teristics. The VW index is used to compare Delta-CU with Delta. In the Cartesian
stiffness system, the distribution of stiffness characteristic is not only related to the
external force, but also the action position of external force, so it is assumed that a unit
force or a unit torque in a direction other than a single coordinate axis is applied at the
same point, that is, the stiffness characteristics in a plurality of directions are considered
for comparison.

It is assumed that the unit force funit ¼ 0 0 0
ffiffiffi
3

p
=3

ffiffiffi
3

p
=3

ffiffiffi
3

p
=3

� �T
(N)

and the unit torque funit ¼
ffiffiffi
3

p
=3

ffiffiffi
3

p
=3

ffiffiffi
3

p
=3 0 0 0

� �T
(N∙m) are sequentially

applied. Because the structure of Delta-CU is similar to that of Delta, only the VW
stiffness index value distribution on the working plane at z = 400 (mm) is compared, as
shown in Figs. 7 and 8.

It can be seen from the overall characteristics shown in Fig. 7 that although the
index values are somewhat different, in general, the Delta-CU mechanism exhibits a
similar stiffness characteristic to that of Delta on the working plane, so when resisting
tensile deflection is taken into consideration, both have basically the same resistance to
deflection.

It can be seen from Fig. 8 that Delta-CU and Delta exhibit different stiffness
characteristics in anti-torsion deflection. The optimum position of Delta against tor-
sional deflection is opposite to that of Delta-CU. The ability to anti-torsion is weaker
than Delta. Due to Delta-CU used for grabbing and placing motion, the components are
mainly subjected to tensile loads, and less torsional loads. Therefore, Delta-CU can
meet the same working requirements as Delta.
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5 Conclusion

(1) The stiffness of Delta-CU is modeled by VSM, and the stiffness matrix of
Cartesian space has been obtained.

(2) Using the VW index, the stiffness characteristics of Delta-CU in different working
planes are analyzed. The results show that the higher working height, the more
stable stiffness performance; the linear stiffness and torsional stiffness index
values work differently. The lowest value of the VW index is close to the cor-
responding value of Delta, that is, the worst working conditions of two mecha-
nisms at any working height are close.

(3) The Delta-CU mechanism uses a structure of R-TT, the complicated R-RPaR is
avoided, which reduces the difficulty of processing and assembly; the required
active torque is smaller; it has the same tensile rigidity as Delta.

(a) Delta                                           (b) Delta-CU 

Fig. 7. Resistance against force

(a) Delta                                 (b) Delta-CU 

Fig. 8. Resistance against wrench
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The kinematics and dynamics of Delta-CU have been completed by the authors, as
well as the results of the stiffness research in this paper, show that Delta-CU is more
simple in structure, the kinematics, tensile stiffness properties are basically the same,
which can replace Delta mechanism for the application of pick-and-place operation.

Acknowledgments. NSFC No. 51375062 and No. 51475050 is greatly appreciated.
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Abstract. Over the past decade, disability and aging have become serious
global problems. The rapid growth of disabled and aging people in the society
necessitates the employment of caregivers to assist them in performing everyday
activities. However, caregiving is highly expensive with high injury rates. To
transfer the people who cannot help themselves, a transfer aide becomes
essential equipment. Mobility assistive devices can increase the mobility and
reduce the risk of injury for both disabled and caregiver, particularly in bed-
room, bathroom and kitchen. Although many smart devices were invented, they
all required some degree of manual operations and assistance but assistive
devices with a fully autonomous operation capability is never achieved. The
paper presents a brief review of powered mobility assistive and meal preparing
devices for physically disabled used in homes.

Keywords: Assistive devices � Meal preparing � Physically disabled persons

1 Introduction

Disability and aging have become serious global issues over the past decade. It has
been estimated that 15% of the world’s population lives with some form of disability
[1] whereas about 13% of world population is aged 60 or more, which is growing at the
rate of 3% per year and is expected to double by 2050. Moreover, global population
aged 60 or over is growing faster than all younger age groups [2].

Asia has a population of 4.4 billion, about 60% of the global population, with two
of the largest populations of more than a billion people each in China and India.
Currently, China and India have disabled populations of around 24.12 million and 5.4
million with disability prevalence rates of 6.5 and 2.2%, respectively [3, 4]. During the
last decade, Japan is facing super-aging issues with the percentage of elderly people in
2016 at 27.3%, and is projected to reach 37.7% by 2050 [5]. Whereas the physically
disabled population is approximately 5.9% of the total disabled population [6]. For
Taiwan, the elderly population has risen to 14.7% in 2018, which has rendered it an
aging society [7]. It is projected to become an aged society by 2026 and a super-aging
society by 2061 [8]. On the other hand, the disabled population in 2016 was recorded at
more than 0.7 million [9]. Technological advancements in medical and health care
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delivery have prolonged life expectancy and increased the size of the elderly popula-
tion. To address this issue, long-term care project (LTCP) and LTCP 2.0 is initiated by
government. After implementation of LTCP, government is now facing some serious
challenges, such as continuously growing extended life expectancy, shortage of
manpower and services for the long-term care of the elderly. The old-dependency ratio
has dropped due to low birthrates [10]. This rapid increase in disabled and aged
population in the society necessitates a higher level of healthcare and living support as
compared to previous decades. Global aging and physical disability had led to the
decline in functional status and reduced mobility for people. Therefore, both the
industry and the scientific community are turning their attention to the rising demands
for health care in the society and are devising strategies and technologies to bring a
paradigm shift in the healthcare of the disabled and the elderly population.

The review paper is based on the following sequence. The challenges and issues
faced by disabled while living independently in the home (see Sect. 2). Powered
mobility devices along with transfer aides for disabled (see Sect. 3). The devices to
assist these people in bathroom (see Sect. 4). Further, the devices that are used to
prepare meals in the kitchen (see Sect. 5) and conclude with a discussion proposing the
solution.

2 Challenges and Issues Faced by Disabled in Daily Living

Activities of daily living are performed by each and every individual, however, due to
functional limitations of disabled people, these activities are not performed by them
independently. Caregiver (family and professional) provides various forms of services
to the disabled people. Studies show that, these people mostly need assistance in daily
living activities such as, bathing, toileting, eating, and getting around inside the house
[11–13]. Dong et al. showed that, absence of caregiving leads to inadequate nutrition
and hydration, poor personal hygiene and nonfulfillment of basic personal needs of
disabled person [14].

Aging and limb disability significantly declines the muscular strength, effects the
daily life activities of a person and also raises ethical problems identified by Sharket
et al. [15]. These people become completely dependent on the caregivers, with respect
to eating, personal hygiene, dressing, toileting, ambulating and managing medical
routines. Assistance to individuals in mobility, bathing and toilet use, places a con-
siderable physical burden on both the caregiver and the individual being cared, espe-
cially when toilet use is frequent. These activities not only puts an emotional burden,
but also loss of personal dignity and independence in the life of cared individual.
Additionally, caregiving is highly expensive with high injury rates. Besides the obvious
cost of the paid caregivers, there is an enormous unseen cost of informal caregiving,
which is often supported by close friends and relatives. For example, this informal
caregiving in the United States is predicted to a cost about USD 522 billion a year,
which is measured by estimating the income lost by unpaid caregivers during the time
that they spend on eldercare [16].
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3 Powered Mobility Device

For people with limited mobility, moving from one place to another, becomes a
challenging task for them and caregivers, due to the weight of the person. It will take a
great effort to transfer a person who cannot move his/her body from the bed to the
wheelchair, from wheelchair to toilet, from wheelchair to bathtub, and vice versa. It
will create a serious problem if the person is confined to bed for an extended period of
time and no caregiving is provided.

To transfer the people who cannot help themselves, powered mobility and transfer
devices become essential equipment. These devices mainly transfer person from one
place to another by using the motion capability of the wheeled device. Popular wheeled
mobility devices with transfer aides are discussed as follows;

RIBA is world’s first robot capable of lifting human from bed. Its arm has 7 degrees
of freedom and gets input through voice. It has vast range of tactile sensor by which, it
can modify the lifting trajectory and understand the caregiver information. Figure 1(a)
shows RIBA transferring a person [17]. Although RIBA has a user-friendly interface,
but it has some functional limitations. First the risk of slippage from the arms of RIBA
makes it unfit for use independently. Secondly, it has electrical input so it is dangerous
to use it in toilets or bathrooms.

Figure 1(b) shows, Home Lift, Position and Rehabilitation (HLPR) Chair. It is a
multipurpose robotic chair that has focused on increasing mobility of a person, transfer
to toilet, bed or rehabilitation [18]. Its design is based on a sturdy forklift. The fixed
outer L-frame provides support to inner L-frame which carries a rotatable seat and is
controlled by a joystick. This structure is mounted on four casters. Along with loco-
motion the chair can also be used as smart walker. HLPR chair is an attempt to resolve
the issues of lifting, mobilizing, transferring and rehabilitation, but due to its bulky and
complex structure, lack of maneuverability. The device cannot be used in home also,
transferring the person to toilet through this chair is not possible.

Mori et al. developed a wheelchair that can perform mobility as well as transfer task
together. Figure 2 shows functioning of wheelchair [19]. Lifting mechanism comprises

Fig. 1. (a) RIBA robot lifting a human [17] (b) HLPR chair [18].
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of lifting frame, a wearable toilet sling and electrically driven winch. During transfer,
winch initially lifts the person and after lifting, seat is folded. Then the person is moved
to the bed or commode from the rear side of the wheelchair. The wheelchair has a
unique mechanism to solve the mobility and transfer problem, but the transfer through
this system requires some infrastructural modifications. Moreover, in the absence of
caregiver, approaching the toilet can be very dangerous.

Intelligent Sweet Home (ISH) [20–22] comprises of an intelligent bed with sup-
porting manipulator, intelligent wheelchair and a robotic hoist. Figure 3(a) shows a view
of an intelligent sweet home. All the devices are connected via communication modules
and controlled by a central control unit. When the user wants to move out of the bed or to
change the position, user provides the command through the voice input or a hand
gesture to the system. Based on the received command, bed transforms accordingly.
After the transformation, the robotic hoist lift move towards the bed, caregiver ties the
hoist and user is lifted. At the same time, the intelligent wheelchair docks itself with the
bed and the user is placed on it. Despite the fact that intelligent sweet home is fully
automatic and all the devices are integrated with each other but it still requires the

Fig. 2. Wheelchair with lifting function: (a) front view, (b) Side view (When transferring
person), (c) Side view (after transfer) [19].

Fig. 3. (a) Intelligent sweet home [20] (b) The overview of the robotic chair/bed system [23].
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involvement of a caregiver who can tie the sling over the body of the user. In addition to
the involvement of the user, the lifting through robotic hoist is not safe.

Figure 3(b) [23] shows, a U-shaped bed with an integrated reconfigurable and
omnidirectional wheelchair. It is designed for assisting bedridden people. The bed is
also equipped with a mechanism for repositioning the people, to avoid bedsores.
Additionally, the wheelchair is capable of automatic docking. Linear and lateral motion
is accomplished by a two assemblies mounted on the chassis of the wheelchair. Robotic
chair/bed has eliminated the need of an additional device for transferring the patient
from wheelchair to bed. However the system is designed for lower extremity disabled
people and it will need a continuous caregiver to help transferring the person from the
wheelchair to the toilet commode. Furthermore, the lateral motion is achieved by the
help of a separate assembly, which makes the operation of wheelchair complex.

For transferring the person to the bed the caregiver brings the person seated on the
PTS wheelchair to a docking base located at the lower side of the bed as shown in
Fig. 4 [24], in such a way that the rear wheels comes in contact with the docking base.
After The docking process, caregiver provides command to the foot deck, through the
remote control to rise up. So the foot deck rises up, with the help of linear actuator, to
meet the back of the wheelchair. After this process the backside of the chair is lowered
by the caregiver and the person’s back comes in contact with the foot deck. Now the
wheelchair seat and the conveyor belt rotates in anti-clockwise direction, simultane-
ously lowering the foot deck. The process takes 2–3 min in transferring the person
from wheelchair to the bed and vice versa.

Fig. 4. AgileLifeTM Patient Transfer System [24].

Fig. 5. Overview of Panasonic-Resyone showing transformation wheelchair to bed [26].
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Panasonic-Resyone is a hybrid wheelchair/bed robot that combines an electric care
bed and full reclining wheelchair as shown in Fig. 5 [26, 27].

A part of bed can be easily transformed into wheelchair and vice versa without
performing tedious tasks. The caregiver can effortlessly transfer the care recipient from
the bed to wheelchair without the change in posture of the care recipient. In this way
the burden on the caregiver can be reduced and the quality of life of care recipient can
be improved. The bed unit is equipped with three linear motion actuators for adjusting
the support for backrest, leg rest, and height of the bed. On the other hand, the
wheelchair unit has one linear actuator for reclining operation. In addition, the com-
bination and separation operation of the bed unit and the wheelchair unit can be
performed by the lateral movement operation (manual operation) of the wheelchair unit
by the caregiver.

4 Transfer Aides for Bathroom and Toilet

Mobility assistive devices can increase independency for disabled people and reduce
the risk of injury for caregiver, particularly in bathrooms and toilets [28]. An inte-
gration of automation technology and innovation in mechanical design would allow the
limb disabled people to access the bathrooms and toilets with quality experience.

4.1 Transfer Aides for Bathroom

An electrical powered transfer mechanism developed by Hiwin Health Care for full
limb disability is shown in Fig. 6(a) [29]. The idea is to allow a direct transfer to the
bathtub using lifting device, and vice versa. The transfer mechanism is a separate
structure from the bathtub. It reduces the dependency on assistant by providing con-
trolled transfer mechanism using an electrical actuator.

Invacare designed a walk-in bathtub with a portable seat, shown in Fig. 6(b) [30].
The mobile structure is designed so that the seat can go into bathtub.

Fig. 6. (a) Hiwin Healthcare Living [29] (b) Invacare Bath lift [30] (c) Premier Care bathtub
with transfer mechanism [31].
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Premier Care has an electric-powered transfer mechanism as shown in Fig. 6(c) [31].
The disabled would sit on the seat and straighten the legs, and the hydraulics will

lift the seat and rotate to the position of the bath then take the seat down into the
bathroom. However, to balance the weight of the person, the system requires a strong
and heavy structure.

The CN204484581U Patent is a concept for transferring a person with complete
limb disability from one area to shower using a combination of electric lifting and
manual sliding mechanism as shown in Fig. 7 [32]. The lifting mechanism is connected
to the bathroom and requires a hydraulic cylinder, pump station, and controller to
operate electrically. However, use of electrical components may be dangerous in wet
regions.

4.2 Transfer Aides for Toilet

Lift Seats Company developed a product for people who has difficulty in standing up
[33]. This product has a lift-and-tilt mechanism to support the body while the person
changes position from standing to sitting position on a commode as shown in Fig. 8(a).
OneCare Company designed a more reliable mechanism combining the commode and
the lifter wheelchair powered by an electrical actuator to transfer the disabled person to
the toilet as shown in Fig. 8(b) [34].

Self-transfer aid systems has been developed by Takahashi et al. [35, 36], and also
Toyota [37] to transfer people with lower limb disability to toilet as shown in Figs. 9
and 10(a) respectively. The platform shown in Fig. 9 can lift the person from the

Fig. 7. Combination sliding and lifter mechanism on a shower [32].

Fig. 8. (a) Lift seat [33] (b) Combination of wheelchair and commode [34].
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wheelchair and rotate to the direction of the toilet and seat the person on the commode.
Similarly, the patient transfer assist system from Toyota also has weight supporting
arms to support the person as well as a wheeled platform that will transport the person
from a place to another. For both of the systems, the transfer process risks the person’s
chest being congested and there is a possibility of slipping from the chest support.

Figure 10(b) shows the self-undressing toilet, which was developed by Melvin to
undress a person who has arm muscle disability by using an electrically powered
gripping mechanism to pull out and turn down the pants and vice versa [38]. The
controller is located on the end of the hand rest as a button. While the system can take
off and put on pants, complicated procedure prevents it from being practical.

Due to mobility limitation, digestive and gastrointestinal disorder like colon cancer,
hemorrhoids, anal fissures and constipation occur, which is solved by Krishan [39],
who developed a squat mechanism for avoiding previous mentioned issues.

5 Meal Preparing Assistive Devices

One of the problems faced by physically disabled people in home is access to food.
They need help from the caregivers to provide meals. While an assistive feeding robot
can be used to serve food and drink to the patient, the food and drinks have to be
provided by human caregivers or service robots [40].

Fig. 9. Self-transfer aid system [35].

Fig. 10. (a) Toyota – Patient Transfer Assist [37] (b) Self-undressing toilet by Melvin [38].
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There are some solutions proposed to assist the users in meal preparation. Ficocelli
and Nejat [41] proposed an interactive assistive kitchen with speech communication. In
this system an automated cabinet system helps users to store and retrieve items and
obtain recipes for meal preparation.

There are dishes that does not need cooking and just served in a plate, like a salad.
As shown in Fig. 11, Sally the salad making robot is a vending machine that prepares a
salad by getting orders from a touchscreen and dropping neat portions of refrigerated
ingredients into a bowl [42]. It contains 22 ingredient canisters and serves 50–100
meals before replenishing.

Ready-to-eat food may play a huge role in solving the problem of food access for
disabled people since ready-to-eat food need little preparation process before serving.
Ready-to-eat food can be food that does not need cooking or pre-cooked food. It can be
served cold or heated One of the most widely consumed ready-to-eat food are instant
noodles. In 2017, 100.1 billion servings of instant noodles were consumed in all around
the world [43]. These noodles are ready to eat in a couple of minutes only by pouring
boiling water to it. Most of the ready-to-eat meals only need to be microwaved before
eaten. These foods should be stored in a refrigerated area and there are products that
combine the refrigeration area and microwave into one machine.

Bicom Vending Machines is a company that specializes in producing vending
machines for pre-cooked or frozen meals [44]. Their product serves the dish after the
meal is chosen and heated. The model M300T can contain up to 100 different dishes at
the same time and equipped with a microwave oven.

The kitchen for disabled people should also be able to store and serve different
kinds of liquids like drinking water, beverages, beers, or sauces for food or salad.
Traditional beverage dispensers have hygienic problems and they require regular
professional cleaning. A Bag-in-Box or BiB is a type of container for the storage and
transportation of liquids. It consists of a strong bladder seated inside a corrugated
fiberboard box. The bag-in-box dispensers do not need any cleaning or professional
sanitation since the bag-in-box container is for only one time use. The bag-in-box
dispensers from the company Squell can store any kind of bag-in-box beverage and
keeps the beverages fresh in a refrigerated environment up to 3 months after opening
[45]. The bag-in-box dispensers from the company Gastro-Cool specializes in dis-
pensing wine with different temperatures, also milk and juices [46].

Fig. 11. Sally the Salad Making Robot and inside view [42].
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Technology already started to replace the chefs in the kitchen. The companies Chef
Automation [47] and Let’s Pizza [48] offers products that can prepare and serve food
autonomously. Based on the patent EP 2820978 A1 [49], the product from Chef
Automation is an automatic noodle preparing and serving machine and the product
from Let’s Pizza is an automatic vending machine which prepares and cooks the pizza
autonomously. As shown in Fig. 12, Spyce is a restaurant in Boston USA that has a
robotic kitchen as its chef [50]. The robotic kitchen is designed to prepare food, cook it
and clean up. The kitchen receives orders from an electronic kiosk and puts the
ingredients into tumbling woks. The woks are heated with induction. The only human
interference is to add the toppings and check the food.

6 Discussion

Continuously, growing disabled and aged population has become a global issue and the
assistive technologies with intelligent features will be very effective to improve the
quality of life for people with limited mobility [51]. The literature suggests that in the
past, focus of research was on lower extremity disabled persons and caregivers are
continuously required to assist these people. Users have to rely on the services of the
caregivers, while using assistive technology products. However, none of the products
can accommodate a fully disabled. Nevertheless, previously developed products
involve some risk factor and limitations, due to which caregiver have to be continu-
ously involved with these people. Therefore, the remedy of this problem is a smart
home for disabled, where they can perform the activities of daily living independently.

In the smart home, these people can utilize smart bed integrated with wheeled
mobility devices, smart toilet, and smart kitchen to live a normal life. Moving around
the home with intelligent wheelchair, having toileting and bathing done without or
limited requirement of caregiver. Smart bathroom and toilet will allow the people to
perform bathing and toileting independently with safe transfer mechanism. In addition,
the fully autonomous smart bathroom will be helpful in reducing the physical burden
on the caregivers. The purpose of a smart kitchen for people with limb disabilities is to
prepare, store, and serve the food. The smart kitchen will be a platform for preparing
food by a robot, which can efficiently and effectively provide variety of meals.

Fig. 12. Robotic kitchen Spyce Restaurant [50].
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7 Conclusion

The paper presents a brief review of mobility assistive and meal preparing devices for
disabled used in home. Assistive technology is an area of research that is continuously
advancing, engineers in collaboration with caregivers and physiotherapist are trying to
develop the devices that can fulfill the needs of disabled. There are certain products
developed, some are on research stage and some are commercialized to assist these
people at home. However, they are unable to satisfy the end user needs because they
involve some limitations. Complexity of operation, risk of falling, lack of maneuver-
ability in tight spaces and cost are the factors that restricts the use of assistive tech-
nology. Although many smart assistive devices were invented, they all required some
degree of manual operations and assistance. Although, devices with fully autonomous
operation capability are never achieved. Until then, a person with partial to full limb
mobility disability cannot perform activities of daily living without the involvement of
a caregiver.

Thus, the ultimate goal of future research in mobility assistive technology, is to
develop a human centered, safe, autonomous and smart device that can be used to
facilitate the physically disabled at home. These features will not only decrease the
anxiety and depression level but also increase the quality of life. A smart home is a
comprehensive solution for achieving the functions above, where they can live with
high self-esteem and improve their quality of life.
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Abstract. This paper is devoted to evaluating the gravity compensation per-
formance of a special class of planar articulated manipulators that are gravity
balanced by using a series of gear-spring modules. First, the studied manipu-
lators with one, two, and three DOFs are revisited. Then, the gravity compen-
sation performance of these manipulators is determined via a peak-to-peak
torque reduction criterion. As the manipulators were designed via two different
approaches, i.e., the ideal balancing approximation and the realistic optimiza-
tion, the gravity compensation performance of these two approaches is com-
pared. It shows that the perfect balancing approximation can achieve a satisfied
performance as nearly same as that of the optimization approach, while it, on the
other hand, enjoys a significant reduction of the computational effort for gravity
compensation design.

Keywords: Gravity compensation � Static balancing � Stiffness analysis

1 Introduction

Performance evaluation is a critical step in the design and analysis of robot manipu-
lators [1]. Recently, attention on the effect of gravity, external forces, and elastic
components in the robot structure has been intensively paid by researchers for
improving the accuracy and reliability of the evaluation [2, 3].

In the literature, numerous indices and criteria were proposed for evaluating the
performance of a robot manipulator with different approaches and specific targets. For
instance, the stiffness index is widely employed to illustrate the stiffness state and
structural compliance of the manipulator. It can be derived from the Cartesian stiffness
matrix via different mathematical operators, such as eigenvalues, determinant, condi-
tion number, and Euclidean norm [3–5]. Kurazume and Hasegawa [6] introduced a
performance index considering the dynamic manipulability and manipulating force
ellipsoids of a serial-link manipulator. Han et al. [7] presented a performance index for
evaluating the power input and output transmissibility of a parallel manipulator. Linh
and Kuo [8] proposed the compliant uniformity index to assess the positioning errors in
the spring-articulated manipulators under the effect of gravity and an arbitrary load.
Nabavi et al. [9] introduced the kinetic energy index to measure the uniformity of
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kinetic energy transferred to the payload carried by manipulators. Azad et al. [10]
presented the effect of the weighting matrix on dynamic manipulability, which can be
used to measure the physical capabilities of manipulators in different tasks. Chen et al.
[11] proposed the normal stiffness performance index considering the robot posture and
feed orientation in the robotic milling process. Bijlsma et al. [12] introduced the
balancing quality criterion based on the work required in a gear system to evaluate the
efficiency of static balance. Mori and Ishigami [13] presented the force-and-energy
manipulability index to evaluate the manipulator configuration with low energy con-
sumption in the soil sampling operation.

The work in this paper is dedicated to using a criterion, namely the peak-to-peak
torque reduction, to evaluate the gravity compensation performance of a class of planar
articulated manipulators that are gravity balanced by a series of gear-spring modules
(GSMs) [14, 15]. The criterion can exhibit the efficiency of gravity compensation or
peak torque reduction when the manipulator is integrated with the GSM as compared to
that without it. In what follows, the designs of the 1-, 2-, and 3-degree-of-freedom
(DOF) articulated manipulators with the GSM are presented in Sect. 2. Then, the
performance evaluation of the manipulators is illustrated via some numerical examples
in Sect. 3. Last, Sect. 4 draws the discussion and conclusions of the paper.
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Fig. 1. The studied gear-spring articulated manipulators with (a) one DOF, (b) two DOFs, and
(c) three DOFs.
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2 The Studied Manipulators

The 1-, 2-, and 3-DOF gear-spring articulated manipulators in Ref. [15] are taken as
examples for illustrating the performance of gravity compensation, as shown in Fig. 1
(a), (b), and (c), respectively. In these drawings, mi, si, li, and hi represent the equivalent
mass, center of mass, length, and rotation angle of link i (i = 1, 2,…, n) of the
manipulator, respectively; d0i, dsi, wi, ngi, and ki represent the spring compression at the
initial position, slider displacement, assemblage angle between HiAi and the rotating
link, gear ratio, and spring stiffness of GSM i, respectively; u0i and uci represent the
initial and instantaneous deflection angles of the connecting rod AiBi with respect to the
rotating link OiBi of GSM i, respectively; r2ai = HiAi and r3i = AiBi.

Note that, in Ref. [15], the described gravity-compensated manipulators could be
designed by two different approaches, i.e., the ideal balancing approximation and
realistic optimization. The ideal balancing approximation is achieved by approximating
the perfect balancing, which is derived from the zero-torque condition with some ideal
assumptions, with logical design parameters of the manipulator. Oppositely, the real-
istic optimization aims at solving an optimization problem, wherein the objective is to
minimize the driving torques of the manipulator.

3 Performance Evaluation

For each manipulator as mentioned above, the evaluation is performed for both design
approaches. The criterion used for the evaluation is defined as follows:

dti ¼ 1�max Tm=si hið Þ�
�

�
�

� �

max Tmi hið Þj jð Þ
� �

� 100% ð1Þ

where Tmi, Tm/si, and dti represent the motor torques of the manipulator without, with
gravity compensation, and the peak-to-peak torque reduction at the joint Oi (i = 1, 2, 3)
of the manipulator, respectively.

3.1 The 1-DOF Articulated Manipulator

Using the Ideal Balancing Approximation. Assume that the design parameters of the
1-DOF articulated manipulator are given in Table 1. From these data, the influence of
the ratio r31/r2a1 to the peak-to-peak torque reduction dt1 can be illustrated in Fig. 2(a).
As may be seen, increasing the ratio leads to improve the efficiency of torque reduction
and dt1 can reach almost 100% when the ratio approaches infinity, as the ideal case. In
order to obtain dt1 � 90%, the ratio is expected to be greater than 12 or r31
0.48 m. However, this desirable parameter can make the connecting rod lengthy as
compared to the radii of gears.
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On the other hand, consider a case when the length of the connecting rod is pre-
scribed, for example, r31 = 0.18 m, whereas the coefficient ηs1 is variable in the interval
[0.8, 1.6]. Then, the peak-to-peak torque reduction dt1 can be computed versus the
coefficient and the results are shown in Fig. 2(b). It can be seen that high torque
reduction (dt1 � 90%) can be acquired whenever ηs1 is selected from 1.2 to 1.3, even
the ratio here r31/r2a1 = 4.5. The highest value dt1 = 94.1% is obtained when ηs1 =
1.23. Compared to the previous case, it is clear that selecting an appropriate coefficient
ηs1 = [1.2, 1.3] is more convenient than using a long-length connecting rod (r31/r2a1
12) since both approaches could produce dt1 � 90%. From the obtained parameters
when dt1 is maximum, some other weights m1 were simulated and verified on MSC
Adams; indeed, the results of dt1 remained relatively consistent in all these cases [14].

Using the Realistic Optimization. The optimization problem for minimizing the
motor torque of the 1-DOF articulated manipulator was solved with the aid of fmincon
solver in MATLAB. Here, the input parameters were given as: r2a1 = 0.04 m, d01 = 0,
ks1 = = [4000, 8000] N/m, r31/r2a1 = [1, 5], w1 = [0°, 360°], ng1 = [1, 3], and
h1 = [0°, 180°]. The optimization was then performed and terminated within 35 iter-
ations at dt1 = 96.1%, whereas the optimal design parameters were also obtained as:
ks1 = 6325 N/m, r31/r2a1 = 3.69, w1 = 91.42°, and ng1 = 2.01.

Based on the above results, the motor torques of the manipulator by using the ideal
balancing approximation Tm/s1 (appro.) and the realistic optimization Tm/s1 (opti.) can
be illustrated in Fig. 3. Note that only the case with the highest value dt1 shown in
Fig. 2(b) is taken in the representation for the approximation approach. The results
show that Tm/s1 (appro.) and Tm/s1 (opti.) are much smaller than the motor torque
without gravity compensation Tm1 at almost rotation angle h1. Besides, dt1 can be
slightly improved from 94.1% (by the approximation) to 96.1% when the optimal
design parameters are used. For reducing the computational effort, it is therefore
preferable adopting the approximation approach for designing the 1-DOF articulated
manipulator.

Table 1. Parameters of the 1-DOF gear-spring articulated manipulator.

w1 (°) ng1 r11 (m) r21 (m) r2a1 (m) m1 (kg) s1 (m)

90 2 0.02 0.04 0.04 2.44 0.135

(b)(a)
X: 1.232
Y: 94.12

s1 = 1 r31/r2a1 = 4.5

Ratio r31/r2a1 Coefficient s1

Fig. 2. Torque reduction of the 1-DOF gear-spring articulated manipulator versus (a) ratio r31/
r2a1 and (b) coefficient ηs1.
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3.2 The 2-DOF Articulated Manipulator

Similar to the previous section, a numerical example of the 2-DOF articulated
manipulator integrated with two GSMs for gravity compensation is illustrated in this
section. The performance evaluation of the manipulator via two described design
approaches is also presented. Assume that the design parameters of the manipulator and
GSMs used in the approximation are given in Tables 2 and 3, respectively. The
manipulator is supposed to perform tasks on two predefined square trajectories
D1D2D3D4 and E1E2E3E4 with the side length of 0.4 m and constant speed of 0.16 m/s
(the total time is 10 s), as shown in Fig. 4(a) and (b), respectively. Note that trajectory
1 is with link 1 of the manipulator in the vertical direction, while trajectory 2 with an
inclined angle 30° at the initial position. On the other hand, the optimal design
parameters of the manipulator for the two trajectories were also derived, as listed in
Table 3.

Tm/s1 (appro.)  Tm/s1 (opti.)

Tm1

94.1%
96.1%

Angle θ1 (°)

Fig. 3. Motor torques of the 1-DOF gear-spring articulated manipulator.

Table 2. Parameters of the 2-DOF gear-spring articulated manipulator.

m1 (kg) m2 (kg) s1 (m) s2 (m) l1 (m) l2 (m)

5 3 0.4 0.3 1 0.8

11
m

0.4 m

0.4
m

D1

D2

D4

D3
y

x

60°

(a)

30°

0.4 m

0.4
m

E1

E4

E2 E3

45°

(b)

y
x

2

Fig. 4. Trajectory examples of the 2-DOF gear-spring articulated manipulator.
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The motor torques of the 2-DOF articulated manipulator on the two prescribed
trajectories can be illustrated in Fig. 5(a) and (b), respectively. As can be seen, the
motor torques at the joints (h1, h2) are significantly reduced when using either the
approximation or optimization. It is interesting to observe that the peak-to-peak torque
reduction at the two joints dti (i = 1, 2) can be improved when the optimal design
parameters are used. On the first trajectory, dt1 is slightly improved from 95% to 97.7%
at the first joint while an increase of dt2 by 21% can be seen at the second joint. On the
other hand, the improvement is little on the second trajectory, being 6.6% and 4.2% at
the first and second joints, respectively.

Table 3. Parameters of the GSMs used in the 2-DOF gear-spring articulated manipulator (The
parameters listed in Tables 3 and 5 are obtained from Ref. [15].).

Approach GSM i wi (°) ngi r1i (m) r2ai (m) r3i (m) ki (N/m)

Approximation i = 1
i = = 2

90
105

2
2

0.05
0.04

0.1
0.08

0. 5
0.4

1.595 � 104

4.486 � 103

Optimization Trajectory 1 - D1D2D3D4

i = 1
i = 2

91.7
117.6

2
2.9

0.05
0.04

0.1
0.08

0.32
0.36

1.442 � 104

6.199 � 103

Trajectory 2 - E1E2E3E4

i = 1
i = 2

92.4
119.8

1.9
2.9

0.05
0.04

0.1
0.08

0.33
0.33

1.413 � 104

6.059 � 103

(a) (b)

Tm Tm/s (approximation)

95%

60%

81%

97.7%

Tm/s (optimization)

87.6% 91.8%

92.4% 99%

Joint θ1

Joint θ2

Joint θ1

Joint θ2

Fig. 5. Motor torques of the 2-DOF gear-spring articulated manipulator versus (a) trajectory
D1D2D3D4 and (b) trajectory E1E2E3E4.
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3.3 The 3-DOF Articulated Manipulator

Similarly, the performance evaluation of the 3-DOF articulated manipulator integrated
with three GSMs is presented in this section. Assume that the design parameters of the
manipulator and GSMs used in the manipulator are listed in Tables 4 and 5, respec-
tively. The manipulator is assumed to perform tasks on two predefined square trajec-
tories F1F2F3F4 and G1G2G3G4 with the side length of 0.4 m and constant speed of
0.16 m/s, as shown in Fig. 6(a) and (b), respectively. Besides, the manipulator is also
assumed to maintain link 3 in the horizontal direction during the first trajectory while
an orientation 45° from the vertical direction during the second trajectory.

The motor torques of the 3-DOF articulated manipulator on the two prescribed
trajectories are illustrated in Fig. 7(a) and (b), respectively. As compared to the case
without gravity compensation, the motor torques at the first two joints (h1, h2) are
significantly reduced by using the approximation, and that decreased almost half at the
third joint (h3). The peak-to-peak torque reduction dti (i = 1, 2, 3) can be improved
when the optimal design parameters are used. On the first trajectory, the torque
reduction by using the optimization is slightly improved by 7% and 2.8% at the first
and second joints, respectively. The similar results at the first two joints of the
manipulator can also be observed on the second trajectory. In contrast, there is a
significant improvement observed at the third joint, being 46.6% and 57.4% on the first
and second trajectories, respectively.

Table 4. Parameters of the 3-DOF gear-spring articulated manipulator.

m1 (kg) m2 (kg) m3 (kg) s1 (m) s2 (m) s3 (m) l1 (m) l2 (m) l3 (m)

5 3 1.5 0.4 0.3 0.2 1 0.8 0.5

Table 5. Parameters of the GSMs used in the 3-DOF gear-spring articulated manipulator.

Approach GSM i wi (°) ngi r1i (m) r2ai (m) r3i (m) ki (N/m)

Approximation i = 1
i = 2
i = 3

90
105
157.5

2
2
2

0.05
0.04
0.03

0.1
0.08
0.06

0.5
0.4
0.35

2.074 � 104

1.196 � 104

2.659 � 103

Optimization Trajectory 1 - F1F2F3F4

i = 1
i = 2
i = 3

93.3
115.8
82.5

2.1
2.5
1.5

0.05
0.04
0.03

0.1
0.08
0.06

0.34
0.16
0.29

2.126 � 104

9.068 � 103

3.213 � 103

Trajectory 2 - G1G2G3G4

i = 1
i = 2
i = 3

100.8
125.6
49.5

2.5
2.7
3

0.05
0.04
0.03

0.1
0.08
0.06

0.32
0.15
0.14

2.153 � 104

9.625 � 103

2.263 � 103
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4 Discussion and Conclusions

In this paper, we have presented the performance evaluation of the 1-, 2-, and 3-DOF
gear-spring planar articulated manipulators via the peak-to-peak torque reduction cri-
terion. Two design approaches for the gravity-compensated manipulators, i.e., the ideal

30°

0.4 m
0.4

m

F1

F4

F2 F3

(a)

0.5 m

90°

y
x

1

30°

45°

0.4 m

0.4
m

G1 G4

G2 G3

(b)

y
x

2

Fig. 6. Trajectory examples of the 3-DOF gear-spring articulated manipulator.

Tm Tm/s (approximation) Tm/s (optimization)

91% 98%

89.9% 92.7%

47.1%
93.7%

40.9%

98.3%

70.1%
85%

95.1%97.8%

(a) (b)

Joint θ1

Joint θ2

Joint θ3

Joint θ1

Joint θ2

Joint θ3

Fig. 7. Motor torques of the 3-DOF gear-spring articulated manipulator versus (a) trajectory
F1F2F3F4 and (b) trajectory G1G2G3G4.
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balancing approximation and the realistic optimization, were numerically evaluated and
compared. The results showed that the motor torques of the manipulator at the first and
second joints were significantly reduced by using the approximation, being up to
95.1% and 89.9%, respectively; whereas that almost half at the third joint. The torque
reduction at all the joints was improved when the optimization is adopted. The average
improvement at the first two joints was little, being 4.2% and 10.7%, respectively;
oppositely, it was significant at the third joint 52%.

It should be noticed that the peak torque at the third joint without gravity com-
pensation is much smaller than that at the first and second joints, approximately 25 and
10 times, respectively. Even the optimization could greatly improve the percentage of
torque reduction at the third joint. However, it contributes less significant to the total
amount of torque reduced in the overall manipulator as compared to that at the first two
joints. It can be concluded that, in general, the approximation approach can produce a
satisfied result of torque reduction, as nearly the same result of using the optimization
approach. Therefore, the approximation approach is still valid for use in designing such
gravity-compensated articulated manipulators while reducing the computational effort.
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Design and Analysis of a Mechanism
for Spherical Surface Processing
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Abstract. The proposed study presents a new single-driven mechanism for
processing (polishing) of spherical surfaces. The fixed link in this mechanism
connects with three movable links: in addition to the driving link and the output
rocker, this mechanism is equipped with an additional swinging arm set to
increase the rigidity of the whole system. The developed mechanism allows
reproducing screw curves lying on a spherical surface. Kinematic analysis of the
developed mechanism has been carried out and the spatial trajectories of its end-
effector have been identified. Certain links in the mechanism are made as
sliding, i.e. with variable lengths. Such design allows getting different trajec-
tories of the end-effector at a permanent structure of the entire mechanism.

Keywords: Mechanism � Degree-of-freedom � Design � Kinematic analysis �
Spatial trajectory � Spherical surface

1 Introduction

To perform various technical operations associated with processing or polishing spatial
surfaces, cutting, and also reproducing three-dimensional curves, an end-effector needs
to be assigned a complex motion along a spatial trajectory. When using the minimum
number of drives, particularly one, these tasks cannot be implemented using planar
kinematic chains, for example, given in [1–4]. The application of planar chains for
these operations is possible only with the use of several drives capable of actuating
end-effectors in several planes.

In terms of the application of spatial single-driven mechanisms, for example,
belonging to the class of screw mechanisms [5, 6], their limitation in solving of this
problem is in impossibility to move end-effectors along with curvilinear trajectories
since the axis of a screw joint is the straight line. The application of spatial mechanical
systems having several kinematic chains with independent drives [7–9] is not advisable
for tasks requiring cyclic movements of end-effectors. The most effective mechanical
systems for such tasks are those which have single drive and prescribed movements of
end-effectors, i.e. such mechanisms in which end-effectors move along closed spatial
trajectories [10–12].
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Thus, the proposed study aims at developing such a one-degree-of-freedom
(DoF) mechanism in which a movement of the end-effector will be realized along a
complex spatial trajectory.

2 Mechanism Design

According to the aim of the study, as well as in providing a condition by which the
links of the mechanism do not intersect with the reproducible trajectory, a kinematic
scheme shown in Fig. 1 has been proposed. The mechanism includes fixed link 1,
crank 2, screw 3, nut 4 with rod 5 rigidly mounted on it, rocker 6, stem 7, end-effector 8
acting as swinging arm on which the element 9 reproducing spatial trajectories is
rigidly mounted.

Kinematic pairs 1–2, 2–3 and 6–1 are made rotational with parallel axes. Due to
this, links 2, 3 and 6 are placed in parallel planes. Kinematic pair 4–6 is made rotational
with the axis lying in a perpendicular plane to the axes of the remaining rotational
kinematic pairs and coinciding with the axial axis of screw 3, which forms screw
kinematic pair with nut 4. Kinematic pair 8–1 is spherical, pair 7–8 is prismatic, and
pair 7–5 is two-DoF with two relative rotations.

In this mechanism, a spatial trajectory of element 9 does not intersect with any of its
movable links. To obtain different trajectories of the end-effector, links 1, 2, 5, and 6
are made sliding with a possibility of changing their lengths. Element 9 moves along a
spherical surface with a radius equal to the distance from the extreme point of element
9 to the center of spherical joint 1–8.

The developed mechanism works as follows. By setting the rotation of crank 2, link
3 will begin screwing into nut 4, thereby setting it in motion. In this case, the length
between kinematic pairs 2–3 and 4–6 will vary. Rod 5, rigidly connected with nut 4,

Fig. 1. The one-DoF mechanism for spherical surfaces processing.
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will transmit a movement to stem 7 through kinematic pair 5–7, and then stem 7 will
actuate end-effector 8 that guides element 9 along a given spatial trajectory.

3 Structural Analysis

Address a mobility analysis of the developed mechanism. As far as the mechanism
includes two kinematic chains, particularly, chain 1–6 and chain 7–9, their mobilities
are determined independently of each other. The total mobility of the whole mechanism
is determined by the sum of these mobilities. For chain 1–6 the mobility is calculated
by the following formulae

W2 ¼ 4n� 3p5 � 2p4 � p3; ð1Þ

where W2 is mobility, defining number of DoF of spatial kinematic chain with two
imposed constraints; n is number of movable links; p5, p4, and p3 are numbers of one-,
two- and three-DoF kinematic pairs. Kinematic chain 1–6 includes n = 4, p5 = 5,
p4 = 0, and p3 = 0, then in accordance with (1) its mobility is equal to W2 = 1. On a
related note links 3, 4 and 6 form three-bar group of zero-DoF with n = 3 and p5 = 4.
By (1) the number of DoF of this group is zero (W2 = 0).

The mobility of chain 7–9 is defined as

W0 ¼ 6n� 5p5 � 4p4 � 3p3 � 2p2 � p1; ð2Þ

where, in addition to the parameters indicated in (1), there is W0 that is mobility,
defining number of DoF of a spatial kinematic chain without imposed constraints; p2
and p1 are numbers of kinematic pairs with four and five DoF. Thus, in accordance with
(2), the mobility of kinematic chain 7–9 with n = 2, p5 = 1, p4 = 1, p3 = 1, p2 = 0 and
p1 = 0, is equal to W0 = 0, that indicates it as a zero-DoF group (Assur group).

Summing up the mobilities calculated by (1) and (2), it is determined that the total
mobility of the investigated mechanism is equal to one, i.e. W = 1. Accordingly, to
obtain a prescribed motion of all links, it is necessary to provide an input motion to a
single link. In this case, it is given to crank 2.

4 Kinematic Analysis

Address to kinematic analysis of the developed mechanism in order to calculate
rotational angles and displacements in kinematic pairs to determine a trajectory of
element 9. Figure 2 shows a scheme of the mechanism, where spatial coordinate
systems are connected with each link in the center of kinematic pairs. The given
parameters are the lengths of all links, as well as angle u1 that determines the rotation
of crank 2 around axis O1x1.

Figure out two closed contours in this mechanism: O1O2O3O4O6A1O1 and
A1O6O4A2O7O8A1. For the considered case of kinematic analysis, the center of
spherical joint 8–1 is located in the same plane with axis O3y3 (O4y4), so along with
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axial axis of screw 3. In this case a trajectory of the end-effector is a symmetrical
relative to axial axis of screw 3. To reach unsymmetrical trajectory of the end-effector,
it needs to shift joint 8–1 left or right relative to axial axis of screw 3. Next address to
the first contour of the mechanism and define variable rotational angles and dis-
placements in kinematic pairs.

The origin of coordinate system O1x1y1z1 is connected with fixed link 1, the origin
of coordinate system O2x2y2z2 is connected with crank 2. Both coordinate systems are
located in rotational kinematic pair 1–2, so that axes O1x1 and O2x2 coincide. The
matrix describing the position of coordinate system O2x2y2z2 in O1x1y1z1 is written as

M 2;1ð Þ ¼
1 0 0 0
�a 1 0 0
0 0 cos u1ð Þ sin u1ð Þ
0 0 � sin u1ð Þ cos u1ð Þ

0
BB@

1
CCA; ð3Þ

where a is a given length, defining displacement of coordinate origin O2x2y2z2 relative
to O1x1y1z1 along with axis O1x1; u1 is a given angle describing the rotation of crank 2
around fixed link 1.

Coordinate origin O3x3y3z3 is connected with screw 3 and located in rotational joint
2–3. Axes O2x2 and O3x3 are parallel to each other. The matrix describing the position
of coordinates O3x3y3z3 in O2x2y2z2 looks like

M 3;2ð Þ ¼
1 0 0 0
�b 1 0 0
0 0 cos u2ð Þ � sin u2ð Þ
l2 0 sin u2ð Þ cos u2ð Þ

0
BB@

1
CCA; ð4Þ

Fig. 2. Toward kinematic analysis of the mechanism for spherical surface processing.
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where b is a given length defining displacement of coordinate origin O3x3y3z3 relative
to O2x2y2z2 along with axis O2x2; l2 is a given length of crank 2; u2 is an unknown
variable describing the rotation of screw 3 relative to crank 2.

Coordinate origin O4x4y4z4 is connected with nut 4 and located in screw joint 3–4,
where axes y3 and y4 are coincide. The position of coordinates O4x4y4z4 in O3x3y3z3 is
described with the following matrix

M 4;3ð Þ ¼
1 0 0 0
0 cos u3ð Þ 0 � sin u3ð Þ
S1 0 1 0
0 sin u3ð Þ 0 cos u3ð Þ

0
BB@

1
CCA; ð5Þ

where S1 is a variable length describing displacement of nut 4 relative to screw 3, i.e.
defining displacement of coordinate origin O4x4y4z4 relative to O3x3y3z3; u3 is an
unknown angle describing rotation of nut 4 relative to screw 3.

Coordinate origin O6x6y6z6 is connected with rocker 6 and located in rotational
joint 6–1. The matrix describing the position of coordinates O6x6y6z6 in O4x4y4z4 looks
like

M 6;4ð Þ ¼
1 0 0 0

�l6 sin u3ð Þ cos u3ð Þ 0 sin u3ð Þ
0 0 1 0

�l6 cos u3ð Þ � sin u3ð Þ 0 cos u3ð Þ

0
BB@

1
CCA; ð6Þ

where l6 is a given length of rocker 6, defining displacement of coordinate origin
O6x6y6z6 relative to O4x4y4z4.

Next the matrix for transformation coordinates O1x1y1z1 in O6x6y6z6 is written in
the following view

M 1;6ð Þ ¼
1 0 0 0

aþ b 1 0 0
�l11 cos u4ð Þ 0 cos u4ð Þ sin u4ð Þ
�l11 sin u4ð Þ 0 � sin u4ð Þ cos u4ð Þ

0
BB@

1
CCA; ð7Þ

where u4 is an unknown angle describing rotation of rocker 6 around fixed link 1; l11 is
a given length that is equal to A1O1.

The closedness equation for contour O1O2O3O4O6A1O1 is written as

M 2;1ð ÞM 3;2ð ÞM 4;3ð ÞM 6;4ð ÞM 1;6ð Þ ¼ E; ð8Þ

where E is identity matrix.
After multiplying matrixM(2,1),M(3,2),M(4,3),M(6,4) andM(1,6), described by (3)–(7)

and indicated motions in kinematic pairs, the obtained equations have been numerically
solved. The following numerical parameters have been introduced: l11 = 160 mm;
l2 = 30 mm; l6 = 71.5 mm; a = 8 mm; b = 10 mm. Table 1 shows the numerical
values of unknown parameters u2, u3, u4 and S1 depending on rotational angle u1.
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Next, address to the investigation of contour O4A2O7O8O1A1O6O4 to find out
remaining unknown variables. Discuss two-DoF joint 5–7 with two independent
rotations at angles u5 and u6, indicated in Fig. 3.

Coordinate origin O7x7y7z7 is connected with stem 7 and located in joint 5–7 to the
effect that axis O7z7 directs along with axial axis of stem 7. The position of coordinates
O7x7y7z7 in O4x4y4z4 is defined as

M 7;4ð Þ ¼ M 7;4ð Þ
O7x7M

7;4ð Þ
O7y7M

7;4ð Þ
S ; ð9Þ

where M 7;4ð Þ
O7x7 is a matrix describes rotation around axis O7x7 at angle u6; M

7;4ð Þ
O7y7 is a

matrix describing rotation around axis O7y7 at angle u5;M
7;4ð Þ
S is a matrix describing

linear displacements between coordinates O7x7y7z7 and O4x4y4z4. These matrixes are
shown below

Table 1. Numerical values of variables (u2, u3, u4 and S1) for contour O1O2O3O4O6A1O1 of
the mechanism depending on angle u1.

u1, deg u2, deg u3, deg u4, deg S1, mm

0 15.43 4.33 15.43 146.25
30 48.88 414.71 18.88 128.79
60 85.63 761.51 25.63 114.34
90 123.37 899.99 33.37 108.57
120 158.40 761.51 38.40 114.34
150 170.80 414.71 39.20 128.79
180 216.67 −4.33 36.67 146.25
210 242.28 −378.25 32.28 161.83
240 267.14 −630.49 27.14 172.34
270 292.11 −719.05 22.11 176.03
300 317.92 −630.49 17.92 172.34
330 345.39 −378.25 15.39 161.83

Fig. 3. Two-DoF joint 5–7 with two independent rotations at angles u5 and u6.
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M 7;4ð Þ
O7x7 ¼

1 0 0 0
0 1 0 0
0 0 cos u5ð Þ �sin u5ð Þ
0 0 sin u5ð Þ cos u5ð Þ

0
BB@

1
CCA;M 7;4ð Þ

O7y7 ¼
1 0 0 0
0 cos u6ð Þ 0 sin u6ð Þ
0 0 1 0
0 �sin u6ð Þ 0 cos u6ð Þ

0
BB@

1
CCA;

M 7;4ð Þ
S ¼

1 0 0 0
0 1 0 0
l5 0 1 0
e 0 0 1

0
BB@

1
CCA; ð10Þ

where l5 is a given length of rod 5 that is equal to A2O7; e is a given parameter defining
length O4A2.

Coordinate originO8x8y8z8 is connected with link 8 in the center of spherical joint 8–
1, where axis O8x8 is parallel to O7x7, axis O8y8 is parallel to O7y7, axis O8z8 coincides
with axis O7z7. The position of coordinates O8x8y8z8 in O7x7y7z7 is described as

M 8;7ð Þ ¼
1 0 0 0
0 1 0 0
0 0 1 0
S2 0 0 1

0
BB@

1
CCA; ð11Þ

where S2 is a variable length, defining displacement of coordinate origin O8x8y8z8
relative to O7x7y7z7.

The position of coordinates O1x1y1z1 in O8x8y8z8 is described by the multiplication
of the following matrixes

M 1;8ð Þ ¼ M 1;8ð Þ
O1x1M

1;8ð Þ
O1y1M

1;8ð Þ
O1z1 M

1;8ð Þ
S ¼ M 1;8ð Þ

R M 1;8ð Þ
S ; ð12Þ

where M 1;8ð Þ
O1x1 is a matrix describing rotation around axis O1x1 at angle u7; M

1;8ð Þ
O1y1 is a

matrix describing rotation around axis O1y1 at angle u8; M
1;8ð Þ
O1z1 is a matrix describing

rotation around axis O1z1 at angle u9; M
1;8ð Þ
R and M 1;8ð Þ

S are matrixes describing rota-
tions and linear displacements between coordinates O1x1y1z1 and O8x8y8z8. These
matrixes are shown below

M 1;8ð Þ
O1x1 ¼

1 0 0 0
0 1 0 0
0 0 cos u7ð Þ �sin u7ð Þ
0 0 sin u7ð Þ cos u7ð Þ

0
BB@

1
CCA;M 1;8ð Þ

O1y1 ¼
1 0 0 0
0 cos u8ð Þ 0 sin u8ð Þ
0 0 1 0
0 �sin u8ð Þ 0 cos u8ð Þ

0
BB@

1
CCA;

M 1;8ð Þ
O1z1 ¼

1 0 0 0
0 cos u9ð Þ �sin u9ð Þ 0
0 sin u9ð Þ cos u9ð Þ 0
0 0 0 1

0
BB@

1
CCA; ð13Þ
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M 1;8ð Þ
R ¼ M 1;8ð Þ

O1x1M
1;8ð Þ
O1y1M

1;8ð Þ
O1z1

¼
cos u8ð Þ cos u9ð Þ cos u8ð Þ sin u9ð Þ sin u8ð Þ

� sin u7ð Þ sin u8ð Þ cos u9ð Þ � cos u7ð Þ sin u9ð Þ � sin u7ð Þ sin u8ð Þ sin u9ð Þþ cos u7ð Þ cos u9ð Þ sin u7ð Þ cos u8ð Þ
� cos u7ð Þ sin u8ð Þ cos u9ð Þþ sin u7ð Þ sin u9ð Þ � cos u7ð Þ sin u8ð Þ sin u9ð Þ � sin u7ð Þ cos u9ð Þ cos u7ð Þ cos u8ð Þ

0
B@

1
CA;

M 1;8ð Þ
S ¼

1 0 0 0
lSX 1 0 0
lSY 0 1 0
lSZ 0 0 1

0
BB@

1
CCA; ð14Þ

where lSX, lSY, and lSZ are variable lengths, defining the position of coordinate origin
O1x1y1z1 in O8x8y8z8 based on given lengths l11, l12, a, b and variable angles u7, u8, u9.

The position of coordinates O6x6y6z6 in O1x1y1z1 is described by the matrix

M 6;1ð Þ ¼
1 0 0 0

� aþ bð Þ 1 0 0
l11 0 cos u4ð Þ � sin u4ð Þ
0 0 sin u4ð Þ cos u4ð Þ

0
BB@

1
CCA; ð15Þ

The position of coordinates O4x4y4z4 in O6x6y6z6 is described by the matrix

M 4;6ð Þ ¼
1 0 0 0
0 cos u3ð Þ 0 � sin u3ð Þ
0 0 1 0
l6 sin u3ð Þ 0 cos u3ð Þ

0
BB@

1
CCA; ð16Þ

The closedness equation for contour O4A2O7O8O1A1O6O4 is written as

M 7;4ð ÞM 8;7ð ÞM 1;8ð ÞM 6;1ð ÞM 4;6ð Þ ¼ E; ð17Þ

where E is an identity matrix.
After multiplying matrix M(7,4), M(8,7), M(1,8), M(6,1) and M(4,6) described by (9)–

(16) and indicated motions in kinematic pairs, the obtained equations have been
numerically solved. The following numerical parameters have been introduced:
l12 = 98.7 mm; l5 = 74.3 mm; e = 15 mm. Table 2 shows the numerical values of
unknown parameters u5, u6, u7, u8, u9 and S2 depending on rotational angle u1.

The position of point B of the end-effector in base coordinates O1x1y1z1 is defined as

1
XB1

YB1
ZB1

0
BB@

1
CCA ¼ M 2;1ð ÞM 3;2ð ÞM 4;3ð ÞM 7;4ð ÞM 8;7ð Þ

1
0
d
c

0
BB@

1
CCA;
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where XB1, YB1, and ZB1 are the coordinates of point B in system O1x1y1z1; c and d are
given parameters, defining the length of element 9, rigidly mounted on link 8
(c = 71.33 mm, d = 73.37 mm). Table 3 shows the numerical values of coordinates
XB1, YB1, and ZB1 relative to axes O1x1, O1y1, and O1z1, as well as radius-vector R1,
defining the distance between point B and coordinate origin O1x1y1z1 depending on
angle u1. Figure 4 shows orientation of these parameters in system O1x1y1z1.

Then address the definition of trajectories of point B belonging to element 9.
Figure 5 shows the trajectories obtained by numerical calculations, when the center of
spherical joint 1–8 is equidistantly placed relative to the axial axis of screw to the left
and right sides at a distance of (a + b) = 18 mm.

Trajectories of the end-effector presented in Fig. 5 are asymmetrical. This is due to
the displacement of the center of spherical joint 1–8 relative to the axial axis of screw.
The symmetrical trajectory can be obtained only when the center of the spherical joint
is located in the same plane with the axial axis of screw. Figure 6 shows a symmetrical
path of the end-effector.

Radius R of the spherical surface along which point B moves in all three cases
shown in Figs. 5 and 6 is equal to R = 102 mm. A change in this radius can be
achieved by varying the size of the end-effector, defined by parameters c and d indi-
cated in Fig. 2.

Table 2. Numerical values of variables (u5, u6, u7, u8, u9 and S2) for contour
O4A2O7O8O1A1O6O4 of the mechanism depending on angle u1.

u1, deg u5, deg u6, deg u7, deg u8, deg u9, deg S2, mm

0 5.03 16.97 32.41 0.84 0.23 106.55
30 406.31 16.16 35.16 6.29 2.16 107.69
60 755.16 12.64 38.35 4.19 2.01 121.50
90 898.03 11.16 44.52 0.20 0.13 107.89
120 755.92 6.51 44.98 3.05 2.42 142.40
150 408.27 6.23 45.53 3.80 3.1 141.31
180 4.03 7.19 43.86 0.38 0.29 142.74
210 −375.91 9.29 41.58 1.68 1.06 135.03
240 −622.05 13.05 40.41 6.94 3.58 113.47
270 −721.12 13.95 36.05 0.16 0.06 118.43
300 620.58 18.04 36.19 8.82 2.88 97.92
330 375.28 17.08 32.49 2.51 0.69 105.95
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Table 3. Numerical values of coordinates XB1, YB1, ZB1 and radius-vector R1 defining the
position of point B in base coordinates O1x1y1z1 depending on angle u1.

u1, deg XB1, mm YB1, mm ZB1, mm R1, mm

0 −5.48 297.53 99.00 313.62
30 −14.95 293.85 99.10 310.47
60 −11.03 286.52 102.17 304.39
90 −6.20 277.19 104.94 296.45
120 −8.18 272.80 105.45 292.59
150 −9.38 272.12 105.40 291.97
180 −2.91 274.23 105.70 293.91
210 −1.51 278.86 104.95 297.96
240 −15.50 284.76 101.91 302.84
270 −5.63 290.16 101.70 307.52
300 −19.30 294.26 98.00 310.75
330 −3.24 297.41 99.23 313.54

Fig. 4. Orientation of point B in base coordinates O1x1y1z1.
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5 Conclusions

The carried study provides a novel single-driven mechanism for spherical surface
processing. The mechanism involves two kinematic chains forming two closed con-
tours. The proposed mechanism allows reproducing helical trajectories placed on a
spherical surface. The design of this mechanism has been developed with extending
links. It allows reproducing various trajectories while having unchanged structure. The
study provides structural analysis with mobility calculation and kinematic analysis with
definition of variable rotational angles and displacements in all kinematic pairs. Based
on the kinematic analysis the end-effector’s trajectory has been numerically defined. It
has been varied in terms of its symmetry.

Acknowledgments. The reported study was funded by RFBR according to the research project
№ 18-31-00440.

Fig. 5. The trajectories of the end-effector when spherical joint 1–8 is displaced left and right
relative to the axial axis of screw.

Fig. 6. The trajectory of the end-effector when the center of spherical joint 1–8 coplanar with
the axial axis of screw.
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Wen-Tung Chang(&) and Dung-Yan Yang

Department of Mechanical and Mechatronic Engineering,
National Taiwan Ocean University, Keelung 20224, Taiwan

wtchang@mail.ntou.edu.tw

Abstract. In this paper, kinematic analysis for two types of classical direct-
contact mechanisms, planar gear mechanisms with a pair of involute spur gears
and disk cam mechanisms with a circular-arc cam and an oscillating roller
follower, are presented in order to discuss the inequivalence of the direct-contact
mechanisms and their equivalent four-bar linkages in jerk analysis. For the
discussed gear mechanisms, it is found that the equivalent four-bar linkage is not
able to give a correct value of jerk, unless the angular velocity ratio between the
two mating gears is exactly negative one. For the discussed cam mechanisms, as
the circular-arc cam is in contact with its follower at a point of tangency of two
adjacent circular arcs, the two equivalent four-bar linkages simultaneously
existing at that instant are both not able to correctly reflect an infinite jerk of the
follower, because the suddenly changed curvature of the cam profile is not
considered in sudden link-length variations of the equivalent linkages. The two
presented case studies can give demonstrations for understanding the inequiv-
alence of the direct-contact mechanisms and their equivalent four-bar linkages in
the aspect of jerk analysis.

Keywords: Direct-contact mechanisms � Planar gear mechanisms �
Involute spur gears � Disk cam mechanisms � Circular-arc cams �
Equivalent four-bar linkage � Kinematic analysis

1 Introduction

Direct-contact mechanisms, such as gear and cam mechanisms, are mechanisms with
higher pairs. The simplest direct-contact mechanism consists of a frame, a driving link
and a driven link, in which the driving and driven links are in contact with each other to
transmit motion and force. Kinematic analysis for such a three-link direct-contact
mechanism can sometimes be replaced by its equivalent four-bar linkage to calculate the
velocity and acceleration at a particular instant [1–5]. Although there may be an infinite
number of equivalent four-bar linkages for a three-link direct-contact mechanism, the
one with its coupler connecting the centers of curvature of the driving and driven links is
referred to as the ‘representative equivalent four-bar linkage’ [2]. A proof is given in
Martin’s textbook [5] to show that the equivalent four-bar linkage can give correct
values of velocity and acceleration. However, the equivalent four-bar linkage cannot
give a correct value of the time rate of change of acceleration, called the jerk or pulse.
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C.-H. Kuo et al. (Eds.): ISRM 2019, MMS 78, pp. 51–62, 2020.
https://doi.org/10.1007/978-3-030-30036-4_5

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-30036-4_5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-30036-4_5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-30036-4_5&amp;domain=pdf
https://doi.org/10.1007/978-3-030-30036-4_5


Such a situation is described in most textbooks for kinematics of machinery but without
giving proofs or demonstrations. In this paper, kinematic analysis for two types of
classical direct-contact mechanisms, planar gear mechanisms with a pair of involute
spur gears and disk cam mechanisms with a circular-arc cam and an oscillating roller
follower, are presented in order to discuss the inequivalence of the direct-contact
mechanisms and their equivalent four-bar linkages in the aspect of jerk analysis.

2 Equivalent Four-Bar Linkage of a Three-Link Direct-
Contact Mechanism

A typical three-link direct-contact mechanism, consisting of a frame (link 1), a driving
link (link 2) and a driven link (link 3), is shown in Fig. 1(a). The driving and driven
links are pivoted to the frame on points O2 and O3, respectively. Points K2 and K3 are
the centers of curvature of the driving and driven links in contact at point A, respec-
tively. The common normal at the contact point A must always pass through points K2,
K3 and the instant velocity center I23. The equivalent linkage of this direct-contact
mechanism is the four-bar linkage O2K2K3O3 shown in Fig. 1(b), in which the coupler
(link 4) of the linkage connects the centers of curvatures of the driving link, K2, and of
the driven link, K3. The instantaneous velocity and acceleration of links O2K2 and
O3K3 [i.e. links 2 and 3 shown in Fig. 1(b)] are identical to those of the driving and
driven links, respectively.

For the four-bar linkage shown in Fig. 1(b), its link lengths are r1 = O2O3,
r2 = O2K2, r3 = O3K3, and r4 = K2K3, and the angular positions of links, h2, h3 and h4,
are measured counterclockwise from line O2O3. By using vector loop method to solve
the velocity equations simultaneously, the analytical expressions of the angular
velocities of link 3 (x3) and link 4 (x4) can be derived as [6]

x3 ¼ _h3 ¼ r2 sinðh2 � h4Þ
r3 sinðh3 � h4Þx2 ð1Þ

Fig. 1. Illustration of a three-link direct-contact mechanism and its equivalent four-bar linkage.
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x4 ¼ _h4 ¼ r2 sinðh2 � h3Þ
r4 sinðh3 � h4Þx2 ð2Þ

in which, x2 ¼ _h2 is the known angular velocity of link 2. Then, by using vector loop
method to solve the acceleration equations simultaneously, the analytical expressions
of the angular accelerations of link 3 (a3) and link 4 (a4) can be derived as [6]

a3 ¼ €h3 ¼ r2½a2 sinðh2 � h4Þþx2
2 cosðh2 � h4Þ� � r3x2

3 cosðh3 � h4Þþ r4x2
4

r3 sinðh3 � h4Þ ð3Þ

a4 ¼ €h4 ¼ r2½a2 sinðh2 � h3Þþx2
2 cosðh2 � h3Þ� þ r4x2

4 cosðh3 � h4Þ � r3x2
3

r4 sinðh3 � h4Þ ð4Þ

in which, a2 ¼ €h2 is the known angular acceleration of link 2. Furthermore, by using
vector loop method to solve the jerk equations simultaneously, the analytical expres-
sions of the angular jerks of link 3 (f3) and link 4 (f4) can be derived as

f3 ¼ vh3

¼ fr2½ðf2 � x3
2Þ sinðh2 � h4Þþ 3x2a2 cosðh2 � h4Þ�

þ r3½x3
3 sinðh3 � h4Þ � 3x3a3 cosðh3 � h4Þ� þ 3r4x4a4g

� ½r3 sinðh3 � h4Þ�
ð5Þ

f4 ¼ vh4

¼ fr2½ðf2 � x3
2Þ sinðh2 � h3Þþ 3x2a2 cosðh2 � h3Þ�

þ r4½x3
4 sinðh3 � h4Þþ 3x4a4 cosðh3 � h4Þ� � 3r3x3a3g

� ½r4 sinðh3 � h4Þ�
ð6Þ

in which, f2 = vh2 is the known angular jerk of link 2. The derived analytical expres-
sions can be used to evaluate the kinematic characteristics of the equivalent four-bar
linkage obtained from a direct-contact mechanism.

3 Kinematic Analysis for Planar Gear Mechanisms
with Involute Spur Gears

A planar gear mechanism, consisting of a frame (link 1), a driving gear (link 2) and a
driven gear (link 3), is illustrated in Fig. 2(a). The driving and driven gears are pivoted
to the frame on points O2 and O3, respectively, while the center distance is f. Both the
driving and driven gears are typically involute spur gears that have involute tooth
profiles generated from their base circles with radii of rb2 and rb3, respectively.
A constant angular velocity ratio between the two mating gears can thus be determined
through the radii of their pitch circles rp2 and rp3. Points K2 and K3 are the centers of
curvature of a pair of involute tooth profiles in contact at point A, respectively. The
common normal at the contact point A (i.e. the line of action) must always pass through
points K2, K3 and also the pitch point P. It is known that the line of action must always
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be the interior common tangent of the base circles of the two mating gears, while points
K2 and K3 must always be coincident to the two points of tangency regardless of any
positional change of the contact point A. Also, lines O2K2 and O3K3 are always parallel
to each other, and the subtending acute angle between each of them and line O2O3 is
always equal to the pressure angle / of the gear mechanism. As a result, the equivalent
linkage of this planar gear mechanism is the four-bar linkage O2K2K3O3 shown in
Fig. 2(b), in which the coupler (link 4) of the linkage connects the centers of curvature
of a pair of involute tooth profiles. According to the geometric characteristics of
involute tooth profiles, the configuration of the equivalent four-bar linkage O2K2K3O3

shown in Fig. 2(b) is a permanently invariant crossed quadrilateral at all instants.

For the four-bar linkage shown in Fig. 2(b), its link lengths are r1 = O2O3 = f,
r2 = O2K2 = rb2 = rp2cos/, r3 = O3K3 = rb3 = rp3cos/, and r4 = K2K3 = f sin/, and
the angular positions of links, h2, h3 and h4, are measured counterclockwise from line
O2O3. Since the equivalent four-bar linkage is a permanently invariant crossed
quadrilateral at all instants, thus the angular positions are invariantly h2 = /, h3 = / +
180° and h4 = / + 270°. By substituting the values of h2, h3 and h4 into Eqs. (1) and
(2), the angular velocities of links 3 and 4 of the equivalent linkage can be expressed as

Fig. 2. Illustration of a planar gear mechanism with a pair of involute spur gears and its
equivalent four-bar linkage.
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x3 ¼ r2 sinð�270�Þ
r3 sinð�90�Þ x2 ¼ � r2

r3
x2 ð7Þ

x4 ¼ r2 sinð�180�Þ
r4 sinð�90�Þ x2 ¼ � 0

r4
x2 ¼ 0 ð8Þ

Equation (8) shows that the angular velocity of the coupler (link 4) is zero. Then, by
substituting the values of h2, h3 and h4 and also x4 = 0 into Eqs. (3) and (4), the
angular accelerations of links 3 and 4 of the equivalent linkage can be expressed as

a3 ¼ r2½a2 sinð�270�Þþx2
2 cosð�270�Þ� � r3x2

3 cosð�90�Þþ r4x2
4

r3 sinð�90�Þ ¼ � r2
r3
a2 ð9Þ

a4 ¼ r2½a2 sinð�180�Þþx2
2 cosð�180�Þ� þ r4x2

4 cosð�90�Þ � r3x2
3

r4 sinð�90�Þ ¼ r2x2
2 þ r3x2

3

r4
ð10Þ

Furthermore, by substituting the values of h2, h3 and h4 and also x4 = 0 into Eqs. (5)
and (6), the angular jerks of links 3 and 4 of the equivalent linkage can be expressed as

f3 ¼ fr2½ðf2 � x3
2Þ sinð�270�Þþ 3x2a2 cosð�270�Þ�

þ r3½x3
3 sinð�90�Þ � 3x3a3 cosð�90�Þ� þ 3r4x4a4g

� ½r3 sinð�90�Þ�

¼ � r2ðf2 � x3
2Þ � r3x3

3

r3

ð11Þ

f4 ¼ fr2½ðf2 � x3
2Þ sinð�180�Þþ 3x2a2 cosð�180�Þ�

þ r4½x3
4 sinð�90�Þþ 3x4a4 cosð�90�Þ� � 3r3x3a3g

� ½r4 sinð�90�Þ�

¼ 3ðr2x2a2 þ r3x3a3Þ
r4

ð12Þ

When considering that the driving gear rotates at a constant angular velocity x2, its
angular acceleration and jerk are a2 = 0 and f2 = 0, respectively. The driven gear will
also rotate at a constant angular velocity x3, and its angular acceleration and jerk
should be a3 = 0 and f3 = 0, respectively. From Eq. (7), it is found that

x3

x2
¼ � r2

r3
¼ � rp2

rp3
¼ � rb2

rb3
ð13Þ

Equation (13) undoubtedly agrees with the fundamental law of gearing [6], that is, the
angular velocity ratio between links 2 and 3 of the equivalent linkage is equal to that
between the mating driving and driven gears. Hence, the equivalent four-bar linkage of
the planar gear mechanism can give a correct value of angular velocity. Then, by
substituting a2 = 0 into Eq. (9), the angular acceleration of link 3 of the equivalent
linkage is
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a3 ¼ � 0
r3

¼ 0 ð14Þ

It shows that the angular acceleration of link 3 of the equivalent linkage is zero, which
is equal to that of the driven gear. Hence, the equivalent four-bar linkage of the planar
gear mechanism can give a correct value of angular acceleration. Furthermore, by
substituting a2 = 0, a3 = 0, and f2 = 0 into Eqs. (11) and (12), the angular jerks of
links 3 and 4 of the equivalent linkage are

f3 ¼
r2x3

2 þ r3x3
3

r3
¼ r2

r3
x3

2 þx3
3 ð15Þ

f4 ¼
0
r4

¼ 0 ð16Þ

From Eqs. (7) and (15), the angular jerk of link 3 of the equivalent linkage can be
further expressed as

f3 ¼
r2
r3
x3

2 þ � r2
r3
x2

� �3

¼ r2
r3

� r2
r3

� �3
" #

x3
2 ð17Þ

From Eq. (17), it can be found that

f3 ¼ 0 for
r2
r3

¼ 1

f3\0 for
r2
r3

[ 1

f3 [ 0 for
r2
r3
\1

8>>>>>><
>>>>>>:

ð18Þ

It shows that the angular jerk of link 3 of the equivalent linkage is zero if and only if
r2 = r3. In other words, the angular jerk of link 3 of the equivalent linkage is equal to
that of the driven gear if and only if rp2 = rp3. Hence, only when the angular velocity
ratio between the two mating gears (x3/x2) is exactly negative one (−1), the equivalent
four-bar linkage of the planar gear mechanism can give correct values of angular
velocity, acceleration and jerk. Otherwise, the equivalent four-bar linkage of the planar
gear mechanism can only give correct values of angular velocity and acceleration.

In this case study, it is found that the equivalent four-bar linkage of a planar gear
mechanism with a pair of involute spur gears is not able to give a correct value of jerk,
unless the angular velocity ratio between the two mating gears is exactly negative
one (−1).
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4 Kinematic Analysis for Disk Cam Mechanisms
with a Circular-Arc Cam and an Oscillating Roller
Follower

A disk cam mechanism, consisting of a frame (link 1), a circular-arc cam (link 2) and
an oscillating roller follower (link 3), is illustrated in Fig. 3(a). The cam and the
follower are pivoted to the frame on points O2 and O3, respectively, while the center
distance is f. The profile of the circular-arc cam is essentially composed of four circular
arcs with three radii R1, R2 and R3, respectively. Points K1, K2, K3 and K4 are the
circular centers (also the centers of curvature) of the four circular arcs, respectively.
Points A12, A23, A34 and A14 on the cam profile are the points of tangency of each two
adjacent circular arcs, respectively. The circular arc between points A12 and A14 has a
radius of R1 and a circular-arc angle of c1, the circular arc between points A12 and A23

or between points A14 and A34 has a radius of R2 and a circular-arc angle of c2, and the
circular arc between points A23 and A34 has a radius of R3 and a circular-arc angle of
c3. In this case, points O2, K1 and K3 are collinear, while the distance between points
O2 and K1 is e, and that between points K1 and K3 is c. The follower has an arm length
of l and a roller radius of rf. The cam rotation angle h is measured counterclockwise
from line O2O3 to line O2K1, while the angular position of the follower n is measured
clockwise from line O2O3 to line O3C for point C being the roller center. When the
values of R1, R2, R3 and c are given, then from △K1K2K3 (or △K1K3K4) and the
cosine law, the circular-arc angles c1, c2 and c3 can be determined by

c1 ¼ 2 cos�1 c2 þðR2 � R1Þ2 � ðR2 � R3Þ2
2cðR2 � R1Þ

" #
ð19Þ

c2 ¼ cos�1 ðR2 � R1Þ2 þðR2 � R3Þ2 � c2

2ðR2 � R1ÞðR2 � R3Þ

" #
ð20Þ

c3 ¼ 2 cos�1 c2 þðR2 � R3Þ2 � ðR2 � R1Þ2
2cðR2 � R3Þ

" #
ð21Þ

It should be noted that the geometric relation of c1 + 2c2 + c3 = 360° must be satisfied.
The equivalent linkage of this disk cam mechanism is a four-bar linkage whose

coupler connects the circular center of one of the four circular-arc profiles and the roller
center. The equivalent linkage corresponding to each circular-arc profile is an invariant
one (i.e. its link lengths are invariant). The disk cam mechanism can thus be succes-
sively replaced by four invariant equivalent linkages (with different constant link
lengths) as the circular-arc cam rotates a complete cycle. However, when considering a
special situation that the contact point between the cam and the follower is point A23

(or one of the remaining three points of tangency), the equivalent four-bar linkages at
that instant are shown in Fig. 3(b). It can be observed that two equivalent four-bar
linkages O2K2CO3 and O2K3CO3 simultaneously exist at that instant. For clarity of
illustration, the four-bar linkage O2K2CO3 consists of links 1, 2a, 3a and 4a, and the
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four-bar linkage O2K3CO3 consists of links 1, 2b, 3b and 4b. The links 3a and
3b overlap with each other. The couplers 4a and 4b, also overlapping with each other,
are collinear with the common normal at the contact point A23 that passes through
points K2, K3 and C at that instant.

For the four-bar linkages shown in Fig. 3(b), their link lengths are r1 = O2O3 = f,
r2a = O2K2, r2b = O2K3 = e + c, r3a = r3b = O3C = l, r4a = K2C = R2 + rf and r4b =
K3C = R3 + rf. The angular positions of links, h2a, h2b, h3, and h4, are measured
counterclockwise from line O2O3. From △O2K2K3 and the cosine law, the link length
of r2a can be further determined by

r2a ¼ O2K2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðeþ cÞ2 þðR2 � R3Þ2 � 2ðeþ cÞðR2 � R3Þ cos c3

2

� �r
ð22Þ

From △O2K3C and the cosine law, the distance O2C at that instant can be
determined by

Fig. 3. Illustration of a disk cam mechanism with a circular-arc cam and an oscillating roller
follower and its equivalent four-bar linkages.
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O2C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðeþ cÞ2 þðR3 þ rf Þ2 þ 2ðeþ cÞðR3 þ rf Þ cos c3

2

� �r
ð23Þ

Hence, from △O2K3C, △O2O3C and the cosine law, the values of the cam rotation
angle h and the angular position of the follower n at that instant can be determined by

h ¼ cos�1 ðeþ cÞ2 þðO2CÞ2 � ðR3 þ rf Þ2
2ðeþ cÞðO2CÞ

" #
þ cos�1 f 2 þðO2CÞ2 � l2

2f ðO2CÞ

" #
ð24Þ

n ¼ cos�1 f 2 þ l2 � ðO2CÞ2
2fl

" #
ð25Þ

Then, the values of h2a and h2b at that instant can be determined by

h2a ¼ hþ cos�1 ðeþ cÞ2 þ r22a � ðR2 � R3Þ2
2ðeþ cÞr2a

" #

h2b ¼ h

8><
>: ð26Þ

Also, the values of h3 and h4 at that instant can be determined by

h3 ¼ 180� � n ð27Þ

h4 ¼ h� c3
2

ð28Þ

It is known that when the circular-arc cam rotates a complete cycle, the follower will
instantaneously undergo non-continuous accelerations and infinite jerks as the circular-
arc cam is in contact with the follower at one of the four points of tangency (i.e. pointsA12,
A14, A34, andA23) successively, although the velocity of the follower can be continuous at
those instants. A practical example is given to evaluate such phenomena. A circular-arc
cam with R1 = 50 mm, R2 = 120 mm, R3 = 32.5 mm, c = 40 mm and e = 20 mm is
designed to drive an oscillating roller follower with l = 100 mm and rf = 15 mm, while
the center distance is f = 120 mm. From Eqs. (19)–(21), the circular-arc angles are
c1 = 203.832°, c2 = 26.570° and c3 = 103.028°. Such a disk cam mechanism is pro-
portionally shown in Fig. 3(a). The circular-arc cam is specified to rotate counterclock-
wise with x2 = 1 rad/s, a2 = 0 and f2 = 0. The angular position of the follower, n, in a
complete cam rotation cycle is shown in Fig. 4(a), while its corresponding angular
velocity _n; acceleration €n and jerk vn obtained through numerical differentiation, are shown
in Figs. 4(b)–(d). The follower obviously undergoes non-continuous accelerations and
infinite jerks when h = 31.076°, 76.168°, 118.6° and 354.043°. When the contact point
between the cam and the follower is point A23 as shown in Fig. 3(a), link lengths of the
equivalent four-bar linkages shown in Fig. 3(b) are r1 = f = 120 mm, r2a = O2K2 =
68.716 mm [from Eq. (22)], r2b = O2K3 = e + c = 60 mm, r3a = r3b = O3C = l =
100 mm, r4a = K2C = R2 + rf = 135 mm and r4b = K3C = R3 + rf = 47.5 mm. At that
instant, from Eqs. (24)–(28), h = 76.168°, n = 51.328°, h2a = 161.538°, h2b = 71.168°,
h3 = 128.672° and h4 = 24.654° can be obtained. For the equivalent four-bar linkage
O2K2CO3 (consisting of links 1, 2a, 3a and 4a), its angular velocities, accelerations and
jerks at that instant, calculated by using Eqs. (1)–(6), are
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Fig. 4. Follower position, velocity, acceleration and jerk for a practical example.
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x3a ¼ 0:484 rad/s, x4a ¼ 0:285 rad/s
a3a ¼ �0:346 rad/s2; a4a ¼ 0:242 rad/s2

f3a ¼ �0:209 rad/s3; f4a ¼ 0:070 rad/s3

8<
: ð29Þ

For the equivalent four-bar linkage O2K3CO3 (consisting of links 1, 2b, 3b and 4b), its
angular velocities, accelerations and jerks at that instant, calculated by using Eqs. (1)–
(6), are

x3b ¼ 0:484 rad/s, x4b ¼ �1:033 rad/s
a3b ¼ 0:966 rad/s2; a4b ¼ 0:018 rad/s2

f3b ¼ �0:047 rad/s3; f4b ¼ �3:099 rad/s3

8<
: ð30Þ

It is found that x3a = x3b = 0.484 rad/s and a3a 6¼ a3b, which agree with the situations
shown in Figs. 4(b) and (c) that the follower undergoes a non-continuous acceleration,
although its velocity can be continuous at that instant. However, it is also found that
f3a = −0.209 rad/s3 and f3b = −0.047 rad/s3 are finite values, which cannot correctly
reflect an instantaneously infinite follower jerk as that shown in Fig. 4(d).

In addition, if a special case of R1 = R2 = R3 and c = 0 is given, the circular-arc
cam will degenerate to an eccentric circular cam while points K1, K2, K3 and K4 will
coincide with the circular center of the eccentric circular cam. It is known that an
eccentric circular cam mechanism has an invariant equivalent linkage that can com-
pletely duplicate the motion transmission between the cam and the follower [3]. Such
an invariant equivalent linkage can give correct values of angular velocity, acceleration
and jerk for all instants. As compared with the eccentric circular cam profile having
constant curvature, the curvature of the circular-arc cam is suddenly changed at the
points of tangency of each two adjacent circular arcs. As the circular-arc cam and its
follower are in contact at such a point of tangency, the suddenly changed curvature of
the cam profile is not considered in sudden link-length variations of the equivalent
linkages. Thus, the two equivalent four-bar linkages simultaneously existing at that
instant are both not able to correctly reflect an infinite jerk of the follower. For an
ordinary disk cam profile with continuously varying curvature, the equivalent linkages
corresponding to two infinitesimally closed profile points in contact with the follower
cannot exactly have identical link lengths. Therefore, for most disk cam mechanisms, it
can be deduced that their equivalent four-bar linkages should not be able to give a
correct value of jerk because the continuously varying curvature of the cam profiles is
not considered in continuous link-length variations of the equivalent linkages.

5 Conclusions

Kinematic analysis for two types of classical direct-contact mechanisms has been
presented in this paper. For the discussed planar gear mechanism with a pair of involute
spur gears, the configuration of its equivalent four-bar linkage is a permanently
invariant crossed quadrilateral at all instants. It is found that the equivalent four-bar
linkage for the planar gear mechanism is not able to give a correct value of jerk, unless
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the angular velocity ratio between the two mating gears is exactly negative one. For the
discussed disk cam mechanism with a circular-arc cam and an oscillating roller fol-
lower, it can be successively replaced by four invariant equivalent linkages (with
different constant link lengths) as the circular-arc cam rotates a complete cycle. When
the circular-arc cam is in contact with its follower at a point of tangency of two adjacent
circular arcs, the two equivalent four-bar linkages simultaneously existing at that
instant are both not able to correctly reflect an infinite jerk of the follower, because the
suddenly changed curvature of the cam profile is not considered in sudden link-length
variations of the equivalent linkages. The two presented case studies can give
demonstrations for understanding the inequivalence of the direct-contact mechanisms
and their equivalent four-bar linkages in the aspect of jerk analysis. Therefore, the
results presented in this paper should verify that for most three-link direct-contact
mechanisms, their ‘representative equivalent four-bar linkages’ (with a coupler con-
necting the centers of curvature of the driving and driven links) cannot be used to
perform the jerk analysis.
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Abstract. The paper presents the dynamic analysis and motion simulation of
the waist mechanism meant for humanoids. The proposed waist mechanism has
a total of 3 DOFs, allowing movements of the robot’s upper trunk around the
pitch, roll and yaw axes. Within the dynamic analysis, the decomposition of the
waist mechanism is performed and for each link of the mechanism, motion
equations are formed. Reactions in the mechanism links are determined by using
D’Alembert’s principle and based on those, the equations for calculating of the
driving forces are defined. Finally, the dynamic model of the waist mechanism
was formed and a motion simulation for several scenarios was performed. Based
on the analysis of the results, it was concluded that the waist mechanism requires
small driving torques and therefore less and cheaper actuators, which is an
important advantage of this solution.

Keywords: Humanoid robot � Waist mechanism � Dynamic analysis �
Motion simulation

1 Introduction

Today there is an increasing number of humanoid robots that have at least one joint in
the trunk region. Accordingly, bipedal walking robots with 1 DOF trunks for move-
ments left-right, require significantly less energy for walking than robots with rigid
trunk [1]. In addition, the movable abdomen allows the upper body to move without
moving the pelvis, wherefore such robots have a larger assortment of movements and a
larger workspace for manipulation of objects. Also, the motion of a robot with a multi-
joint trunk is more natural and human-like. However, all of this gets even more
important if one takes into account the practical application of robots in an unstructured
environment. Therefore, special attention was paid to the development of a multi-joint
waist mechanism.

Waist mechanism presented in this paper is patent pending.
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The paper presents the dynamic analysis of a 3 DOFs waist mechanism that rep-
resents a new solution used in the redesign of existing 6 DOFs lumbar structure [2] of
the SARA robot – Fig. 1 and Table 1. Some advanced features of the robot are shown
in [3–5]. The goal of the redesign is to extend the assortment of movements and the
range of motion of the robot trunk.

1.1 The Human Trunk

According to [6], the human trunk consists of three segments – Fig. 2(a): the upper
trunk representing the region of the chest part of the body along the thoracic vertebrae
T1–T12, the middle trunk or the abdomen representing the lumbar region of the body
along the lumbar vertebrae L1–L5 and lower trunk representing the pelvis region along
the sacrum S1–S5. It should be noted that in humanoid robotics, the term “middle
trunk”, refers to a robot waist that represents a moving platform/structure with one or
more joints whose axes of rotation intersect in one point – the so-called waist joint,
allowing the robot to move the upper trunk without moving the lower trunk.

The initial movements of the trunk are: flexion and extension or trunk bending
forward and backward, respectively – Fig. 2(b), left and right lateral flexion or side
bending of the trunk – Fig. 2(c) and left and right axial rotation of the trunk – Fig. 2(d).
The biological aspects of the spine, the ranges of motion and the angular velocities of
the lumbar spine region for adult persons aged 20 to 29 years are discussed in [7].

Fig. 1. The social humanoid robotic platform
SARA and its kinematic structure.

Table 1. DOFs arrangement and mass
distribution.

Joint(s) DOF(s) Mass [kg]

Eyeballs 4 0.5
Eyelids 4
Neck 3 2.6
Arms 14 9.3
Shrug 1 3.3
Lumbar spine 6 7.2
Total 23 23.2
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2 State of the Art

By analyzing available literature, we found that waist joint/mechanisms usually have
1–3 DOFs allowing the robot to move the upper trunk around the pitch, roll and yaw
axes, respectively. Therefore, robots that are able to move the thorax without moving
the lower trunk – pelvis, by activating the middle trunk – waist joint/mechanism, are:
Arash – social robot with total of 15 DOFs designed to support and encourage children
with cancer in hospital environment, actuated by DC, linear and servo motors via gear
mechanisms [8], ASIMO – versatile autonomous machine with total of 57 DOFs
designed to cooperate with people in an unstructured environment, actuated by custom
made motors integrated with a ballscrew [9], COMAN – COmpliant huMANoid robot
with total of 25 DOFs, actuated by passive compliance actuators based on the serial
elastic actuation – SEA [10], DYROS-JET – humanoid robot with total of 32 DOFs
developed for general tasks in the industry [11] by upgrading the robotic platform
THORMANG, actuated by Robotis Dynamixel PRO actuators [12], Hydra – humanoid
robot with total of 40 DOFs, actuated by electro-hydrostatic actuators – EHA [13],
HRP-5P – electrically actuated humanoid with total of 37 DOFs, with high-power and
wide-range joints [14], Hubo KHR-4 – humanoid robot with total of 41 DOFs, actuated
by Maxon brushless DC motors through high-power harmonic drive gearboxes [15],
LOLA – full-size humanoid with total of 25 DOFs, designed for the research and
realization of human-like walking, actuated by high-performance permanent magnet
synchronous motors – PMSM, through harmonic drive gears and planetary roller
screws, respectively [16], MAHRU-Z – robotic platform with total of 35 DOFs,
actuated by DC servo motors via harmonic drive gears [17], Reem-B – research
platform with total of 40 DOFs, actuated by brushless DC motors through harmonic
drives [18], SURALP – full-body humanoid robot with total of 29 DOFs for bipedal
locomotion research, actuated by the DC motors via belt drives and harmonic drive
gears, respectively [19], TORO – TOrque-controlled humanoid RObot with total of 27
DOFs for evaluating torque based control approaches, actuated by RoboDrive brush-
less DC motors through harmonic drive gears [20], WALK-MAN – the humanoid

Fig. 2. The human trunk (a) and initial movements: (b) flexion and extension, (c) left and right
lateral flexion and (d) left and right axial rotation.
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platform with 29 DOFs excluding hands and neck, developed for physical interaction
and manipulation with objects in an unstructured environment, actuated by SEA drives
[21], YiRen – experimental robotic platform with total of 23 DOFs for research on
intelligent robotics, whereby the waist is actuated by AC motors via differential
mechanisms, linkage mechanisms, cable and compliant elements, respectively [22].

By analyzing these robots and based on available data from [14, 16, 20], we
concluded that driving torques for actuation of waist joint/mechanisms have high
values, namely: 100 � 211 Nm for yaw rotation, 147 � 450 Nm for roll rotation and
up to 450 Nm for pitch rotation. Therefore, the power transmission from the actuator –
motor with integrated gearhead, to the output link of the waist joint/mechanism is
performed through an additional high-power gear reducer with a high reduction ratio,
such as multi-stage epicyclic gearboxes, planetary roller screws and high-power har-
monic drives. In addition to the high load capacity, the advantage of these mechanisms
is high efficiency, compact design and low backlash ensuring high positioning accuracy
and repeatability of the robot movement, which is of great importance for motion
control [23].

Based on all this, we propose a waist mechanism of a special kinematic design that
requires small actuators, has low backlash, high efficiency, small dimensions and lower
price than the currently available low backlash mechanisms.

3 Dynamic Analysis

Figure 3(a) shows the kinematic scheme of a 3 DOFs waist mechanism consisting of
three interconnected cylindrical segments: the bottom disc – immovable link 1, middle
and upper discs – movable links 6 and 8, respectively. On link 8, the body of a robot is
fixed – link 11. Links 1, 6, 8 are coupled with three 4-bar linkage mechanisms of
which two are spatial linkage mechanisms for pitch and roll rotations, while the third is
a planar linkage mechanism for yaw rotation. Considering the links configuration – see
Fig. 3(a), spatial linkage mechanisms can work separately or both together. The
rotation of link 6 relative to link 1 around the axis defined by the points R-S and P-Q is
allowed by spatial linkage mechanisms 1c, 4, 5, 6 and 1a, 2, 3, 6 respectively, while
the rotation of link 8 relative to link 6 around the axis defined by the points O1-O2 is
allowed by the planar linkage mechanism 6a, 9, 10, 8. The kinematic structure of the
waist mechanism has been thoroughly analysed in [7].

The goal of dynamic analysis is to determine driving forces for actuating input links
2, 4, 9 respectively. Figure 3(b) shows the forces acting on waist mechanism links.
D’Alembert’s principle is used to determine the reactions in the links of the mecha-
nism, while the forces analysis is performed by the decomposition method. Based on
principal dynamic laws, equations of motion are formed for each link of the mecha-
nism, after which they are projected onto the axes of the fixed coordinate system Oxyz.
In addition, the masses and moments of the inertia for all the links of the mechanism
are negligible in relation to the mass and moments of the robots body inertia – link 11.
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The following approach to mark the reaction forces is used:

~Rij ¼
Xij

Yij
Zij

2
4

3
5 ð1Þ

where:~R represents a reaction force in joint whose components are ~Xij;~Yij;~Zij by which
the indices ij indicate that a link i acts upon the link j by force ~R. Also, ~Rij ¼ �~Rji:

Fig. 3. The 3 DOFs waist mechanism: (a) initial position and (b) forces acting on mechanism
links.
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If the force ~Rij acts in point L and forms the moment for point K, the following
marking is used:

~M ~Rij;K
� � ¼~rKL �~Rij ¼

Zij yL � yKð Þ � Yij zL � zKð Þ
Xij zL � zKð Þ � Zij yL � yKð Þ
Yij xL � xKð Þ � Xij yL � yKð Þ

2
4

3
5 ð2Þ

where: ~M ~Rij;K
� �

represents the moment of force ~Rij for point K, and~rKL is the position
vector of point L relative to point K.

If a torque exists as a joint reaction, the following marking is used:

~Mij ¼
Mxij
Myij
Mzij

2
4

3
5 ð3Þ

where: ~M represents reaction torque in the joint whose components are ~Mxij; ~Myij; ~Mzij
by which the indices ij indicate that a link i acts on the link j by torque ~M. Also,
~Mij ¼ �~Mji.

After decomposition for each link of the mechanism, the vector equations are
formed. First of all, for link 8:

~R108 þ~R68 þ~Grb þ~Fin rb ¼ 0 ð4Þ

~M ~R108; T
� �þ ~M68 þ ~M ~R68; T

� �þ ~Min rb ¼ 0 ð5Þ

where: ~Grb represents the weight of the robot body – link 11, ~Fin rb represents the
inertial force of link 11, while ~Min rb represents the inertial moment of link 11, and T is
the mass center of link 11.

For link 9:

~R109 þ~R69 ¼ 0 ð6Þ
~M69 ¼ 0 ð7Þ

For link 10:

~R810 þ~R910 ¼ 0 ð8Þ

~R910;N
� � ¼ 0 ð9Þ

For link 6:

~R56 þ~R36 þ~R86 þ~R76R þ~R76S þ~R96 ¼ 0 ð10Þ
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~R56;O2
� �þ ~M ~R36;O2

� �þ ~M ~R76R;O2
� �þ ~M ~R76S;O2

� �þ ~M ~R96;O2
� �þ ~M96 þ ~M86 ¼ 0 ð11Þ

For link 7:

~R67R þ~R67S þ~R17P þ~R17Q ¼ 0 ð12Þ

~R67R;O2
� �þ ~M ~R67S;O2

� �þ ~M ~R17P;O2
� �þ ~M ~R17Q;O2

� � ¼ 0 ð13Þ

For link 5:

~R65 þ~R45 ¼ 0 ð14Þ

~M ~R45;F
� � ¼ 0 ð15Þ

For link 4:

~R54 þ~R14 ¼ 0 ð16Þ
~M ~R54;D
� �þ ~M14 ¼ 0 ð17Þ

For link 3:

~R63 þ~R23 ¼ 0 ð18Þ
~M ~R23;C
� � ¼ 0 ð19Þ

For link 2:

~R32 þ~R12 ¼ 0 ð20Þ
~M ~R32;D
� �þ ~M12 ¼ 0 ð21Þ

After projecting Eqs. (4)–(21) to the axes of the fixed coordinate system Oxyz, a
system of algebraic equations is obtained, based on which the components of the link
reactions are determined:

~R108; ~R68; ~R910; ~R69; ~R56; ~R36; ~R76R; ~R76S; ~R45; ~R23; ~R14; ~R12; ~R17P; ~R17Q
~M69; ~M12; ~M14; ~M68

Finally, the intensities of the driving forces that act to input links 9, 4, 2 respec-
tively, can be determined. First of all, for link 9:

Fd9 ¼ ~R69~j1 ð22Þ
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~j1 ¼ R2½ �
1
0
0

2
4

3
5 ð23Þ

R2½ � ¼ Ru2;x1

� �
Rw2;ub

� � ¼
1 0 0
0 cosu2 � sinu2
0 sinu2 cosu2

2
4

3
5

cosw2 0 � sinw2
0 1 0

sinw2 0 cosw2

2
4

3
5 ð24Þ

where: ~j1 represents the unit vector in the direction of guide 6a, while u2 and w2

represent the rotation angles of link 6 – see Fig. 2(b) from [7].
Driving force for link 4:

Fd4 ¼ ~R14~k ð25Þ

where: ~k ¼ ð0; 0; 1Þ represents the unit vector in the direction of guide 1c.
Driving force for link 2:

Fd2 ¼ ~R12~k ð26Þ

where: ~k ¼ ð0; 0; 1Þ represents the unit vector in the direction of guide 1a.

4 Motion Simulation and Results

Figure 4 shows the position of the center of mass T of the robot upper body – link 11,
whose mass is m11 = 16 kg without lumbar structure – see Table 1, depending on the
pose of the robot arms: the right arm is extended laterally, and left arm in front of the
robot body – Fig. 4(a), both arms in front of the body – Fig. 4(b), right arm above, and
left arm in front of the body – Fig. 4(c) and both arms above the robot body – Fig. 4(d).

Fig. 4. Position of the mass center of the robot upper body depending on the arms pose: (a) the
right arm is extended laterally, and left arm in front of the robot body: TCM1(54.2; −47.8; 222.3)
mm, (b) both arms in front of the body: TCM2 = (74.6; 0; 219.1) mm, (c) right arm above, and
left arm in front of the body: TMC3(41.6; −11.9; 260.4) mm and (d) both arms above the robot
body: TMC4(8.3; 0; 301.9) mm.
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Based on the dynamic analysis of the waist mechanism, the dynamic model was
formed. Simulation of waist mechanism for initial movements from Fig. 2(b-d),
depending on the range of motion and pose of the robot arms – Fig. 4, was performed.
The law of motion adopted for the driving links is a fifth-order polynomial, while for
generating all of the movements the adopted time is 1 s. Considering the dimensions of
the lumbar structure that is being reconstructed [2], the input geometric parameters are
prescribed and given in Tables 2a and 2b). In addition, based on the prescribed range of
initial movements from Fig. 5(a), by inverse kinematics the total stroke of the driving
links 2, 4, 9 are determined, as shown in Fig. 5(b). Accordingly, for a flexion move-
ment of 40°, the total stroke of the input link 4 is 46.48 mm, while for the movement of
the extension of 25°, the total stroke of the input link 4 has a value of 31.97 mm. For
the lateral flexion movement of 30°, the total stroke of the input link 2 is 36.9 mm,
while for the movement of the axial rotation of 20°, the total stroke of the input link 9
amounts 18 mm. Finally, simulation of the waist mechanism was performed by using
the MATLAB software.

Figures 6, 7, 8 and 9 show the results of the dynamic analysis, i.e., the time
histories of the driving forces – to the left, and the reaction forces in the input links – to
the right, for the initial movements of flexion, extension, lateral flexion and rotation
depending on the robot arms pose – four cases from Fig. 4. In Table 3 are given the

Table 2a. The waist mechanism input geometric parameters.

AB = CD
[mm]

BF = DE
[mm]

A0V = C0U
[mm]

MN
[mm]

M0L
[mm]

OV = OU
[mm]

OO1

[mm]

15 90 100 40 40 60 190

Table 2b. The waist mechanism input geometric parameters.

O1O2

[mm]
O2L
[mm]

O2N
[mm]

O1F = O1E
[mm]

O1R = O1S
[mm]

O1P = O1Q
[mm]

10 60 50 75 25 25

Fig. 5. The prescribed range of initial movements (a) and total stroke of the driving links (b).
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maximum force values on the input links 2, 4, 9 respectively. Accordingly, the max-
imum value of the driving force on the input link 2 is 465.8 N, on the link 4 it is
792.4 N, while for link 9, the maximum value of the driving force is only 3.6 N.
However, the reaction force on the link 9 is significantly higher, even 211.8 N, which
is not the case for the other two links.

If the driving link 4 with guide 1c is realized as a ballscrew mechanism – see Fig. 3
(a), then link 4 represents a ballscrew nut, and guide 1c represents a ballscrew shaft.
Accordingly, the driving torque for actuating the ballscrew mechanism is
determined by:

T4 ¼ Fd4pbs
2pgbs

ð27Þ

where: Fd4 represents a force acting on a ballscrew, while pbs is a thread pitch, and ηbs
represents a ballscrew efficiency.

Fig. 6. The waist mechanism time histories for TMC1: driving forces (a) and reaction forces (b).

Fig. 7. The waist mechanism time histories for TMC2: driving forces (a) and reaction forces (b).
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For example, for ballscrew R10-02.5T2-RSIT [24] with single thread whose shaft
diameter is 9.9 mm, thread pitch and ballscrew efficiency are 2.5 mm and 96%,
respectively, while dynamic load rating and axial play amounts 1.78 kN and 0.04 mm,
respectively. By inserting the corresponding values in Eq. (27), taking into account the
maximum value of the force on the input link 4, the driving torque for the actuation of
link 4 is only 331.5 mNm, which allows the selection of small actuators.

Fig. 8. The waist mechanism time histories for TMC3: driving forces (a) and reaction forces (b).

Fig. 9. The waist mechanism time histories for TMC4: driving forces (a) and reaction forces (b).

Table 3. Maximal force values on the input links 2, 4, 9 for initial movements – Fig. 2(b–d),
depending on the range of motion – Fig. 5(a) and the pose of the robot arms – Fig. 4; note:
driving forces F [N] are marked with “*”, while other forces represent reaction forces.

Type of
movement

Case TCM1 Case TCM2 Case TCM3 Case TCM4

F2 F4 F9 F2 F4 F9 F2 F4 F9 F2 F4 F9
Flexion 102.8 688.5* 211.8 0 734.3* 0 25.4 759.3* 32 0 792.4* 0

Extension 101.2 135.9* 134.7 0 179.2* 0 25.1 204.3* 20.3 0 321.8* 0

Lateral
flexion

228.2* 114.7 61.8 327.9* 156.1 75 368.9* 87.2 52.7 465.8* 17.3 14.1

Axial
rotation

104.2 142.8 3.4* 58.5 157.1 3.6* 28.7 91.5 1.26* 6.7 17.5 0.13*
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5 Conclusion

In this paper, dynamic analysis of a 3 DOFs waist mechanism for humanoids is
performed. The proposed waist mechanism consists of three cylindrical segments that
are interconnected and coupled with three 4-bar linkage mechanisms. The first two are
spatial linkage mechanisms for generating pitch and roll movements – separately
and/or both together, while the last one is a planar linkage mechanism for yaw
movements. Within the dynamic analysis, the decomposition of the waist mechanism is
performed and for each link of the mechanism, the motion equations are formed.
Reactions in the mechanism links are determined by using the D’Alembert’s principle
and the equations for determining driving forces are defined. Based on all of the above,
the dynamic model is formed and motion simulation for several scenarios is performed,
depending on the type of movement, the range of motion and the pose of the robot
arms. By analysing the results, we concluded that the waist mechanism requires small
driving torques and therefore less and cheaper actuators, which is a significant benefit
to this solution. The future work will include multi-objective optimization of the waist
mechanism, the goal being to enhance its efficiency and behavior, and the final aim
being its practical realization, implementation and evaluation.
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Abstract. Cable-driven parallel robots are a special kind of parallel mechanism
which use cables instead of rigid prismatic actuators to control a single platform.
This paper presents a modeling approach to replace the single platform by
multiple platforms. With this approach, it is possible to perform unlimited
rotation with cable robots end-effector by relatively positioning these multiple
platforms. We show how this class of cable robots can be modeled as multi-
body system, where platforms are connected with linkages by using revolute
joints. These linkages can be seen as coupling elements. For example, using a
crankshaft as coupling element, cable robots can perform novel motions such as
unlimited rotation. We find a generic approach describing such multi-platform
cable robot systems, after which force distribution and workspace of a case
study are analyzed. Finally, we find out that inclusion and total orientation
workspace are nonempty, considering joint reaction forces and platform and
linkage masses. Furthermore, our modeling approach can be used for spatial
multi-platform cable robots with revolute joints.

Keywords: Cable-driven parallel robot � Unlimited rotation � Multi-platform �
Workspace

1 Introduction

Cable-driven parallel robots (short: cable robots) can be described as lightweight form
of parallel robots like the Gough-Stewart platform [17]. This structure of cable robot
consists of a single platform which can be manipulated by varying the lengths of
attached cables. Conventionally, a drum or winch attached to a fixed frame is used for
winding. Because of using cables, only tensile forces can impinge on the platform. As
result, a cable robot can be described as redundantly restrained parallel mechanism if
m[ nþ 1 is fulfilled, where m is the number of cables and n the number of control-
lable degrees of freedom (DOF) [9].

For single-platform cable robots, platform rotation capabilities are restricted.
A conventional platform rotation angle about one axis maximizes to ±45° for
redundantly restrained cable robots. A higher rotation capability can be achieved by
using special robot designs in suspended configurations, as described in [4], where
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maximum rotation of 105° about one axis is feasible. For applications like handling,
sorting, or inspection tasks, it is often necessary to fully rotate an object with the end-
effector. Furthermore, a cable robot design with unlimited rotation can be used for
space applications or to handle large-scaled objects [19].

Because of these rotation capabilities restriction, cable robots with multiple plat-
forms performing unlimited rotation of end-effector are investigated by Pott and
Miermeister [8, 11]. The authors replace the platform by a crankshaft geometry shown
in Fig. 1a, with four cables attached to a common attachment point, respectively.
During mechanical design, one common attachment point needs complex construction.
Furthermore, the characteristics will change discontinuously if geometric conditions of
common attachment points are not fulfilled. Instead, using conventional revolute joints
for the mechanical construction, shown in Fig. 1b, will add additional DOFs to the
system since each joint can be described as cable robot platform.

Lau et al. present arbitrary cable routing for multi-linked cable robots [6]. The
authors show that all possible cable routings can be described in a single representation.
Rezazadeh et al. present workspace calculations for multi-body cable robots using
generalized forces and Lagrange’s method [14]. Both contributions show that a single
representation of each body within a multi-body cable robot system is possible.

Furthermore, in [13], a concept of a planar multi-platform robot is investigated for
which a Jacobian matrix is described in explicit formulation depending on cable
direction and twist. Also, workspace and force distribution analysis are performed.
However, coupling forces between the two platforms caused by the linkage and its
inertia force were neglected within the cable robot model.

Fig. 1. Concept of a cable-driven parallel robot with crankshaft geometry with cable forces f j;i
with platform index j ¼ 1; . . .; p and cable index i ¼ 1; . . .;mj of each platform: (a) Common
attachment points for each anchor point of Kj. (b) Ball bearings as example for revolute joints.
Each ball bearing can be described as a single platform Pj to perform unlimited rotation with
end-effector PEE.
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In this paper, we present a multi-body formulation for modeling multi-platform
cable robots performing unlimited rotation of its end-effector about one axis. Therefore,
we describe a generic constraint formulation for each platform. Contrary to previous
contributions where cables are attached to a common point, our formulation considers
platform-side cable attachments as bodies including positions and orientations in
kinetostatics and workspace analysis.

Section 2 recalls the kinetostatic fundamentals of single-platform cable robots and
the structure matrix is described. In Sect. 3, a generic formulation is found with
position and distance constraints. These constraints are used to derive the structure
matrix and constraint matrix of multi-platform systems. Later, in Sect. 4, we calculate
cable force distribution using the Improved Closed-Form method [12] on a case study.
Also, total orientation, inclusion orientation, and maximum workspace of this example
are analyzed. Section 5 concludes the paper and gives a short outlook on future work.

2 Kinetostatics of Single-Platform Cable Robots

Single-platform cable robots can be actuated in open-loop control. By calculating the
scalar cable length li of the i-th cable (i ¼ 1; . . .;m) by means of the inverse kinematics
for a given platform pose y ¼ r;Rð Þ, with Euclidean Norm �k k2 one gets

li ¼ lik k2 ¼ ai � r� Rbik k2: ð1Þ

Vector li is the cable direction vector with respect to world coordinate system K0, ai
the position of cable outlet points on the frame, r the end-effector position, R the end-
effector rotation matrix, and bi the platform anchor given in platform coordinates Kj,
see Fig. 2a. The so-called structure matrix AT consists of the cable direction unit
vectors ui ¼ li=li2k k and twists b0i � ui with respect to the world coordinate system
described by Verhoeven [17] and Bruckmann et al. [1]. The structure matrix thus reads

AT ¼ u1 . . . um
b01 � u1 . . . b0m � um

� �
; ð2Þ

where vectors b0i ¼ Rbi are described with respect to the world coordinate system. The
static equilibrium at a given end-effector pose in Euclidian motion group ðr 2 E3,
R 2 SO3) can be calculated with

ATf þwp ¼ 0; ð3Þ

where f contains the scalar force values of cables and wp the applied wrench on the
platform with external forces [10].
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3 Multi-body Modeling of Cable Robots with Multiple
Platforms

Consider a cable robot system consisting of multiple platforms Pj with j ¼ 1; . . .; p,
each platform has mj cables attached to it. The platforms are linked with a mechanical
structure, for example a crankshaft or linkage, and uses joints for mechanical trans-
mission. These joints transmit specific forces and torques depending on the joint
valance to other platforms. For example, a ball bearing can be used to transmit three
translational forces and torques about two different axes of each platform. For kine-
matic and kinetostatic modeling, dynamic effects are neglected. We assume revolute
joints connect platform Pj to the crankshaft, and cables as straight line between cable
outlet point and platform anchor.

3.1 Position Constraints of Platform and Linkage

Each platform of the cable robot system is redundantly constrained by the distance of
attached cables. One can formulate the implicit holonomic position constraint (see [18])
for each platform in analogy to Eq. (1) as

gj;i ¼ lj;i
�� ��

2�lj;i ¼ aj;i � rj � Rjbj;i
�� ��

2�lj;i ¼ 0; ð4Þ

where rj is position and Rj orientation of platform Pj respectively, and lj;i is the set
point cable length. Because each platform is linked to another one, additional position
and revolute joint constraints have to be added1, yielding

Fig. 2. (a) Single-platform cable robot geometry and kinematics. (b) Vector notation for
constraint formulations gv;j,gwx;j, gwy;j.

1 Assuming that the linkage intersects with the origin of the platform coordinate system and each
platform has single position constraints with the linkage.
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gv;j ¼ rEE þREEkj � rj ¼ 0; ð5Þ

gwx;j ¼ Rj
xej

� �T
REE

zeEE
� � ¼ 0; ð6Þ

gwy;j ¼ Rj
yej

� �T
REE

zeEE
� � ¼ 0; ð7Þ

where kj is the vector pointing from end-effector coordinate system to intersection point
of the revolute joint neutral axis with platform Pj, see Fig. 2b. Vector rEE and rotation
matrix REE describe the end-effector pose. Additionally, further constraints of revolute
joints must be considered (see Eqs. (6) and (7)), where xej and

yej are unit-vectors of
the platform Pj which are orthogonal to the joint axis, and zeEE is unit-vector of the
rotation axis which is perpendicular to xej and

yej.
We describe the constraint Jacobian matrix by deriving the implicit holonomic

constraints gj;i, gv;j, gwx;j and gwy;j to obtain the directions of constraint forces. Deri-
vates of gj;i and gv;j with respect to the generalized coordinates lead to

@gj;i
@q

¼ lTj;iffiffiffiffiffiffiffiffiffi
lTj;ilj;i

q
|fflfflffl{zfflfflffl}

uTj;i

@lj;i
@q

;
@gv;j
@q

¼ @ðrEE þREEkj � rjÞ
@q

; ð8Þ

where lj;i is the cable direction vector of the i-th cable of the j-th platform and uj;i the
unit vector of the cable direction, respectively. Vector q contains generalized coor-
dinates of each platform and end-effector. The derivates of Eqs. (6) and (7) are straight

forward [18]. One can describe @gwx;j
@q and @gwy;j

@q as torsional force directions com-

pensated by the revolute joint.
Following, constraint matrix U can be described with the structure matrix AT

j of
each platform j, constraints derivates of the linkage with platform generalized coor-
dinates CT

j and linkage generalized coordinates eCT
j .

UT ¼

AT
1 0 0 �CT

1 0 0

0 . .
.

0 0 . .
.

0
0 0 AT

p 0 0 �CT
p

0 0 0 eCT
1 . . . eCT

p

2
66664

3
77775; with ð9Þ

CT
j ¼ I 0 0

0 ðREE
zeEEÞ � ðRj

xejÞ ðREE
zeEEÞ � ðRj

yejÞ
� �

;

eCT
j ¼ I 0 0

REEkj
� �

� ðREE
zeEEÞ � ðRj

xejÞ ðREE
zeEEÞ � ðRj

yejÞ
� �

;
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identity matrix I of size 3 and with skew symmetric matrix �½ �� by Lie-algebra satisfying
@ Rj qð Þbj;ið Þ

@q ¼ Rjbj;i
� �

� and
@ REE qð Þkjð Þ

@q ¼ REEkj
� �

� [2, 16]. According to Featherstone [3],
we can formulate constraint forces of the multi-platform cable robot system to

sC ¼ UTk; ð10Þ

where k is a vector containing unknown scalar forces of cables and linkage. However,
we want to find a formulation similar to conventional single-platform cable robots with
a single structure matrix and determined joint forces. Therefore, coupling forces of the
linkage have to be expressed with respect to the cable forces.

3.2 Kinetostatics of Multi-platform Cable Robots

Assuming each platform’s cable forces being projected onto revolute joint, static
Newton equations can be described for each platform in explicit formulation. Fur-
thermore, these reaction forces act in the opposite direction of the linkage, thus

CT
j

kj;mþ 1

..

.

kj;mþ 5

2
64

3
75 ¼ AT

j

kj;1

..

.

kj;m

2
64

3
75; ð11Þ

eCT
1

k1;mþ 1

..

.

k1;mþ 5

2
64

3
75þ . . .þ eCT

p

kp;mþ 1

..

.

kp;mþ 5

2
64

3
75 ¼ 0: ð12Þ

Equation (11) considers cable wrench and reaction wrench of the revolute joint,
while Eq. (12) describes wrenches acting on the linkage. Hence, reaction forces of the
revolute joints kj;mþ 1 through kj;mþ 5, can be described by cable forces kj;1 through kj;m.
Thus, constraint Jacobian U (Eq. (9)) is converted to structure matrix JT and inter-
changeable projected wrenches of each platform VT with cable forces f c, denoted as
structured constraint matrix (SCM), such that the static equilibrium of the multi-
platform cable robot reads

ðJT þVTÞ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
GT

f c þ ewp ¼ 0; with ð13Þ

JT ¼
AT
1 0 0

0 . .
.

0
0 0 AT

p
0 0 0

2
6664

3
7775; VT ¼

�CT
1C

�T
1 AT

1 0 0

0 . .
.

0
0 0 �CT

pC
�T
p AT

peCT
1C

�T
1 AT

1 . . . eCT
pC

�T
p AT

p

2
66664

3
77775

ewp ¼

wp;1

..

.

wp;p

wp;EE

2
6664

3
7775; and wp;EE ¼ fEE

sEE

� �
:
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Here, ewp consist of wrench vectors for each platform wp;j and wrench vector of the
end-effector wp;EE. End-effector wrench wp;EE consist of external and process forces fEE
and torques sEE, respectively.

4 A Planar Case Study with Unlimited Rotation

In this section, the multi-platform structure matrix and SCM formulation for a planar
case study are shown. This two-platform planar cable robot concept is schematically
shown in Fig. 3a. Platform P1 can be manipulated with the four cables drawn red with
its vector of cable lengths l1;i, while platform P2 uses cables drawn blue with its
respective l2;i. These two platforms are linked by a symmetric coupling element with
vectorial distance k1 and a planar revolute joint within the center of each platform’s
coordinate system, respectively. The pose of each platform is given by the two-
dimensional position vector rj and two-dimensional rotation matrix Rj uj

� �
. Further-

more, the cable robot geometry is defined with the cable outlet positions aj;i and
platform anchor points bj;i, given in Table 1. Platform P2 can moved around platform
P1 along the dashed trajectory with angle uEE. The end-effector of this cable robot lies
in the origin of the coordinate system of platform P1. For the planar case, cable-
platform, cable-cable, and platform-platform collisions are neglected. In Fig. 3b, the
multi-platform cable robot system is shown as a plotted model with MATLAB. This
model is used for subsequent force distribution and workspace analysis.2

Fig. 3. Concept of a planar multi-platform cable robot with unlimited rotation: (a) Schematic
drawing. (b) Graphical plot generated with cable robot geometry.

2 Following force distribution and workspace analysis were performed with MATLAB Version 2018b.
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With frame and geometry of the platforms, we can use Eqs. (4)–(13) to find a single
structure matrix for this robot design, which is a straight forward task. It contains the
conventional structure matrix for each platform such as a single platform cable robot.
Applied wrenches, for example gravity forces or process forces ewp can be calculated
similarly. After simplification the SCM VT of this planar multi-platform cable robot
consists of linkage direction vj. With Eqs. (11) and (12) we can calculate explicit forces
to the linkage with respect to cable forces of each platform and collect VT.

VT ¼ 1
2
v1

vT1u1;1 vT1u1;2 vT1u1;3 vT1u1;4 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 vT1u2;1 vT1u2;2 vT1u2;3 vT1u2;4
0 0 0 0 0 0 0 0

2
664

3
775 ð14Þ

The case study cable robot has 8 cables and 5 DOFs (rEE;u1;u2;uEE). Thus, in a
non-singular pose, the null space dimension is at least 3. Each platform has a null space of
dimension 1, and additional null space dimension resulting from the linkage. However,
matrixGT has a null space of dimension 2, because of losing one null space dimension of
applied forces to the end-effector by projecting these forces to each platform.

4.1 Force Distribution

Because Eq. (2) is underdetermined, the force distribution is not unique but yields
infinitely many solutions. Feasible force distribution in solution space are computed
using optimization algorithms, for example Dykstra method [5], Verhoeven Gradient
method [17], or nonlinear programming [15], which use different criteria to choose a
suitable solution. In this paper, possible force distributions of the planar multi-platform
cable robot are found with the Improved Closed-Form method [10, 12].

Parameters for force distribution and workspace computation are shown in Table 2,
mass of platform P1 is M1 and mass of platform P2 is M2. Furthermore, minimum and
maximum cable forces (depending on cable material parameters and drive system) must
be considered for computation with the Improved Closed-Form method. Following the
single-platform derivation in [12], it is possible to compute a force distribution for a
given pose of the cable robot with

Table 1. Geometry of the planar case study.

Platform Cable xaj;i=m zaj;i=m xbj;i=m zbj;i=m

1 1 −2.5 2.5 −0.75 0.5
2 2.5 2.5 0.75 0.5
3 2.5 −2.5 0.75 −0.5
4 −2.5 −2.5 −0.75 −0.5

2 1 −3 3 −0.25 0.15
2 3 3 0.25 0.15
3 3 −3 0.25 −0.15
4 −3 −3 −0.25 −0.15
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f v ¼ fM � GþT ewp þGþTfM
� �

; ð15Þ

where f v is a column vector of cable forces of platforms, fM the mean feasible force
vector with fM ¼ fmin þ fmaxð Þ=2 and GþT the Moore-Penrose generalized matrix
inverse of multi-platform cable robots structure matrix including SCM GT.

The force distribution of the study case cable robot for a full rotation of platform P2

about platform P1 with angle uEE is shown in Fig. 4. To compute the force distri-
bution, position and orientation of platform P1 and orientation of platform P2 are
predefined. Thus, an unlimited rotation is performed manipulating the position of
platform P2, therefor each position of platform P2 was calculated with inverse kine-
matics and discretized with nsteps. For each position, we used the Improved Closed-
Form Method to compute force distribution of all cables.

The graph shows an alternating cable force for cables of platform P1. The mean
force values of upper cables (f1;1; f1;2) are higher than bottom mean values, because the
cables have to compensate for gravity of platform P1. In addition, alternating cable
forces are not symmetric due to linkage mass ML. Furthermore, the cable forces of
platform P2 are also alternating, because of its rotation about platform P1. As a result,
unlimited rotation at this end-effector pose is feasible, because all cable forces of the
two platforms are within the force limits.

Table 2. Parameters of the planar study case.

Cable/load parameter Value Unit Discretization parameter Value Unit

fmin 20 N nsteps 33 –

fmax 500 N s 5 –

M1 20 kg xrEE −2.4 to 2.4 m
M2 10 kg zrEE −2.4 to 2.4 m
ML 2 kg u1 −45 to 45 deg

u2 −45 to 45 deg
uEE 0 to 360 deg

Fig. 4. Force Distribution for unlimited rotation of platform P2 about platform P1 with
predefined positions and orientations rEE ¼ 0; 0½ �T, u1 ¼ 0�, and u2 ¼ 0�.

On Kinetostatics and Workspace Analysis 87



4.2 Workspace Analysis

Definitions of workspaces for cable-driven parallel robots can be derived from con-
ventional formulations of parallel mechanisms. Merlet gives an overview of workspace
categories, which will be partly used to describe workspaces of the planar multi-
platform cable robot [7]. For the case study, we use maximum workspace, inclusion
orientation workspace, and total orientation workspace, see Fig. 5.

These workspaces are calculated using a pose list containing a regular grid size
nssteps of discretized poses within the workspace limits of end-effector position in x- and
z-direction rEE and orientations uEE, u1 and u2, see Table 2.

Invalid poses (red) are those that cannot be reached with the given cable force
limits. The maximum workspace (yellow) consists of all translational poses of the end-
effector rEE at any orientation of platforms and end-effector. Furthermore, within the
inclusion orientation workspace (bright green), unlimited rotation is possible given any
platform orientations u1 and u2: Total orientation workspace (dark green) can be
reached by the end-effector for a predefined set of orientations of each platform. Poses
of the planar cable robot in yellow, bright green, and dark green workspace can be
assumed non-singular, because no cable forces become infinite or negative with
Improved Closed-Form method. Singular poses are shown as invalid (red).

Fig. 5. Workspace with invalid poses (red), valid poses (yellow, green). Inclusion orientation
workspace (bright green) can be reached with any platform orientation u1 and u2, while total
orientation workspace (dark green) is computed with predefined platform orientations u1 ¼ 0�

and u2 ¼ 0� where any set of angles might be arbitrarily chosen.
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With the workspace graph in Fig. 5, inclusion orientation and total orientation
workspace are not symmetric at the borders as could have been expected. A reason may
lie in numerical instabilities due to computation of the Moore-Penrose pseudoinverse
in Eq. (15). However, inclusion orientation and total orientation workspace are
nonempty, considering platform masses, linkage mass, and force transmission between
the platforms by the linkage and revolute joints.

5 Outlook and Conclusion

This paper presents a generic approach to calculate a single structure matrix by position
constraint equations for multi-platform cable robots with unlimited rotation. With
deriving these position constraints, a constraint matrix is built and explicit formulation
of unknown forces of the system are formulated. Combining implicit holonomic
constraints with explicit force formulation (referring to [3, 18]), one can describe a
multi-platform cable robot system with structure matrix of each platform and SCM.

We presented a simplified planar study case to calculate the structure matrix and
SCM for a multi-platform cable robot. With this work, a generic solution for this type
of cable robots is found and it is possible to find formulations of structure matrix and
SCM for a spatial type of multi-platform cable robot.

In the future, a spatial multi-platform cable-driven parallel robot with unlimited
rotation will be designed and workspace and force distributions analyzed. Furthermore,
the analyzed case study cable robot can be prototyped by using multiple construction
levels to avoid collisions.

Acknowledgments. This work was supported by the German Research Foundation (DFG-
project number: 358142701) at the University of Stuttgart.
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Abstract. In this work, the kinematic analysis of a parallel robot via screw
theory is obtained step by step, with the aim to show details that no-one men-
tions since only a select group of researchers has the know-how of this math-
ematical tool. A 3-RRR parallel robot for obtaining the input-output equations
of velocity and acceleration in screw form is used. A brief explanation of
concepts used by applying screw theory in the kinematic analysis of parallel
robots is provided. The Klein form, which is an important method for addressing
the passive joints of the parallel manipulators, is applied to the velocity and
acceleration equations of the robot. A numerical example in order to verify the
kinematics formulation of the parallel manipulator based on screw theory is
provided. With the details mentioned in this paper, to understand and apply this
mathematical tool could be easier and simply than learning it by it-self.

Keywords: Kinematics � Screw theory � Parallel robot

1 Introduction

The screw theory dates since year 1900, when Ball [1] defined the velocity of a rigid
body as an infinitesimal twist of a screw. Since then, although in an intermittent way,
the screw theory has been enriched by the contributions of many researchers. One of
the most important contribution in this theory is in [2], where is defined the concept of
acceleration motor, which led to the higher-order analysis was possible by means
infinitesimal screw theory.

In 1985 Mohamed and Duffy [3] demonstrate that the twist, or velocity state,
representing the instantaneous motion of the moving platform of a parallel robot can be
expressed as the sum of the partial screws of the robots. Nevertheless, it was not until
1999 that the screw theory is presented in a systematic way for addressing kinematic
analysis of open serial and closed chains [4]. Since then, over the years many
researches on kinematic analysis of parallel robots via screw theory have been reported.

In Refs. [5, 6] the singularity analysis and Jacobian matrix of several parallel
manipulators are presented, however the authors only show the velocity state equations
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in screw form and then the input-output velocity equation of the manipulators, which is
difficult to deduce for all those are non-skilled in the art.

Kong and Gosselin present several type syntheses of 3-DOF spherical, 3-DOF
translational and 3T1R 4-DOF manipulators based on screw theory in [7–9], respec-
tively. Nevertheless, the authors take advantage of the wrench system via screws to
demonstrate their proposal, which means that the velocity and acceleration equations
are not presented their works.

Using screw theory, kinematics and singularities of many types of parallel
manipulators have been studied [10–12]. A parallel manipulator inspired by Gough-
Stewart platform is presented in [13], where the velocity and acceleration equations are
presented in screw form. Even generalized forces of a series-parallel manipulator are
obtained via screw theory [14], which means a high level of applicability of this
mathematical tool.

Kinematic and deformation analyses of a parallel robot for drilling task via screw
theory is presented in [15], as well as the kinematics and dynamics analyses of pipe-
bending mechanism is presented in [16] and [17]. Furthermore, the velocity and
acceleration equations via screw theory of the well-known Delta-type parallel robot is
presented in [18], including a reconfigurable Delta-type robot is addressed in [19].

Preliminary concepts about screw theory are provided in certain contributions [20–
23], however the way to obtain step by step the velocity and acceleration input-output
equations is not presented. In the case of a recent contribution in kinematic of parallel
robots via screw theory [24], the author presents all the theoretical background of screw
theory, which could be overwhelming to understand. Therefore, to obtain a simple way
for applying this tool is not so evident, whether one wants to develop a numerical
example.

In spite the fact screw theory is very useful, only a select group of researchers have
the know-how of this mathematical tool applied to the kinematics of parallel robots.
Accordingly, we provide the details for everyone can learn and apply the screw theory
in kinematics of parallel robots.

In this work, a kinematic analysis with the aim to demonstrate how to obtain it by
means screw theory with details that no-one presents is provided. A 3-RRR planar
robot to obtain the velocity and acceleration equations in screw form step by step is
presented. A numerical example of this mathematical tool is provided. Furthermore, the
results are compared with the results obtained by a software CAD in order to validate
the method.

2 Kinematics

2.1 Brief Mathematical Background

Firstly, it is necessary to define certain concepts before to know apply screw theory to
the kinematic analysis of a robot. It is important to mention that in this work the
concepts used in screw theory are explained in a practical and simple way, with the aim
to understand them clearly. Therefore, if one wants to know thoroughly about such
concepts can consult the references aforementioned.
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Plücker Coordinates. Plücker coordinates are the coordinates of a line in 3-space E3,
namely the coordinates of any point of a line as observed from a fixed reference frame
of center O (see Fig. 1).

The screw theory takes advantage of the Plücker coordinates in the concept of that
any motion of a rigid body can be achieved as a rotation around a geometrical line
l together with a pure translation along l. The line l is called the (screw) axis of the
motion [25]. For a pure translation, the pitch h is at infinite. In other words, at any
instant, the particle velocities of a rigid body can be represented by a screw motion,
namely a rotation about an instantaneous axis combined with a velocity of translation
along this axis [2].

Hence, Plücker coordinates can be defined as a six-dimensional vector l = [x sO]
T,

where the primal part x is the direction of the rotation axis and the dual part sO = r x x
is the moment of r about the center O.

Velocity State. Let be the velocity state of any point of a rigid body B, as observed
from another body or reference frame A defined as AV B = [x v]T, where x is vector of
the angular velocity components and v is the vector of the linear velocity components.
The velocity state AV B is a six-dimensional vector, thus it may be expressed in screw
form as follows

AVB ¼ AxB
A$B ð1Þ

where, AxB is the joint-velocity rate of body B as observed from body A and A$B is the
infinitesimal screw computed by Plücker coordinates, which may be defined as

A$B ¼
Ax̂B

Ax̂B ��r

� �
ð2Þ

o

h

r

r x ω

ω

Fig. 1. Description of Plücker coordinates.
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Note that, in Eq. (2) in the dual part the vector r is negative, since r � Ax̂B does not
produces linear velocity components.

Acceleration State. Let be the acceleration state of any point of a rigid body B, as
observed from another body or reference frame A defined as AA B = [a a]T, where a is
vector of the angular acceleration components and a is the vector of the acceleration
components. The acceleration state AA B is a six-dimensional vector [4], thus it may be
expressed in screw form as follows

AAB ¼ A _xB
A$B ð3Þ

where, A _xB is the joint-acceleration rate of body B as observed from body A. The
screw A$B is the same as in Eq. (2).

The acceleration state of multibody mechanical system composed of n, n + 1, n + 2,
…, m − 2, m − 1, m serially connected bodies, may be written as

nAm ¼ n _xnþ 1
n$nþ 1 þ nþ 1 _xnþ 2

nþ 1$nþ 2 þ . . .þ m�1 _xm
m�1$m þ nLm ð4Þ

where

nLm ¼ nxnþ 1
n$nþ 1

nþ 1xnþ 2
nþ 1$nþ 2 þ . . .þ m�1xm

m�1$m
� �

þ nþ 1xnþ 2
nþ 1$nþ 2

nþ 2xnþ 3
nþ 2$nþ 3 þ . . .þ m�1xm

m�1$m
� �

þ . . .þ nþ 2xnþ 3
nþ 2$nþ 3

m�1xm
m�1$m

� �
is the termed the Lie screw of acceleration of body m as observed from body n, which
is represented by the form [* *].

Let screws $1 = [x1 vO1] and $2 = [x2 vO2] be two infinitesimal screws, so that the
Lie product of the Lie algebra se(3) of the Euclidean group SE(3) is defined as follows

L ¼ $1 $2½ � ¼ x1 � x2;x1 � vO2 � x2 � vO1ð Þ ð5Þ

where � represents the usual cross product of three-dimensional vectorial algebra.

Klein Form. The Klein form allows to simplify the velocity and acceleration analysis
of parallel robot, since it is said that two screws $1 and $2 are reciprocal if the
application of the Klein form between them yields {$1;$2} = 0. Thereby applying the
Klein form between the screws yields

$1; $2f g ¼ x1 � vo2 þx2 � vo1 ð6Þ

where the bullet (�) denotes the inner product of three-dimensional vectorial algebra.

2.2 Direct Position Analysis

Let XoYoZo be the fixed reference frame coincident with the point A1 of the 3-RRR
parallel manipulator (see Fig. 2). The coordinates of the points Ai = (Axi Ayi Azi) and
Bi = (Bxi Byi Bzi) are obtained by projections as follows
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A2 ¼ r 0 0½ �
A3 ¼ r=2 r

ffiffiffi
3

p �
2 0

� �
Bi ¼ Axi þ a cos hið Þ Ayi þ a sin hið Þ 0½ �

Unless otherwise, in remaining contribution i = 1, 2, 3 kinematic chains. Fur-
thermore, it is evident that A1 = [0 0 0].

The moving platform is an equilateral triangle C1C2C3 of side c and center P. It is
established that C1 = (X1 Y1 0) and C2 = (X2 Y2 0), thus the coordinates of the C3 can
be computed according to

C3 ¼ Y1�Y2ð Þ ffiffi
3

p þX1 þX2

2
X2�X1ð Þ ffiffi

3
p þY1 þ Y2
2 0

h i

In order to calculate the coordinates of the center P and orientation angle a of the
moving platform of the robot, the following four closure equation are considered

Ci � Bið Þ � Ci � Bið Þ ¼ b2

C2 � C1ð Þ � C2 � C1ð Þ ¼ c2

�
ð7Þ

The Jacobian matrix of the Eq. (7) is obtained with the aim to apply the Newton-
Raphson method for computing the points Ci. Finally, the coordinates of point P are
easily obtained as follows

P ¼ C1 þC2 þC3

3

	 

ð8Þ

Fig. 2. Planar 3-RRR parallel robot parameters.
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The orientation angle a of the moving platform is simply obtained calculating the
angle between two points.

2.3 Velocity Analysis

Let V = [x v]T be the velocity state of the center P of the moving platform, where the
angular velocity vector is x = [0 0 xz] and the velocity vector is v = [vx vy 0]. The
velocity state V can be expressed in screw form through the limbs of the robot as
follows

V ¼ _hi
0$1i þ 1x

i
2
1$2i þ 2x

i
3
2$3i ð9Þ

where _hi are the joint-velocity rates of the ith actuated revolute joint and each screw is
calculated as

0$1i ¼
ûi

ûi ��Ai

� �
1$2i ¼

v̂i
v̂i ��Bi

� �
2$3i ¼

ŵi

ŵi ��Ci

� �

and

ûi ¼ Axi Ayi 1
Axi Ayi 1k k

� �
v̂i ¼ Bxi Byi 1

Bxi Byi 1k k
� �

ŵi ¼ Cxi Cyi 1
Cxi Cyi 1k k

� �

Now, we consider that Li ¼ ½ lxi lyi 0 0 0 k̂ �T is a line in Plücker coordi-
nates that passes through the points Bi and Ci (see Fig. 2), and is reciprocal only to the
associated screws at each passive joint in the same limb. The line Li is given by

Li ¼
Ci�Bi
Ci�Bik k

Ci�Bi
Ci�Bik k � �Bi

" #
ð10Þ

Note that the dual part of Eq. (10) produces di ¼ lyiBxi � lxiByið Þk̂.
In order to eliminate the passive velocity-joint rates from the Eq. (9), the Klein

form to both sides of Eq. (9) is applied as follows

V; Lif g ¼ _hi
0$1i þ 1x

i
2
1$2i þ 2x

i
3
2$3i ; Li

n o
note that

1$2i ; Li
� � ¼ 2$3i ; Li

� � ¼ 0

hence

V; Lif g¼ _hi
0$1i ; Li

� �
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namely

0 0 xzð Þ � 0 0 dið Þþ lxi lyi 0ð Þ � vx vy 0ð Þ ¼ _hi
0$1i ; Li

� �
xzdi þ lxivx þ lyivy ¼ _hi

0$1i ; Li
� � ð11Þ

Finally, from the Eq. (11) the input-output velocity equation of the robot can be
obtained as follows

Av ¼ B _H ð12Þ

where
A ¼ di lxi lyi½ �T is the active Jacobian matrix of the robot,
v ¼ xz vx vy½ � is the vector of the angular and linear velocities, while
_H ¼ _h1 _h2 _h3

� �T
is the first-order generalized coordinates of the mechanism

and
B ¼ diag 0$11; L1

� �
0$12; L2

� �
0$13; L3

� �� �
is the passive Jacobian matrix.

2.4 Acceleration Analysis

Let A = [a a]T be the acceleration state of the center P of the moving platform, where the
angular acceleration vector is a ¼ ½0 0 _xz� and the acceleration vector is a = [ax ay 0].
The acceleration state A can be expressed in screw form through the limbs of the robot as
follows

A ¼ €hi
0$1i þ 1 _x

i
2
1$2i þ 2 _x

i
3
2$3i þLi ð13Þ

where €hi are the joint-acceleration rates of the ith actuated revolute joint and Li is the
Lie product or Lie screw of acceleration, which is given by

Li ¼ _hi0$1i 1xi
2
1$2i þ 2xi

3
2$3i

� �þ 1xi
2
1$2i 2xi

3
2$3i

� �
Now, applying the Klein form to both sides of the Eq. (13) analogously to velocity

analysis we have

A; Li
� � ¼ €hi

0$1i ; Li
� �þ Li; Lif g

namely

_xzdi þ lxi ax þ lyi ay ¼ €hi
0$1i ; Li

� �þC ð14Þ

Kinematics of a Planar Parallel Robot via Screw Theory 97



Finally, from de Eq. (14) the input-output acceleration equation of the robot can be
obtained as follows

Aa ¼ B €HþC ð15Þ

where
a ¼ _xz ax ay½ � is the vector of the angular and linear acceleration, while
€H ¼ €h1 €h2 €h3

� �T
is the second-order generalized coordinates of the mechanism

and
C ¼ L1; L1f g L2; L2f g L3; L3f g½ �T is the complementary matrix of acceleration.

Fig. 3. Time history of the velocity and acceleration of the moving platform. (a) velocity
components. (b) angular velocity component. (c) acceleration components. (d) angular accel-
eration component.
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Fig. 4. Validation of velocity and acceleration components of the moving platform with
ADAMS©. (a) velocity components. (b) angular velocity component. (c) acceleration compo-
nents. (d) angular acceleration component.
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3 Numerical Example

In this section a numerical example using SI units is solved. With the aim to obtain a
temporal behavior of the moving platform of the manipulator the velocity and accel-
eration equations are used. The initial conditions as follows, P = [175.86 103.80 0],
_h1 ¼ 19� t, _h2 ¼ � 49� sin(t), _h3 ¼ 45� sin(t), where the interval for time t is 0 �
t � 2p. The link lengths are r = 350 mm, a = 100 mm, b = 150 mm, c = 100 mm.

The resulting temporal behavior of the moving platform of the robot is shown in
Fig. 3. As observed in Fig. 3 the planar robot starts its motion at the time t = 0 and 2p s
later finishes its trajectory in a final position.

In order to verify the kinematics formulation of the parallel manipulator based on
screw theory, the velocity and acceleration components are obtained using a com-
mercially available dynamic simulation software ADAMS©. The results obtained using
the software CAD are shown in Fig. 4.

Finally, it is worthy to note that the results obtained via screw theory are the same
as the results obtained by using ADAMS©.

4 Conclusions

In this work, the kinematic analysis of a 3-RRR parallel robot via screw theory is
presented. A brief explanation of concepts used for applying screw theory in the
kinematic analysis of parallel robots is provided.

The direct position analysis of the robot is presented in order to develop the
velocity and acceleration analyses. Since, only a select group of researchers has the
know-how of the screw theory, the input-output equations of velocity and acceleration
are obtained step by step, with the aim to show details that no-one mentions in the
kinematic analysis of a parallel robot via screw theory.

It is worthy to note that, the velocity and acceleration equations are obtained by
resorting to reciprocal-screw by applying the Klein form, which is an important method
for addressing the passive joints of the parallel manipulators.

In addition, a numerical example in order to verify the kinematics formulation of
the parallel manipulator based on screw theory is provided. The temporal behavior of
velocity and acceleration components are presented. The obtained results are evidently
similar as the obtained results using a software CAD.

With the details mentioned in this paper, to understand and apply this mathematical
tool could be easier and simply than learning it by it-self.
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Dynamic Modeling for Spatial Revolute
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Abstract. This paper presents a modeling and simulation method for rigid
multibody system (MBS) with clearance-affected spatial revolute joints (SRJ)
under the assumption that the clearance is much less than the physical dimension
of SRJ. The SRJ is treated as an assembly of a rigid journal undergoing no-
impact fixed-point motion in a bearing. A simple formulation for solving non-
smooth dynamics of MBS with spatial revolute joints with clearances (SRJC) is
developed by employing the complementary condition of the normal contact
force. The geometric constraints of the SRJ has been transformed into a set of
orthogonal bilateral constraints. The contact state determined by the magnitude
and orientation of normal constraint forces in cylindrical pairs is formulated as a
horizontal linear complementarity problem (HLCP) which is solved by the first
kind of Lagrange’s equation and the Baumgarte stabilization method. A pre-
cession gyro is considered as a demonstrative application and the numerical
results show some dynamical behaviors of MBS containing SRJC. Particularly,
the proposed method can be equally applied to non-smooth dynamics of MBS
considering the friction and impact.

Keywords: Spatial revolute joint � Clearance � Non-smooth dynamics �
Linear complementarity problem

1 Introduction

The presence of joint clearance is non-negligible in realistic mechanisms. Dynamic
analysis considering joint clearance is a complex and important issue in non-smoothMBS
since the clearance affects the dynamic response of the system, which gains paramount
importance due to the demand for proper design of real joints in engineering areas.

Over the last few years, many numerical methods for non-smooth multibody
dynamics with joint clearance have been investigated [1–4]. Flores et al. presented and
discussed an approach to model the planar rigid MBS with clearance joints based on
the non-smooth dynamic method [5–7]. Zhuang and Wang presented a modeling and
simulation method for the rigid MBS with frictional translational joints [8, 9].

Recently, extensive work has been performed to study the dynamic behavior of
MBS with spatial joint clearance. Bauchau et al. developed the formulation of models
for planar and spatial joints with clearance in flexible MBS within the framework of the
finite element method [10]. Flores et al. developed a technique for dynamic analysis of
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https://doi.org/10.1007/978-3-030-30036-4_9

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-30036-4_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-30036-4_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-30036-4_9&amp;domain=pdf
https://doi.org/10.1007/978-3-030-30036-4_9


MBS based on a continuous contact force model, both the spatial revolute joints and
spherical joints with clearance have been discussed [11, 12]. Tian et al. formulated the
dynamics of spatial flexible MBS of lubricated spherical joints with clearance [13]. Liu
et al. proposed a new four-point contact kinematic model of a natural coordinate
formulation (NCF) for the rigid cylindrical joint with clearance, which has been applied
to the dynamics in a spatial rigid-flexible MBS [14].

The linear complementary problem (LCP) based formulations can achieve good
computational performance to detect non-smooth events of MBS [15, 16]. However,
little research work has been developed to model SRJC based on LCP. Depending on
the contacts is planar or spatial, the transitions of non-smooth events can be formulated
as a linear complementarity problem (LCP) or nonlinear complementarity problem
(NCP) [17]. Xu and Wang et al. transformed the state transition of two-dimensional
Coulomb dry friction into an NCP and presented a numerical method for the MBS with
two-dimensional Coulomb dry friction and non-holonomic constraints [18].

In this paper, we present a novel method to model the SRJC in non-smooth MBS
based on the HLCP and Baumgarte stabilization technique. The attitude kinematics of
the SRJC is described by a specific parameterization in SO(3); the orientation caused by
clearance forms a 2-D Exp-submanifold of SO(3). To illustrate the feasibility of the
presented method, the non-smooth dynamic modeling has been validated by numerical
simulation on a gyro with clearances.

This paper is organized as follows. The next section presents the kinematic model
of spatial revolute joints with a small clearance. In Sect. 3, several different configu-
rations of the SRJC are described as complementarity conditions. In Sect. 4, the
dynamics of MBS with SRJC is formulated in Lie group setting, which is solved by
event-driven method based on HLCP; the Baumgarte stabilization method is used to
reduce the constraint drift. Numerical example is presented to show some non-smooth
dynamical behaviors of the MBS with SRJC and validate the feasibility of the proposed
method in Sect. 5.

2 Mathematical Model of SRJC

2.1 Contact State Description

The spatial revolute pair with clearance is composed of two rigid cylindrical bodies, i.e.
journal and bearing. The journal is subjected to rigid motion with respect to the
bearing. Figure 1 shows the schematic of SRJ with clearance, in which the geometric
dimensioning is exaggerated for illustration. Four possible distributions of journal and
bearing of an SRCJ are enumerated in Fig. 2 [19]:

Fig. 1. Schematic of spatial revolute joint with clearance
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(1) No contact exists between the two components of SRJC, i.e. the journal rotates
inside the bearing without contacting. There is no reaction force in spatial revolute
joints, as shown in Fig. 2(a).

(2) Single point contact happens between the two components of SRJC. Only one
normal force is acting at the contact point in spatial revolute joints, as shown in
Fig. 2(b).

(3) Two-points of contact happens between the two components of SRJC. Two
reaction forces are acting at the two contact points in spatial revolute joints, as
shown in Fig. 2(c).

(4) Two components of SRJC performs line contact. The constraint forces are
equivalently handled as the normal forces acting the two adjacent contact points,
as shown in Fig. 2(d).

2.2 Kinematic Description of SRJC

The coordinate frames of the SRJC are established as shown in Fig. 3. Rb denotes the
bearing-fixed frame. Rj is the journal-fixed frame. The origins ob and oj are located at
the center of mass of the bearing and the journal, respectively. The relative configu-
ration between the bearing and the journal is described by the relative position and
orientation. Thanks to the axial constraints of the SRJC in zb direction, the vector ojob
is approximately located on the xjyj plane of Rb. The attitude is described by the
rotation of the journal-fixed frame with respect to the bearing-fixed frame, which is
represented by a rotation tensor R 2 SO 3ð Þ. The special orthogonal group SO(3) can be
represented as the 3 � 3 orthogonal matrices group:

SO 3ð Þ ¼ R 2 GL 3;Rð Þ jRTR ¼ I; detR ¼ 1
� �

:

The attitude of the journal with respect to the bearing can be characterized by tilt
and torsion angles in a modified Euler angles parameterization [20, 21]. The tilt is a
2-D submanifold of SO(3) represented by the canonical coordinates of the first kind,
which is named as Exp-submanifold in [22]. The torsion is a one-parameter subgroup
expfhẑg 2 SO 3ð Þ. We define the clearance motion as a tilt rotation, i.e. expfx̂j; ŷjgspan.
So that, the composed finite rotation resulting from two successive rotations in Rj can
be written as a mapping from S3 to SO(3),

a; b; hð Þ 7! eax̂j þbŷj ehẑj 2 SO 3ð Þ:

where the ‘hat’ operator is a map ^ : R3 ! so 3ð Þ, where so(3) is the Lie algebra
of SO(3).

Fig. 2. Distribution possibilities of journal and bearing of an SRCJ
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3 LCP Formulation

The normal contact forces between the journal and the bearing in SRJC are presented
by means of complementary conditions in this section. The contact state can be for-
mulated as a linear complementary problem (LCP). LCP is a set of linear equations
subjected to the inequality complementarity conditions, which can be written in matrix
form as [23]

y ¼ Axþ b
�y 2 Upr xð Þ

�
ð1Þ

where the function Upr applied to LCP is the unilateral primitive defined in (2). It is a
maximal monotone set-valued map on Rþ

0 which is illustrated in Fig. 4.

Upr xð Þ :¼
0f g x[ 0
�1; 0�ð x ¼ 0
; x\0

8<
: ð2Þ

Fig. 3. The coordinate frames of SRJC

Fig. 4. The map: x ! Upr xð Þ
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To deal with the two-dimensional normal forces between the journal and the
bearing, we cover the cylindrical inner surface of the bearing by using four open semi-
cylinders, as shown in Fig. 5. For any configuration of the SRJC, the magnitude kij of
components of the normal forces in the x and y direction are subject to the following
complementarity conditions,

� kx�a ; ky�a ; kx�b ; ky�b
� �T¼ Upr kxþa ; kyþa ; kxþb ; kyþb

� �T� �
ð3Þ

where the superscripts denote the semi-cylindrical covering surface x�, surface xþ ,
surface y�, surface yþ ; the subscripts a and b denote the two terminals of the SRJC in
axial direction.

For anMBS consists of n SRJC, the complementarity conditions can be expressed as,

� k�x ; k
�
y

h iT
¼ Upr kþ

x ; kþ
y

h iT	 

ð4Þ

where,

kþ
x ¼ kxþ1a ; kxþ1b ; . . .; kxþna ; kxþnb

� �T2 R2n

k�x ¼ kx�1a ; kx�1b ; . . .; kx�na ; k
x�
nb

� �T2 R2n

kþ
y ¼ kyþ1a ; kyþ1b ; . . .; kyþna ; kyþnb

� �T2 R2n

k�y ¼ ky�1a ; ky�1b ; . . .; ky�na ; k
y�
nb

� �T2 R2n

8>>>>><
>>>>>:

.

The normal force F acting on the i th SRCJ can be split into two components Fx and
Fy in x and y direction, and written in the matrix form as,

Fx

Fy

	 

¼ G H 02n�2n 02n�2n

02n�2n 02n�2n G H

	 

kþ
x k�x kþ

y k�y
� �T ð5Þ

Fig. 5. The schematic of the bearing’s semi-cylindrical covers
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where Fx ¼ ½kxþ1 ; kx�1 ; . . .; kxþn ; kx�n �, Fy ¼ ½kyþ1 ; ky�1 ; . . .; kyþn ; ky�n �, G ¼ diag½G1; . . .;

Gn�, H ¼ diag½H1; . . .;Hn�, Gi ¼ 1 1
0 0


 �
, Hi ¼ 0 0

1 1


 �
, i ¼ 1; . . .; nð Þ.

4 Dynamic Equations of MBS on Lie Group

The dynamic equations of an MBS comprising n rigid bodies with holonomic con-
straints form an index 3 system of differential-algebraic equations (DAEs) on the Lie
group state space [24]

_M qð Þ _V þUT
qk ¼ Q q;V ; tð Þ

_q ¼ qV
U qð Þ ¼ 0

8<
: ð6Þ

where q ¼ q1; . . .; q2ð Þ 2 G describes the configuration of n rigid bodies, G ¼ SE 3ð Þn
is the 6n-D Lie group, which represents the ambient space of an MBS consisting of
n bodies, V ¼ V1; . . .;Vnð Þ 2 g is the velocity of MBS expressed in the body-fixed
frame, g ¼ se 3ð Þn is the Lie algebra of G, k are Lagrange multipliers, and Uq is the
constraint Jacobian.

Using the Baumgarte stabilization method [25, 26], the constraint equations are
rewritten on the acceleration level €Uþ 2a _Uþ b2U ¼ 0, then the dynamic equations
can be transformed to an index 1 system of DAEs in the matrix notation

M UT
q

Uq 0

	 

_V
k

	 

¼ Q

h

	 

ð7Þ

where h ¼ � _Uq _q� _Ut � 2a Uq _qþUt
� �� b2U, a and b represent the feedback control

parameters.
The constraint equations of the MBS with k constraints can be expressed in the

matrix form U qð Þ ¼ uT
1 ; . . .;u

T
k

� �T¼ 0, which can be expanded into 4 items according
to the complementarity conditions,

UT
qk ¼ ½UT

x ;U
T
y �½kTx ; kTy �T ¼ V þ kþ

x þV�k�x þH þ kþ
y þH�k�y ð8Þ

where V þ ;V�;H þ ;H�ð Þ is the constraint Jacobian matrix corresponding to

kþ
x ; k�x ; k

þ
y ; k�y

� �
.

Substituting (8) into (7) can yields the following equations,

Ux
qM

�1V� Ux
qM

�1H�

Uy
qM

�1V� Uy
qM

�1H�

" #
k�x
k�y

 !
¼

�Ux
qM

�1V þ �Ux
qM

�1H þ

�Uy
qM

�1V þ �Uy
qM

�1H þ

" #
kþ
x

kþ
y

 !

¼
�Ux

qM
�1Q� _Ux

q _q� nUx
q _q� gUx

�Uy
qM

�1Q� _Uy
q _q� nUy

q _q� gUy

 ! ð9Þ
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(8) together with the complementarity conditions described by (3) form the HLCP
for the dynamic analysis of MBS with SRJC.

5 Numerical Example

As a numerical illustration, the dynamics of a procession gyro with SRJC, as shown in
Fig. 6, is analyzed in this section. Physical parameters of the system are: m = 12 kg,
Je ¼ 0:1 kg �m2, L = 4 m, a ¼ 4 m, b ¼ 2m, a ¼ 50, b ¼ 50. The equations govern
the MBS kinematics and dynamics are presented as follows.

The attitude kinematics described by the rotation tensor can be written by product
of exponentials

R ¼ exp wx̂bð Þ exp ax̂b þ bŷbð Þ exp hẑj
� � ð10Þ

The angular velocity expressed in the body-fixed frame can be given by

xx;xy;xz
� �T¼ R�1 _R

� �_¼ Ad
exp ax̂b þ bŷbð Þ exp hẑjð Þð Þ�1 _wx̂b þAdexp�1 hẑjð Þ _ax̂b þ _bŷb

� �
þ _hẑj

	 
_
ð11Þ

where the ‘_’ operator describes a map_ : so 3ð Þ ! R3, so(3) is the Lie algebra of SO(3).

By using the Lagrange multiplier, the constrained Newton-Euler equations can be
written as

M _v� ad vð ÞTMv ¼ Ad�T
g UT

qkþQ
� �

; ð12Þ

where g ¼ exp hẑð Þ; 03�1ð Þ, Q ¼ 0; 0;mg; 0; 0; 0ð ÞT, k ¼ kþ
x ; k�x ; k

þ
y ; k�y

� �T
.

Fig. 6. A procession gyro with SRJC
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The constraint equations of the system can be given by

Ux qð Þ ¼ xc � mab
xc þmbb


 �
¼ 0; Uy qð Þ ¼ yc þmaa

yc � mba


 �
¼ 0: ð13Þ

Then, the constraint Jacobian matrix in (8) can be obtained

V þ ¼

1 1
0 0
0 0
0 0

�ma mb

0 0

0
BBBBBB@

1
CCCCCCA
; V� ¼

�1 �1
0 0
0 0
0 0
ma �mb

0 0

0
BBBBBB@

1
CCCCCCA
; H þ ¼

0 0
1 1
0 0
ma �mb

0 0
0 0

0
BBBBBB@

1
CCCCCCA
; H� ¼

0 0
�1 �1
0 0

�ma mb

0 0
0 0

0
BBBBBB@

1
CCCCCCA

ð14Þ

According to the given physical parameters, the dynamic characteristics of the gyro
have been calculated. The simulation results of the procession gyro are plotted in
Figs. 7, 8 and 9. Due to the inertial centrifugal force generated by the precession
angular velocity, when the xj axis of the homogeneous thin plate is horizontal, i.e. the
equilibrium position of the spin motion, the spin angular velocity reaches the maxi-
mum. The spin angular velocity and the moment of inertia in xb direction reach the
maximum synchronously. In addition, the system maintains the moment of momentum
in xb direction, hence the precession angular velocity reaches the minimum at this
moment. It can be seen in Fig. 7 that the maximal spin angular velocity is corre-
sponding to the minimal precession angular velocity. Figure 8 shows the history dia-
gram of Lagrange multiplier, the constraint forces of the bearing a and b present the
periodic change, balancing the gravity and gyro moment generated by the Coriolis
force during the movement of the thin plate. Figure 9 depicts the mutation phenomena
of constraint forces showing some non-smooth dynamical behaviors. In Fig. 10, the
drift of position constraints ak k; bk kð Þ� 1e� 18 and velocity constraints
xak k; xb

�� ��� �� 1e� 16 obtaining from the Baumgarte’s stabilization method are
illustrated.

Fig. 7. Spin angular velocity xh and procession angular velocity xw
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Fig. 8. Lagrange multipliers kax and kbx corresponding to the constraining forces acting on the
two terminals of SRJC in x direction

Fig. 9. Lagrange multipliers kay and kby corresponding to the constraining forces acting on the
two terminals of SRJC in y direction

Fig. 10. The drift of constraint equations
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6 Conclusions

The dynamics of rigid MBS with SRJC are investigated in this paper. HLCP has been
adopted as the main methodology because of its simplicity and good performance in
numerical calculation. The geometric constraints of SRJC are treated as two orthogonal
bilateral constraints by covering the bearing in terms of 4 open semi-cylinder. So that
the normal contact state of SRJC can be given by the complementarity conditions. The
clearance motion is presented by Exp-submanifold of SO(3). Based on the Lagrange
multiplier method, the dynamic equations of non-smooth systems in Lie group setting
have been obtained. The Baumgarte stabilization method is introduced to reduce the
constraint drift of the constraint equations. Although the friction and impact are
neglected in this paper, the method proposed can be straightforwardly extended to the
non-smooth dynamics of MBS by taking the friction and impact into account.
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Kinematic Analysis of (2-RRU)-URR Parallel
Mechanism Performing 2R1T Output Motion
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Abstract. This paper describes the (2-RRU)-URR parallel mechanism, which
performs rotational motion with two degrees of freedom (DOF) and translational
motion with a single DOF. This mechanism consists of a base frame, moving
platform, and three connecting chains. Since this mechanism is over-
constrained, derivation of its DOF was done by considering the constraint
condition of each connecting chain. One of the special structural features of this
mechanism is the perpendicularity between the moving platform and URR
chain, proving circular-like motion from the origin as the center. In addition, it
has another rotational DOF of the moving platform. For a simple kinematic
calculation, the mechanism was divided into two parts: the planar motion
generator and the orientation generator, and equations for kinematic analysis
were derived. In order to clarify the characteristics of the mechanism, workspace
of the planar motion generator, rotational ability and sensitivity of the orienta-
tion generator were demonstrated by numerical examples and discussed.

Keywords: Mechanism design � Constraint analysis � Kinematic analysis �
Over-constrained mechanism � Parallel mechanism

1 Introduction

Parallel robot is one kind of robots, in which the end-effector is connected to the base
frame by various connecting chains arranged in parallel. In comparison with the serial
robots, parallel robot have advantages in high stability, high stiffness, high position
accuracy, low inertia, light weight, heavy load structure in the base frame. Due to these
advantages, parallel robots are generally used for various industrial tasks such as
industrial simulators, and force/torque sensors. Until then, numerous parallel robot
structures have been proposed. Typical ones are Stewart-Gough platform with six
degrees of freedom (DOF) [1], DELTA Robot performing spatial translational motion
with three DOF [2], Agile Eye performing rotational motion with three DOF [3]. In
these decades, lower-mobility parallel robots, which are ones having DOF less than six,
have been paid much attention in the theoretical researches and industrial applications.
One of the most well-known lower-mobility parallel robots is DELTA. It is generally
used in the industrial field. As DELTA basically provides only three translational
motions, its typical task in industrial field is the pick and place operation, for picking
some objects and moving to another place. As for the spherical three DOF robot, which
consist of the proximal link, distal link, three revolute actuators, and end-effector,
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called Agile Eye, was investigated by Gosselin, C. M. [3]. The structural characteristics
of this robot is that the axes of all pairs of adjacent joints are orthogonal and all links
form a circular arc. Especially it is distinct from the general spherical parallel robot, the
proximal link was designed as two circular arcs attached to each other and it affects to
extend the range of the spherical motion. Lower-mobility spatial parallel robots per-
forming coupled output motion (parasitic motion) were well discussed [4]. In these
parallel robots, the connecting chains between the base and the end-effector usually
have the same structure and dimensions, and are symmetrically located between the
base and the end-effector.

On the other hand, parallel robots composed of multiple connecting chains of dif-
ferent structures were not popular though there is a possibility to realize a special type of
output motion. A spatial parallel manipulator with one rotational and two translational
DOFs was investigated by Liu, X. J. and Wang, J. [5, 6]. This robot consists of three
non-identical chains, a movable platform, three prismatic joints. Furthermore, this robot
has three advantages such as constructing by single-DOF joints, generating the com-
bination motion by translational and rotational motions, and high rotational capability.

Another issue is the use of over-constrained mechanism. Though in such mecha-
nisms, tolerance management should be carefully done, the robot structure can be made
simple due to the less joints and links. Thanks to this feature of less number of joints
and links, motion capability can be improved in over-constrained mechanisms.

Based on this background, in this paper, the (2-RRU)-URR lower-mobility parallel
mechanism, which is composed of non-identical chains and an over-constrained
mechanism, performing a spatial rotational mobility is proposed. This mechanism has
three connecting chains. Thanks to the special arrangements of these connecting chains,
it can provide two rotational mobility and one translational mobility. The structural
characteristics and mobility of this proposed mechanism are revealed by a constraint
analysis. In order to realize simple kinematic calculation, kinematic analysis is con-
sidered and equations are derived for two parts by dividing the mechanism into two
parts: planar motion generator and orientation generator. Based on the derived kine-
matic equations, the kinematic capabilities of the proposed mechanism are demon-
strated by its workspace of the planer motion generator, rotational ability and rotational
sensitivity of the orientation generator. Finally, the results are discussed.

2 (2-RRU)-URR Mechanism and Its Mobility

The proposed mechanism is shown in Fig. 1. This mechanism is composed of three
kinematic chains between the base and the output links. In the figure, links ABG and
EFJ are base and output link, respectively. The chains 1 and 2 have the same kinematic
structure, in which four revolute (R) joints are arranged from the base to the output link
where the three successive three R joints are parallel and the fourth joint is perpen-
dicular to the others so that the three and fourth R joints form a universal (U) joint. The
fourth revolute joints in these chains are co-axial. The chain 3 is composed of four R
joints. The second to fourth joints are parallel, and the first joint is perpendicular to the
others, forming a U joint with the second one. Two coordinate systems. O-xyz on the
base frame and P� x0y0z0 on the output link are considered.
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Applying the mobility formula to this mechanism reveals that DOF of the proposed
mechanism is zero as follows:

6 N � J � 1ð Þþ
XJ
i¼1

fi ¼ 6 8� 9� 1ð Þþ 1� 6ð Þþ 2� 3ð Þ ¼ 0 ð1Þ

where N, J, and fi are the number of links, the number of joints, and the DOF of joints
respectively. However, this result is different from the real behavior of this mechanism,
which was observed by the authors using a prototype. According to our observation,
this mechanism is expected to have three DOF. That is rotational motion around z axis,
translational motion in OP direction and rotational motion around x0 axis. Let us
consider the actual DOF of this mechanism taking into consideration the constraints
imposed on the output link by each chain.

First, according to the structural and observed feature of this mechanism, let us
consider the constraint by each chain with respect to the coordinate system P� x0y0z.
According to the kinematic structure of the chain 1, rotational motion of the output link
around y0 axis is constrained and translational motion at P in z axis is constrained. The
same constraints are imposed by the chain 2. As for the chain 3, rotational motion
around y0 axis is constrained and translational motion at O in x axis is constrained. If
the screw theory is applied, the constraint wrenches corresponding to the chains 1 to 3
are described as follows:

W1;i ¼

0
0
1
0
0
0

2
6666664

3
7777775
; W2;i ¼

0
0
0
0
1
0

2
6666664

3
7777775
ði ¼ 1; 2Þ; W1;3 ¼

1
0
0
0
0
r

2
6666664

3
7777775
; W2;3 ¼

0
0
0
0
1
0

2
6666664

3
7777775

ð2Þ

where r stands for the distance between O and P. From this result, it is confirmed that
there exist three independent constraint wrenches in this mechanism since three of six

Fig. 1. Kinematic diagram of the proposed (2-RRU)-URR mechanism

116 W. Choi and Y. Takeda



constraint wrenches in Eq. (2) are dependent and only three independent constraint
wrenches exist even though there are six constraint wrenches. This fact agrees with the
mobility analysis result in Eq. (1). Then, twist screws are obtained as follows:

T1 ¼

1
0
0
0
0
0

2
6666664

3
7777775
; T2 ¼

0
0
1
�r
0
0

2
6666664

3
7777775
; T3 ¼

0
0
0
0
1
0

2
6666664

3
7777775

ð3Þ

This means that the output link can perform rotational motion around x0 axis,
rotational motion around z axis and translational motion along y0 axis. Therefore, the
proposed mechanism is one of the 2R1T mechanisms where R and T stand for rota-
tional and translational output motions. The result is summarized in Table 1.

According to the results, among the joints in the mechanism, joints A, B and H are
considered as active joints while the others passive.

Table 1. Result of constraint analysis of the proposed mechanism (O: free, X: constrained)

Chains Motions x0-axis y0-axis z-axis

1 Rotation O X O
Translation O O X

2 Rotation O X O
Translation O O X

3 Rotation O X O
Translation X O O

Total Rotation O X O
Translation X O X

Fig. 2. Kinematic diagram of the planar motion generator model
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3 Kinematic Analysis of the Proposed Mechanism

In order to derive the kinematic equations of the proposed mechanism, the mechanism
is divided into two parts: planar motion generator and orientation generator and
equations for them are derived.

3.1 Forward Kinematics of Planar Motion Generator

The planar motion generator is shown in Fig. 2. The part GP in this generator is the
projection of the chain 3 on the moving plane of linkage ACEFDB. Since the planar
motion generator is considered to analyze the motion in the plane of the mechanism
shown in Fig. 1. If the connecting relationship of r is not considered, this generator can
be considered as 6-bar linkage, and this linkage requires three actuators in general. As it
has only two actuators in joints A and B on the base, it is impossible to solve the
forward kinematics in this condition (only these active joint angles are given).
Assuming that one of C or D joints is actuated under a given set of joint angles of A
and B, forward kinematics of planar motion generator can be calculated like a four-bar
linkage as follows:

C ¼ cx
cy

� �
¼ lac cos ha1

lac sin ha1

� �
; D ¼ dx

dy

� �
¼ lbd cos hb1

lbd sin hb1

� �
ð4Þ

lcd ¼ C � Dk k; hcd ¼ atan2(dy � cy; dx � cxÞ ð5Þ

where lcd, hcd, ha1 and hb1 are the link length of CD, the angle between lcd and x-axis,
the angle of joint A, and the angle of joint B, respectively. ha2, which is the angle
parameter of joint C, is assumed as the virtual active joint for analyzing the forward
kinematics. In this assumption, the link length of DE is calculated using the law of
cosine. As same method, the included angles (CDE and EDF) are obtained. Equations
of these are shown in detail as follows:

lde ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2ce þ l2cd � 2lcelcd cosðha1 þ ha2 � hcdÞ

q
ð6Þ

k ¼ cos�1 l2de þ l2cd � l2ce
2ldelcd

� �
ð7Þ

c ¼ cos�1 l2de þ l2df � 2leð Þ2
2ldeldf

 !
ð8Þ

where lcd, lce, lde and ldf are the link lengths of CD, CE, DE and DF, respectively and le
is the half length of EF. Regarding the results of Eqs. (4)–(8), hb2 can be derived as
following:
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hb2 ¼ p� k� c 0� ha2 � p
pþ k� c �p� ha2 � 0

�
ð9Þ

From the results, the positions of E, F and P as the middle point of EF are calculated.
When the connecting condition between EF and GP is considered, EF should be

perpendicular to GP. To find the solution of the assumed angle ha2, the formed angle
between EF and GP is calculated. Then, using the difference of this angle from 90°, the
assumed angle ha2 is adjusted until this difference converges to zero. Then, the fol-
lowing values as well as the others are obtained as the solution of the forward kine-
matics of planar motion generator.

r ¼ G� Pk k ð10Þ

U ¼ atan2(py � gy; px � gxÞ ð11Þ

where r is the length of GP.

3.2 Inverse Kinematics of Planar Motion Generator

Using the perpendicular condition between EF and GP, when the end-point position of
P is given, the positions of E and F are calculated as follows:

G ¼ gx
gy

� �
; P ¼ px

py

� �
ð12Þ

/ ¼ atan2(py � gy; px � gxÞ ð13Þ

E ¼ Pþ le cosð/þ p
2Þ

le sinð/þ p
2Þ

� �
; F ¼ Pþ le cosð/� p

2Þ
le sinð/� p

2Þ
� �

ð14Þ

Using the results of the positions of E and F above, each angle of chains 1 and 2 can
be derived by applying the law of cosine. Figure 3 shows triangles that consist of ACE
chain and BDF chain. From this figure, joint angles ha1 and ha2 are derived as follows:

Fig. 3. Triangles for inverse kinematics of the planar motion generator model
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hgpf ¼ cos�1
l2gp þ l2e � l2gf

2lgple

 !
; where lae ¼ E� Ak k ð15Þ

ha2 ¼ p� hace ð16Þ

hcae ¼ cos�1 l2ac þ l2ae � l2ce
2laclae

� �
ð17Þ

ha ¼ atan2(ey � ay; ex � axÞ ð18Þ

ha1 ¼ ha þ hcae ð19Þ

where lac, lae, lce, hcae, and ha are the link length of AC, the link length of AE, the link
length of CE, the angle of CAE, the orientation angles of AE from x-axis. Since the
chain BDF can be considered in the same way considering the triangle as shown in the
figure, the hb1 and hb2 are also derived.

3.3 Forward and Inverse Kinematics of Orientation Generator

The orientation generator is considered as the 4-bar linkage located in the y0z0-plane of
P0 � x0y0z0 coordinate system. Figure 4 shows the diagram of the orientation generator.
Since joint G is already considered in the kinematics analysis of the planar motion
generator, the effect of joint G is not considered here. As the link length of lgp (same as
r of planar motion generator) is also calculated from the planar motion generator, it is
considered as the known value. Based on this background, each of the joint angles, and
orientation of the orientation generator are derived as follows:

lhp ¼ P�Hk k ð20Þ

lip ¼ P� Ik k ð21Þ

where loh, lhp and lip are the length of OH, HP and IP, respectively. Based on the
preprocessing mentioned above, hhpi and hipj are calculated by applying the law of
cosine.

Fig. 4. Diagram of the orientation generator
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hhpi ¼ cos�1
l2hp þ l2ip � l2hi

2lhplip

 !
ð22Þ

hipj ¼ cos�1
l2ip þ l2kp � l2ij

2liplkp

 !
ð23Þ

Finally, the orientation output angle W is calculated using Eqs. (22) and (23) as

W ¼ p� hhpi � hipj 0� hc2 � p
pþ hhpi � hipj �p� hc2 � 0

�
ð24Þ

Regarding the inverse kinematics of the orientation generator, the process is similar
to the forward one mentioned above: changing the known condition toW instead of hc2.

Table 2. Kinematic parameter values used in the analysis

Link lengths
[mm]

Angles [Degree] Joint positions [mm]

le 26 ha1, hb1 0–180
Interval: 0.25

A(x, y, z) (−29, 0, 0)

lac, lbd, lce, ldf 40 ha2 0–360
Interval: 0.25

B(x, y, z) (29, 0, 0)

lhi, lij, lkp 50 hc2 −15–90
Interval: 0.25

H(x, y, z) (0, 0, 8.55)

Fig. 5. The workspace of the planar motion generator
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4 Kinematic Performance Analysis

In order to analyze the performance of the proposed mechanism, numerical examples
are provided to show the workspace of the planar motion generator and the rotational
ability of the orientation generator. Kinematic parameters used in the analysis are
shown in Table 2. The origin point is set at G as shown in Fig. 2.

4.1 Workspace of Planar Motion Generator

Since the planar motion generator provides its movement in xy-plane, its workspace also
locates in that plane. Using the equations shown in the previous chapter, workspace was
derived. In this analysis, allowable range of the active joint angles of A and B and the
joint angle of C were considered and they were set from 0 to 180°. Within the range,
active joint angles are given by the interval of 0.25°, and for each combination of the
active joint angles, the position of P was obtained together with the angle of joint C so
that the difference of the angle between EF and GP and 90° would be minimum. Each
position of P obtained in this procedure is plotted to represent the workspace of the
planar motion generator in Fig. 5. Though the expected workspace forms the circular
shape that consists of r and U as the radius and angle around the center point, it can be
seen from the figure that some part is constrained. It is caused by the constraint effect of
chains 1 and 2. Furthermore, since the angle between link GP and link EF is always 90°,
the orientation of EF is subordinate to the circular motion around the origin G.

4.2 Rotational Capability and Sensitivity of Orientation Generator

In order to evaluate the rotational characteristics of the orientation generator, the
rotational capability and sensitivity are analyzed. The maximum and minimum value of
the base link length lgp of the orientation generator shown in Fig. 4 is determined by the
planar motion generator as r(=lgp). In orientation generator model, if the length value of
lgp is given as a constant value, the rotational ability and sensitivity can be derived. In
this chapter, lgp was considered between the minimum (40 mm) and the maximum
(80 mm), which were estimated from the analysis result of r of the planar motion
generator. Additionally, the angle of the active joint I, hc2, was given by −15°*90°
with the interval of 0.25°.

The rotational capability is evaluated by the range of the output angle W. As for the
sensitivity, it is defined by the rates of the change between hc2 and W and calculated as
s in the following equation.

s ¼ Dw
Dhc2

ð25Þ

The bigger s is, the higher the sensitivity is. Figures 6 and 7 show the results of the
rotational capability and the sensitivity. In Fig. 7, results are shown for eleven sample
points with the same distance between the minimum and maximum values. It is known
from these figures that for the value of r less than 60 mm, rotational capability is high
while the sensitivity is high. As for the larger value of r, sensitivity is stable and low
though the rotational capability is low.
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From the results of the sensitivity, it is observed that there are cases where the
maximum values are unnaturally huge compared with minimum and median values.
For example, such high values are found for r = 40, 44, 52, 56 mm. This phenomenon
is occurred by similar posture when the links lkp and lij overlap each other as shown in
Fig. 8. Thus, if the maximum value is too high compared with the median value, the
range of output is wider than another case. Since this phenomenon also is probable
related to singularity, the suitable input and output angles of the orientation generator
should be determined using the results.

Fig. 6. The relationship between input and output angles

Fig. 7. The sensitivity result of the orientation generator (a): Minimum value and Median value,
(b): Maximum value
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5 Discussion and Conclusion

In this paper, a novel over-constrained parallel mechanism composed of two identical
chains and one different chain, which has two rotational mobility and one translational
mobility, was proposed. The degrees of freedom of this mechanism was derived by the
constraint conditions imposed on the output link by each connecting chain. The global
motion feature of this mechanism was revealed as a circular motion around the origin on
the base and rotational motion around an axis of the output link. The equations for
kinematic analysis were derived by dividing the mechanism into two parts: planar
motion generator and the orientation generator. Finally, the workspace and rotational
capability were demonstrated as a numerical example to show the performance of the
mechanism. From the analysis result of workspace, it shows that the mechanism pro-
vides a combined motion similar to circular-like motion by rotational and translation
motion. From the analysis result of the rotational capability of the orientation generator,
it was shown that the ranges of rotational DOF depend on the position of the output point
of the planar motion generator (that is the output point of the mechanism). Furthermore,
the relationship between the orientation capability and the sensitivity was discussed. In
our future work, we will design and manufacture the prototype of the propose mecha-
nism and evaluate its performance taking into consideration the real application.
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Abstract. We report on the development of an innovative two degrees of
freedoms (DOF) mechanism that is capable of performing continuous rotation in
both DOFs. The design process began with the analysis and comparison of
general 2-DOF mechanisms with various morphologies. The final selection was
based on joint angles that yielded the largest region of continuous rotation. The
design concept was realized as an empirical mechanism design. The transmis-
sion systems of the two DOFs were carefully designed so that the two DOFs can
rotate continuously without colliding with one another. More specifically,
double C-shaped racks were designed and utilized as key components to fulfill
this goal. The dynamics of the 2-DOF mechanism was then analyzed to better
understand the relation between the torque input and the rotation motion output.
A prototype was built and its performance was empirically evaluated. The
experimental results confirm the functionality of the continuous rotation of the
two DOFs in the mechanism.

Keywords: 2-DOF � Mechanism design � Continuous rotation � Joint

1 Introduction

Animals usually have delicate, compact, and efficient joint systems, such as the waist or
hip joint, which generate dexterous multi-degrees of freedom (DOF) motion. In con-
trast, artificial robotic motion systems have thus far mainly relied on one-DOF motors.
Therefore, generating multi-DOF motions that mimic wrist or hip joints rely on
mechanism designs that couple multiple individual motor motions in a compact form.
The wrist joint, for example, is composed of two revolute chains (RR configuration) or
a universal joint (U configuration) whose axes of rotation intersect perpendicularly [1].
The empirical two DOFs system driven by motors can be considered as joined by a
linkage, and the connection method further determines the range of the joint work-
space. Therefore, the connection method should be skillfully designed and optimized to
meet the requirements of specific tasks.

2-DOF joints are popular and prevalent in humanoid robots owing to their bio-
mimetic morphology with respect to the human body—for example, the wrists of
WABIAN-2 [2] and ARMAR-3 [3], and the ankles of NAO [4], DLR-Biped [5] and
LOLA [6]. Different humanoid robots use different linkage connection designs. The
WABIAN-2 and ARMAR-3 mimic the motion behaviors of the human wrist favorably.
Their design shifts the axis of rotation for intersecting the other axes, and they have
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four support linkages around the motor close to the hand. The ankle of NAO has the
same construction. The ankles of DLR-Biped and LOLA have one linkage connecting
the motor that drives the foot from the motor near the knee, and they have double
support linkages on the feet. In addition, the wrist of ARMAR-4 [7] has three DOFs,
and after excluding the first revolute joint, which represents the pronation/supination
generated from the forearm [8], the other two can form a 2-DOF structure. The motor
that rotates the hand is supported by the C shell from both sides, and only one linkage
is connected to the hand. This configuration successfully decreases the structural
limitation regarding pitch motion. The three-DOF hip mechanism on HRP-3 [9] and
ARMAR-4 [10] can similarly be decomposed. Discarding the joint that preforms
lateral/medial rotation [11], the joint of HRP-3 has three support linkages—two for
fixing the motor and one for acting as the femur. Moreover, the hip of ARMAR-4 has
only two short support linkages to enlarge the rotation range. Because, so far, most of
the 2-DOF mechanisms are for humanoid joints, the motion range of these DOFs is
usually limited and does not have the possibility of continuous rotation, thus confining
the motion range and motion speed.

Here, we report on an innovative 2-DOF mechanism that is capable of performing
continuous 2-DOF rotation using a serial RR chain and a novel driving and connecting
mechanism to avoid collision. This mechanism can still of course be utilized as a wrist
or other joint, but it has extended performance regarding workspace and motion speed
owing to continuous rotation. Moreover, this mechanism can be extended to other
applications, such as pan-and-tilt cameras with extended surveillance viewing ranges.
The contributions of this research include (i) the classification of the rotation behaviors
of existing 2-DOF joints; (ii) the development of innovative mechanisms that provide a
unique and new rotation behavior; and (iii) the analysis of mechanism dynamics.

The remainder of this work is organized as follows. Section 2 describes the rotation
behavior of existing 2-DOF models and their motion and structural limitations.
Section 3 describes the mechanism design of the innovative 2-DOF mechanism, which
is followed by an analysis of the mechanism dynamics in Sect. 4. Section 5 shows the
practical implementation results, and Sect. 6 concludes the work.

2 Rotation Behavior of Existing 2 DOF Structure

A multi-DOF joint inherently assumes that the rotational axes are not parallel to one
another for independent motion. In addition, the rotational axes of the joint are usually
set to be mutually orthogonal and to intersect one another (i.e. the morphology is
similar to the universal joint). This is because complete driving independence of axes
yields an easier computation regarding forward and inverse kinematics and dynamics.
Thus, this work focuses on this configuration.

Empirically, to drive the described two DOFs requires a specific mechanism design
because the motor and transmission system have non-zero physical sizes. Therefore,
from the geometric point of view, the workspace or the rotation behavior of the multi-
DOF joint depends on the size of the motors as well as the sizes of the transmission
system and associated supporting structure. To simplify the analysis, the overall system
can be modeled as two cylindrical blocks (M1 and M2) and two linkages (L1 and L2).
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The cylindrical blocks represent the spaces taken by the motors. The first linkage L1

represents the transmission system and supporting structure, which transmits the
rotational motion of the first motor to the place where the second motor resides so that
the two DOFs are mutually orthogonal and intersect one another. The second linkage
L2 represents the end effector. It should be noted that L1 here is used to transmit the
rotation motion but not driven by the motor-1 directly.

Because the motor size (i.e. M1 and M2) is usually fixed and the mechanism design
mainly addresses how the motor power transmits to drive the 2-DOF end effector, the
following analysis focuses on the variation of the transmission and structure design
(i.e. L1) as well as how the motion can be output to the end effector (i.e. L2). The
mechanism can be classified into four types, which are based on use of single (S) or
double (D) connection linkages: DD, DS, SD, and SS. The first letter D/S associated
with linkage L1 represents the use of either one or two sides of spaces between the first
DOF (M1) and the second DOF (M2) in the transmission system and structure. The
second letter D/S associated with linkage L2 represents the use of either one or two
sides of spaces between the M2 and the end effector by the structure.

The motor size and connection linkage lengths were set, as shown in Table 1, so
that comparison among the four types of mechanism (DD, DS, SD, and SS) could
proceed. Because blocks M1 and M2 occupy physical space, the linkage L1 has a
minimum length so that the blocks are physically separated in various locations without
collision or interference. Similarly, the linkage L2 has a minimum length so that the
output can be transferred to the end effector “outside” the joint for practical uses, such
as mounting a camera. The linkage thickness is set to zero but is still present.

The geometrical relation of the described 2-DOF mechanism can be represented
using Denavit–Hartenberg (D–H) notation [12]. Since the four types of mechanism
have the same morphology but vary regarding the use of single or double connection
methods, the D–H parameters of the four types are identical, as shown in Table 2.
Figure 1(a) shows the associated coordinate systems, where the origin is set at the
center of M2. The motion ranges of motor-1 and motor-2 are denoted as h1 and h2,
respectively. The first DOF generated by motor-1 rotates around the axis Z1, and the
second DOF generated by motor-2 rotates about axis Z2. The motion ranges of motor-1
and motor-2 are denoted as h1 and h2, respectively. Thus, the origin end point of
linkages L2, where h1 and h2 are 0�, is at 10; 0; 0ð Þ for global coordinate. When hi is

Table 1. Geometrical parameters of the mod-
eled 2-DOF joint

Parameter Unit

Motor radius 8
Motor thickness 6
Linkage length, L1 4 + 5
Linkage length, L2 10
Width of linkage 0

Table 2. The D-H parameter of the mod-
eled 2-DOF joint

i ai�1 ai�1 di hi
1 0 0 0 h1
2 90 0 0 h2
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positive number means it rotates anticlockwise around its own Zi-axis (orange arrows).
Conversely, When hi is negative number means it rotates clockwise about its own
Zi-axis. With these definitions and settings, the analysis of the 2-DOF joint using the
four types can proceed, emphasizing their ability to rotate continuously.

(i) DD: There are four linkages around M2, and the model is shown in Fig. 1(b).
The achievable ranges of h1 and h2 are only �153:6� and �90�, respectively,
owing to the volumes taken by blocks as well as the double-supported config-
urations; continuous rotation is therefore not possible with DD.

(ii) DS: The transmission uses spaces on both sides of M1, and the end effector only
uses space on one side. The ranges of h1 and h2 are same as those of DD, but h2
can rotate continuously when h1 is between þ 26:4� and þ 153:6�. Figure 1(c)
shows the continuous rotation ability of h2 by drawing the reachable positions of
the end effector (i.e. the green region). The brown curve shows one special
condition when h2 is 0�.

(iii) SD: The transmission only uses space on one side of M1, and the end effector
uses space on both sides, opposite to the DS. The range of h1 remains �153:6�,
and the range of h2 is �149� to 90�. Additionally, h1 can rotate continuously
when h2 is within the range �149� to� 31�. Nevertheless, h2 does not have the
ability to rotate repetitively due to the double support linkages. Therefore, there
is no green region, as shown in Fig.1(d), but the cyan region indicates the ability
of h1 to continuously rotate, and the brown curve is plotted while h1 is 0�.

(iv) SS: Both the transmission and the end effector use space on only one side of M1.
The structure of the 2-DOF joint in this configuration has fewer geometric
constraints than the other three cases. Although the range of h1 is still �156�,
and the range of h2 is between �149� and 90�, h1 can rotate continuously when
h2 is between �149� and �31�; h2 can also rotate continuously when h1 is
between 26:4� and 153:6�. Therefore the green area and the cyan area overlap, as
shown in Fig. 1(e).

The proposed mechanism design in this work can be classified as type SS, although
the arrangement of the transmission and supporting structure (i.e. L1) differs from the
existing SS structure, as the linkage is shifted into the center region between the M1
and M2 blocks. Hereafter, this configuration is referred to as SSD. In this case, L1 does
not interfere with the rotation of h2. Therefore, although the rotation range of h1 is still
restricted to �153:6�, the range of h2 can be extended on both sides to �149�.
Moreover, the continuous rotation range for h1 is available when h2 is between �149�

and �31�, and between 31� and 149�. Conversely, the continuous rotation range for h2
is available when h1 is between �153:6� and �26:4�, and between 26:4� and 153:6�.
As long as h1 and h2 are within the described range, which is twice that of SS, both
DOFs of the SSD can perform continuous rotations simultaneously, as shown in
Table 3. The covered region is plotted in Fig. 1(f).

In summary, block M1 affects h1 equally for all four types. The linkages L1

determines the range and continuous rotation ability of h1, and the linkage L2 deter-
mines the other DOF, h2. Type SS is the only configuration where both h1 and h2 have
the opportunity to perform continuous rotation simultaneously, as shown in Table 3.
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In addition, the proposed type SSD doubles the range for continuous rotation and
extends the rotation range of h2.

(a) Coordinate representation (b) Continuous rotation behavior of DD

(c) Continuous rotation behavior of DS (d) Continuous rotation behavior of SD

(e) Continuous rotation behavior of SS (f) Continuous rotation behavior of SSD

Fig. 1. Coordinate representation (a), continuous rotation behavior of four stand types (b) DD
(c) DS (d) SD (e) SS and the proposed type (f) SSD

Table 3. Rotation range of the DOFs in five different types

DD DS SD SS SS design

h1 ±153.6° ±153.6° ±153.6° ±153.6° ±153.6°
h2 ±90° ±90° −149°

+90°
−149°
+90°

−149°
+149°

h1 range for h2 RC None +26.4°
+153.6°

None +26.4°
+153.6°

−153.6°*−26.4°
+26.4°*+153.6°

h2 range for h1 RC None None −149°
−31°

−149°
−31°

−149°*−31°
+31°*+149°

Note. h1 range for h2 RC: h2 rotate continuously (RC) when h1 within the range.
h2 range for h1 RC: h1 rotate continuously (RC) when h2 within the range.
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3 Design and Implementation of the 2-DOF Mechanism

The mechanism design aims to realize the proposed SSD type, and Fig. 2(a) and
(b) show the CAD design and the empirical implementation of the 2-DOF joint,
respectively. The final cylinder has a diameter of 180 mm, a thickness of 108 mm, and
weighs approximately 2.3 kg. The first DOF, which rotates around yellow axis, is
designed to have continuous output rotation, so, conceptually, the output should have a
cylindrical shape when the DOF is driven from the motor-1 outside. Motor-1 here is
correlated with block M1 in Sect. 2, and by fixing Linkage L1, the cylinder can rotate
along the Rail of DOF-1. In the meantime, to allow the second linkage L2 located at the
center of the cylinder to rotate continuously about green axis without colliding with the
cylinder, the cylinder should be divided into two halves; these two halves should be
designed to have a specific structure so that the relative configuration can be main-
tained. To satisfy these two constraints, two rotatable C-shaped structures are utilized to
bridge the two halves. When the linkage L2 rotates and passes the rack, the rack
synchronously rotates to the orientation where the gap is presented. In the meantime,
the other rack still connects the two cylindrical halves to fix the cylinder structure. This
innovative double-C design allows the 2-DOF mechanism to have a wide range of
continuous rotations.

Figure 3 demonstrates how the double-C works in detail. The gaps of the two
C-shaped racks placed on opposite sides are shown in Fig. 3(a). When the linkage L2
drives the end effector close to the upper C rack, it rotates to the orientation where the
gap is presented, as shown in Fig. 3(b). Likewise, when it approaches the lower C rack,
as shown in Fig. 3(c), the gap is also presented. In the second half of the rotation (i.e.
the linkage is rotated up from the bottom, as shown in Fig. 3(d), a similar process is
repeated, as shown in Fig. 3(e) and (f).

(a) The CAD drawing of the
2-DOf mechanism

(b) The prototype of the 
2-DOF mechanism

Linkage 

.Rail of DOF-1. 

Linkage 
Linkage

Linkage .motor-1. 

.motor-2. 

Fig. 2. The CAD drawing and the prototype of the 2-DOF mechanism
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The double-C mechanism described above requires a specific transmission system
design. The C racks should be rotated synchronously as motor-2 is driven (i.e. h2). In
the empirical design, the output of motor-2, which is aligned with block M2 in Sect. 2,
drives the linkage L2, where the linkage is also the arm of the plenary gear system. The
rim is structurally fixed to one of the half-cylinders (i.e. does not rotate), and the output
is the sun gear. The sun gear transmits the motion to the rack through bevel gear pairs
Fig. 4(a) and the pinions Fig. 4(b). As for the first DOF, motor-1 is placed outside the
cylinder. Eventually, all the gears driven by linkage L2 inside utilizes the double-C
mechanism, and further realize the behavior of SSD.

4 Dynamic Simulation

Constructing a physical model of the mechanism is necessary to better understand the
system dynamics and is helpful during the design and analysis process. In this section,
the equation of motion was derived based on the known geometry and mass distri-
bution. Given the initial postures and the rotating trajectories, the required torques to
drive the system can be predicted as the reference on selecting the appropriate

Fig. 3. Illustrative motion sequence of the 2-DOF mechanism while the second DOF performs
continuous rotation

(a) Bevel Gear Pairs and Sun Gear (b) Pinions 

.motor-2. 

.Bevel Gear Pairs. 

.Sun Gear.

.motor-1. 

Linkage.C-shape rack. 
.C-shape rack. 

.motor-2. 

.Rim.

.Pinions. 

Fig. 4. Transmission system of the 2-DOF mechanism
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actuators. Meanwhile, the kinematic can also be acquired with the given driving torque.
Through the simulations and visualizations, several control strategies and the corre-
sponding reactions of the system can be supervised before implementing the real
mechanism.

To construct the governing equation, we first define the coordinate system. The 2-
DOF RR joint can be simplified to two links, denoted as Link 1 and Link 2, and the
ground link is denoted as Link 0. The coordinates corresponding to each link, shown in
Fig. 5, are set to be concentric, while the z-axis is aligned with the rotating shaft
according to the D–H notation. Here, we simply set the center of mass (CoM) to be
located along the x-axis, so the representation can be written as iPCi ¼ LCibxi, where the
LCi is the distance between the CoM and the origin. The rotation of the link is denoted
as hi, and the mass and inertia tensor of the mechanism are denoted as mi and Ii, where
i ¼ 1; 2.

By using either the Newton–Euler approach or the Lagrangian formulation [12], the
equation of motion can be obtained with the following formation, which includes mass,
centrifugal and Coriolis, gravity, and friction terms:

s ¼ M Hð Þ €HþV H; _H
� �þG Hð ÞþF H; _H

� � ð1Þ

M Hð Þ ¼ m1L2C1
þm2L2C2

cos h2 þ I1;zz 0
�I2;xy sin h2 � I2;yz cos h2 m2L2C2

þ I2;zz

� �
ð2Þ

V H; _H
� � ¼ ð�2m2L2C2

sin h2 cos h2Þ _h1 _h2
ððm2L2C2

� I2;xx þ I2;yyÞ sin h2 cos h2 þ I2;xy cos h22 � sin h22
� �Þ _h21

" #
ð3Þ

G Hð Þ ¼ 0
m2LC2 cos h2g

� �
ð4Þ

Fig. 5. The model for dynamics analysis
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F H; _H
� � ¼ B1

_h1 þC1sgn _h1
� �

B2
_h2 þC2sgn _h2

� �
2
4

3
5 ð5Þ

Here, Bi is the viscous friction coefficient, Ci is the Coulomb friction coefficient. Bi

and Ci are properly set to be specific small values for the initial trials, and further
system identification is needed to refine the parameters for better prediction results.

The above equation gives the expressions for the torque of each actuator as a
function of joint position, velocity, and acceleration, which means we can predict the
required torque with the given motor trajectory. This also corresponds to the case when
we apply position control to manipulate the mechanism. Note that when considering
the extra load exerted on Link 2, which would be a common situation in practical use,
we can simply adjust the corresponding values of LC2 and m2 to modify the model.

Figure 6 gives a simple example of the simulation under constant x trajectory
input. Figure 6(a) shows the two given trajectories, with the angular velocity values
shown in Fig. 6(c). The endpoint trajectory of link 2 on each timestamp is drawn on
Fig. 6(b) to check whether the collision between two links would happen, and the
calculated torques are shown in Fig. 6(d). In this case, the set of trajectory would lead
to collision when h1 and h2 both approach 0 or p, and it can be prevented through
proper adjustments to the initial posture of both links. As far as the torque is concerned,
since no angular acceleration is involved, s1 is a constant value due to the friction
effect, and the s2 appears to oscillate with the motion of Link 2 and is mainly related to
the gravity effect.

To find whether two links interact with one another, different step trajectories are
selected as inputs, and the changes in torque response are observed. Noted that these

Fig. 6. Response of the mechanism run-
ning at constant x using position control

Fig. 7. Response of the mechanism run-
ning at different x1 and x2 conditions, with
Bi are set 1 mNm � s=rad.
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trajectories are selected to be non-collision that are feasible during real applications. In
Fig. 7(a) and (c), both actuators are set to be driven at same x1, and the values of x2

are adjusted. The results show that s1 remains nearly unchanged under different h2
input trajectories, and s2 appears to oscillate with the posture of Link 2. This corre-
sponds to the observation from the governing equation that the gravity term is com-
parably larger than the others terms. Note that s2 is also combined with the centrifugal
term, so increasing x1 will increase s2. This can also be proven with the simulation
under different x1 settings, as shown in Fig. 7(b) and (d).

More trajectories were tested, including sine and polynomial input, during the trials.
Since the mass and the centrifugal and Coriolis terms are small compared to the gravity
term, the torque that arose from the motion effect would not have evident influence
under the low x area. Thus, when selecting actuators for the mechanism, s2 should be
large enough to trigger the motion of Link 2, while s1 can be reduced to minimize the
weight of the whole structure.

Moreover, to simulate the motion of the mechanism under force input, it is nec-
essary to solve the dynamic equation for acceleration. We apply numerical integration
techniques to integrate the acceleration and compute the future positions and velocities
under the joint frame with the following equation:

€H ¼ M�1 Hð Þ s� V H; _H
� �� G Hð Þ � F H; _H

� �� 	 ð6Þ

By solving the equation, we can predict the motion of the links under certain torque
inputs, which means we can estimate the behaviors of the system under force control.
Here, different step commands are selected as inputs to see the motion response of the
model. The results show that the influences of h1 under different s2 inputs are nearly
neglectable, while different input s1 could possibly affect the trajectories of both Link 1
and Link 2. However, using force control could not guarantee the posture of the both
links, which may lead to collisions on the real mechanism. Therefore, position control
is utilized to ensure non-interference between the links during practical applications.

To conclude this section, the simulation visualizes the dynamic response of the
mechanism under position and force control. It provides advice on selecting the
appropriate actuators. In addition, the simulation results show that the motion of Link 1
could possibly affect the behavior of Link 2, so compensating terms based on the
equation of motion could be added into the command to increase the performance of
the system when applying different control strategies.

5 Experimental Validation of the 2-DOF Mechanism

The prototype, as shown in Fig. 2(b), was built based on the morphology design
described in Sect. 2 and the mechanism design reported in Sect. 3. The proposed 2-
DOF mechanism was experimentally evaluated. To aid visualization, an LED was
mounted on the end effector. The motion of the mechanism was recorded for a period
of time (i.e. 15 s) while the LED was on Linkage L2 (Fig. 2b). The trajectory of the end
effector can be observed in the captured image. The results are shown in Figs. 8 and 9.
The mechanism is placed vertically, with motor-1 located at the bottom to act as the
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base that connects the mechanism to the ground. The camera faced the top of the
mechanism. In this first stage, the motors were driven using voltage control.

The experiments included two parts, each demonstrating the continuous rotation of
an individual DOF. In the first test, as shown in Fig. 8(a), the end effector started at the
position shown by the red marker, while the second DOF (h2) was initially fixed at the
edge of cylinder. After the first DOF (h1) rotated closed to a full circle, the second DOF
raised the end effector to another orientation and then stopped. Then the first DOF
continuously rotated for several circles. Figure 8(b) shows a scenario where the first
DOF was driven continuously while the second DOF was moved randomly.

Figure 9 demonstrates the continuous rotation of the second DOF. In the experi-
ment shown in Fig. 9(a), the end effector started from the center position, and then the
second DOF was driven to rotate continuously while the first DOF was intermittently
moved from a constant step to another step. In the experiment shown in Fig. 9(b), the
first DOF was driven randomly.

In short, the experimental results confirm the feasibility of continuous rotation in
both DOFs of the proposed 2-DOF mechanism. In other words, the use of two

(a) Circular motion (b) Random motion

Fig. 8. The end effector trajectory where the first DOF performs continuous rotation.

(a) Circular motion (b) Random motion

Fig. 9. The end effector trajectory where the second DOF performs continuous rotation
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C-shaped racks to connect two half-cylinders and avoid collision between the end
effector linkage and the cylinder while maintaining the cylinder structure proves to be
feasible and functional.

6 Conclusion and Future Works

We report on the development of an innovative 2-DOF mechanism that is capable of
performing continuous rotation in both DOFs. The design process began with an
analysis and comparison of general 2-DOF mechanisms, which were categorized as
DD, DS, SD, and SS according to the arrangement of the transmission between motor-1
and the output axis as well as the output linkage to the end effector. The analysis
revealed that only the SS type is capable of generating continuous rotation in both
DOFs. Aiming to enlarge the range of continuous rotation in both DOFs, this work
proposed a new type (SSD), which doubles the range of type SS. The design was
realized as a detailed mechanism that is suitable for manufacturing, where the use of
double C-shaped racks plays an important role owing to their functionality regarding
both linkage avoidance and structure support. The dynamics of the 2-DOF mechanism
were analyzed. The results reveal that the gravity effect plays a key role in the dynamics
of the mechanism and that the two DOFs have a couple effect, whereby the first DOF
affects the dynamics of the second DOF. A prototype was built and its performance was
empirically evaluated in two sets of tests, where each test focuses on generating
continuous rotation in one DOF while the other is fixed, moved in small steps, or
moved randomly. The experimental results confirm the functionality of the continuous
rotation of the two DOFs in the mechanism.

We are currently working on embedding electronic systems within the mechanism
as well as using a feedback control strategy to quantitatively analyze the performance
of the systems. We will then develop a suitable motion generation strategy to create a
useful joint mechanism. In the meantime, we are also exploring the possibility of
shrinking the size of the mechanism so that it can be utilized in applications with size
constraints.
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Abstract. The paper studies the dynamic of a brake of crank press. At present,
the dynamic research of brake of the crank presses, with account of interaction
with other links, is a priority. The crank press contains movable parts and links,
the mass of which is from one hundred kilograms to several tons. These parts
and links are cyclically stopped when braking with a crank press almost
instantaneously, and they are subject to high dynamic loads. To simulate and
analyze the movement of crank press with brake, a software package: Simula-
tionX is used. SimulationX is a software package for modeling and analyzing
the dynamics and kinematics of cars, industrial equipment, electric, pneumatic
and hydraulic drives, hybrid engines, etc. As a result of dynamic calculation,
important dynamic parameters of the crank press brake and working ram are
determined. It is shown that dynamic loads sharply increase almost in all links of
the crank press when the brake is switched on.
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1 Introduction

Crank press is a machine with a slider-crank mechanism, designed for stamping various
parts [1–3]. During the work of crank press, significant dynamic loads occur in links
and mechanisms, especially when it is turned on. These dynamic loads are associated
with operational feature of the crank press, which includes shock cyclic loads with
sudden, almost immediate stops. In this connection, the study of the dynamics of brake
of the crank press, is of great interest. Figure 1 shows scheme of the press [3].

Operating principle of the crank press (see Fig. 1): the crankshaft 10 rotates about
an axis and activates through the connecting rod 2 a ram 1 with punch. The press drive
consists of an electric motor 7, a V-belt drive and a flywheel 5. The press clutch 11 is
located on the end of the crankshaft 10. Brake 4 serves to stop the press. Brake 3 serves
to stop the crank mechanism of the press. The drive of the press is carried out from an
electric motor with a flywheel. Since the parameters of motion of the actuating link –

ram, depend only on the kinematic links of the main working mechanism, crank presses
are referred to uncontrolled machines with limited movement of the ram, equal to the
double radius of the crank or double eccentricity of the eccentric.
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Asynchronous electric drive accelerates with power flywheel and all the guide links
with the corresponding moment of inertia to the steady angular velocity during the
technological cycle and dispatches kinetic energy of the rotational motion of the fly-
wheel to it. In this case, the crank shaft and all driven links of the crank-slider
mechanism are fixed, the slide is in the upper (initial) position. When the clutch 11 is
turned on, the crank shaft (cranked axel 10) is rotated; driving and driven members
move together, the ram with fixed upper die make a working stroke. After completion
of the working stroke, the ram makes a return stroke. If the press works by single
stokes, then when the ram reaches its initial position, the clutch 11 is turned off and at
the same time the brake 3 is turned on. The ram stops in the upper (initial) position and
the work cycle is completed.

2 Brake of Crank Press

The crank press brake absorbs the energy of the clutch driven parts after it is turned off
and holds the actuator with the drive part in the position corresponding to the upper
position of the ram. Band and disc brakes are used in crank presses. Disc brakes are
more reliable than band brakes. Disc brakes provide greater friction moments and less
inertia.

The working principle of disc brakes is similar to the operation of friction clutches
with the difference that in the brake part of the discs are fixed (not rotating), and the
other part rotates with the shaft. Most often, the brake is installed on the crank shaft
(Fig. 2) [1].

Fig. 1. Scheme of crank press: 1-ram, 2-connecting rod, 3-brake of crank mechanism,
4-flywheel brake, 5-flywheel, 6-sheave, 7-electric motor, 8-drive shaft, 9-drive gear, 10-crank
shaft, 11-clutch, 12-driven gear, 13-crosshead guide, 14-wedge-type platten, 15-press board.
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Often the brakes are rigidly interlocked with the clutch, i.e. drive disks interlock
with either clutch driven disks or brake (fixed) disks (Fig. 3) [1].

The slotted hub of the brake is mounted on the left end of the eccentric shaft on the
wedge keys [3]. Two steel discs with friction linings and a slotted connection with a
hub are constantly clamped between the casing, intermediate and pressure discs with
the help of tension springs with pushers (Fig. 4). The force of tightening the springs is
determined based on the required pressure on the friction contact (2.4 … 2.5 MPa).
During braking, compressed air with a pressure of 0.45 … 0.5 MPa is fed into the
cavity under the piston.

Calculation of the disk brake is reduced to the determination of the braking torque
and the choice of power elements ensuring the receipt of such torque.

The work of braking is equal to the kinetic energy of the driven parts of the press
drive (taking into account the details of the ram), are determined by equality [3]:

Ib:mx2
m

2
¼ p

180
Mm � a0m � um ð1Þ

Fig. 2. Dick brake on the crank shaft.

Fig. 3. Dick brake with the clutch.
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where Ib:m - the moment of inertia of the driven parts of the drive is reduced to the
brake shaft; xm-angular velocity of the brake shaft; Mm - braking torque [Nm]; a0m -
braking angle, a0m ¼ 8��12� - for sheet metal stamping presses; um- the gear ratio from
the brake shaft to the main shaft.

From Eq. (1) determine the braking torque

Mm ¼ 28; 65Ib:mx2
m

a0m � um ð2Þ

And the sizes of the single-disk brake with linings are determined [3]:

Mm ¼ 2f � qmRcp � n � Fbc

where f = 0.35 is the friction coefficient; qm = 0.6–1.2 MPa is the pressure on the
friction surface; Rcr is the average radius of the lining; n is number of lining; Fbc is the
square of the working surface of the lining.

For disc brakes, dimensions are determined on the basis of recommendations, the
required pressure on the discs is determined, springs are calculated, and the diameter of
the piston is determined.

3 Dynamic Model of Crank Press with Brake

When modeling the dynamics of a crank press with the brake and simulation of the
operation of the brake, various software systems are used [4–8].

Fig. 4. Scheme of a two-disc brake: 1 - pressure springs; 2 - pressing piston; 3 - a housing with a
cylinder; 4 - intermediate disk; 5 - pressure disc; 6 - push finger; 7 - driven discs with friction
linings; 8 - hub with slots; 9 - control device.
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To simulate and analyze the movement of a crank press with the brake, this work
uses a software package: SimulationX [9].

SimulationX – is software for modeling and analyzing the dynamics and kinematics
of automobiles, industrial equipment, electric, pneumatic and hydraulic actuators,
hybrid engines, etc. It is used for the design, modeling, simulation, analysis and virtual
testing of complex mechatronic systems. It simulates the behavior and interaction of
various physical objects of mechanics (1D and 3D), driving equipment, electrical,
hydraulic, pneumatic and thermodynamic systems, as well as magnetism and analog
and digital control systems. It performs the following tasks: system modeling in the
time and frequency domains; simulation of transient processes in linear and nonlinear
systems or stationary simulation to calculate a model in a periodic state (nonlinear or
linear). Model libraries are divided by simulated physical applications. Tools and
interfaces complement SimulationX for integrated analysis of systems and structure.

Figure 5 shows dynamic model of a crank press with brake on the SimulationX
software package [9–12].

The elements of the SimulationX library that were used to compile the model are
shown in Fig. 6.

Fig. 5. Dynamic model of a crank press with brake on the SimulationX software package.

Fig. 6. The elements of the SimulationX library.

Dynamic Model of a Crank Press in the Process of Braking 145



List of symbols (see Fig. 6) and description of the elements of the SimulationX
library:

1. Asynchronous motor. This element simulates the simple asynchronous motor. The
model is based on the stationary characteristics of the motor. This element models
the asynchronous motor with sufficient accuracy when simulating the drive of a
machine. It simulates engine starting, transient and steady-state processes,
depending on the load and the speed of rotation of the shaft.

2. Belt drive. This element models the operation of belt transmission, with the
account of elastic-dissipative characteristics. The model takes into account the
reactions and movements in the bearings of the pulleys of the belt drive that allows
you to simulate the interaction of the transmission with the base.

3. Spring - Damper – backlash. The model represents elastic and /or damped behavior
between the rotational links, with the possibility of taking into account backlash.
Springs always acts in parallel with the dampers.

4. Inertia. This element models the moment of inertia of a rotary link. It is also
possible to simulate a variable moment of inertia.

5. Gear. The Transmission element is an ideal converter of rotational movements and
forces operating between two components in a rotating mechanical system. It
works as an ideal converter without taking into account dissipation and, fulfills the
specified gear ratio or the conditions of power balance in input and output. The
Transmission element allows you to model fixed and variable ratios for angles or
velocities in input and output.

6. Disc clutch. The Model Disc Clutch is a component that turns on or interrupts the
flow of torque (and therefore power transmission) between the drive components.
The model can be used to simulate multi-plate clutch of machines or gearboxes. In
addition, it is possible to simulate the friction of the brakes (for example, an
automatic transmission). Elasticity, damping and clutch friction parameters can be
considered. In transmission of the models, the clutch can be activated by a signal
from the switch.

7. External force. This type of element allows you to simulate the forces between two
components, or only on one component of the mechanical model. It provides
universal, functional power transfer in the mechanical model.

8. Crank mechanism. The element models a slider-crank mechanism, taking into
account the backlash in the hinges, the elastic-dissipative properties of the con-
necting rod.

9. Mass. This element models the mass of a linear link. Variable mass modeling is
also possible.

10. Disc brake. The Model Disc brake is a component that turns on or interrupts the
flow of torque (and therefore power transmission) between the drive components.
The model can be used to simulate multi-plate brake of machines or gearboxes. In
addition, it is possible to simulate the friction of the brakes (for example, an
automatic transmission). Elasticity, damping and brake friction parameters can be
considered. In transmission of the models, the brake can be activated by a signal
from the switch.
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Initial parameters of the model: crank press motor power W = 0.5 kw, rated engine
speed n = 450 rpm. The numerical values of the dimensions, moments of inertia of the
links of the crank press and the stiffness of the shafts are taken from [3]. The nominal
force developed by the ram of the slider-crank working mechanism in the area before
the extreme low point of the ram’s stroke is modeled by a sine-wave signal generator
(load Function) and linear force (load) [3] (Fig. 7). This load force depends on the
angle of the crank. The maximum force is reached at the lower point of the ram’s stroke
and is equal to 4000 N.

Parameters of the brake of the crank press are shown in Fig. 8.

Simulation results: Brake of the crank press is activated and stops the moving
flywheel. Figure 9 shows the torque on the crank shaft.

Fig. 7. The nominal force, developed by the ram of the slider-crank working mechanism.

Fig. 8. Parameters of the brake of the crank press.
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Figure 10 shows the torque on the brake.

Figure 11 shows the vibration of drive shaft.

Figures 12 a, b, c shows displacement, velocity, acceleration of the press ram.

Fig. 9. The torque on the crank shaft.

Fig. 10. The torque on the brake.

Fig. 11. The vibration of drive shaft.
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In Fig. 12 (c), the reason downward spike on the acceleration plot occurs due to
sudden braking crank press on 10-th second.

4 Conclusion

The SimulationX software package allows one to simulate the dynamics of the brake of
the crank press, taking into account its design parameters as part of the crank press, and
the interaction with its entire links.

As the result of the dynamic calculation following is determined: the torque on the
crank shaft, the torque on the brake, the vibration of drive shaft. Displacement,
velocity, acceleration of the ram of the crank press are determined at the moment of
brake turn-on.

Dynamic loads in the links of the crank press sharply increase at the moment of
brake turn-on. When researching the dynamics of a crank press, it is necessary to take
into account the design features of the brake, especially brake pad wear and adjustment,
which requires further research of this unit.

Visibility of the models and graphical results are especially useful for students and
engineers in the research of brake of the crank presses.

(а) (b)

(c)

Fig. 12. Estimated data of the press ram (a) - displacement, (b) - velocity; (c) – acceleration.
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Abstract. The article describes the application of optimization algorithms for
solving the problem of determining the workspace of a relative mechanism
device, which includes a planar 3-RPS mechanism and a tripod module.
Approximation sets of individual modules are used to approximate its work-
space in the moving coordinate system. The considered method of approxi-
mating a solution set of nonlinear inequalities based on the concept of the non-
uniform coverings, describes constraints on the robot geometric parameters. The
exterior and interior approximations of the 3-RPS mechanism are obtained.
Similarly, an approximation of the restrictions for the tripod module in the
moving platform coordinate system is obtained. The constraints with a given
accuracy are transferred to the coordinate system of the output using a three-
dimensional binary array approximating the workspace. The workspace of the
relative mechanism device was obtained on the basis of these results, taking into
account the relative manipulation of modules and restrictions on the workpiece
geometric parameters. Moving coordinate system is located in the center of the
planar 3-RPS mechanism platform.

Keywords: Approximation set � Relative mechanism device � Workspace �
Non-uniform coverings � Optimization

1 Introduction

Robots of a parallel structure are increasingly used in industry, including mechanical
engineering for performing various technological operations [1–3]. Such robots have a
number of positive properties, which include high performance, increased structural
rigidity, increased accuracy of the operations performed. An important characteristic of
robots of a parallel structure is workspace, within which the working tool must be
located at technological operations. Determining the workspace of parallel robots is
much more difficult than for serial robots. They are characterized by ambiguity in
solving the kinematics problem, that is, the different positions of the driving rods can
correspond to one position of the output link. In [4], the non-uniform coverings method
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for approximating a solution set of nonlinear inequalities was considered, and in [5–7]
the application of this method to determine the workspace of some types of planar
robots.

2 Formulation of the Problem

Consider the application of the method for a parallel structure relative mechanism
device (RMD) (Fig. 1a). The upper module is made on the basis of a tripod, the center
of which mobile platform can perform translational motion along the Z axis and
rotational around the X and Y axes, as well as additional output displacements when it
rotates relative to the horizontal axes imposed by the kinematic chains of the module-
tripod. The lower module is made on the basis of a planar 3-RPS mechanism, performs
translational motion along the X axes and Y and rotational around the Z axis. Thus,
RMD has 6 degrees of freedom. It can be used to perform part processing operations if
the working tool (end-effector) is mounted on the movable platform of the tripod
module, and the workpiece is on the movable platform of the 3-RPS mechanism.
Consider the task of determining the workspace of the relative mechanism device,
taking into account the restrictions on the geometric parameters of the workpiece,
located on a moving platform. The scheme of the relative mechanism device is shown
in Fig. 1b. The axes Z0 and Z1 lie on one straight line, perpendicular to the fixed base of
the tripod module D1D2D3 and the platform of the planar 3-RPS mechanism and
passing through the center of the circumscribed circle of triangle A1A2A3. In the initial
position, that is, if the center of the circumscribed circle of triangle A1A2A3 coincides
with the center of the moving platform of the planar 3-RPS mechanism, the moving
coordinate system X2Y2Z2 coincides with X0Y0Z0. Define the workspaces of the indi-
vidual modules.

(a) experimental sample. (b) the scheme.

Fig. 1. Relative mechanism device.
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3 Determination the Workspace of the Tripod Mechanism

The tripodmodule (Fig. 2) includes three rods of variable length, which are connected by
rotational hinges with the base and spherical hinges to the working platform. The base
and working platform are equilateral triangles.When the rod lengths change, the working
platform moves along the Z1 axis by a distance z1 and turns around the X1 axis by the
angle w and around Y1 the angle h. The additional degrees of freedom are a displacement
along the X1 axis by a distance x1 and along Y1 by a distance y1 and a rotation relative to
Z1 by an angle a, which are determined by the formulas [8]: a ¼ Tan�1ð sinw sin h

coswþ cos hÞ;
x1 ¼ r

2 ðcos h cos aþ sinw sin h sin a� cosw cos aÞ; y1 ¼ �r cosw sin a.

The input coordinates of the mechanism are the lengths of the drive links l1, l2, l3,
and the output are the coordinates of the point O0 of the working tool: xo0 ; yo0 ; zo0 . Point
O0 is located at a distance h from the center of the moving platform. The inverse
problem of kinematics has many solutions. So, it is necessary to preliminarily deter-
mine the set of admissible values of linear and angular coordinates of the center O of
the moving platform, and then determine the set of coordinates O0 of the working
element for these values. Coordinates O0 in the moving coordinate system X

0
1Y

0
1Z

0
1:

O
0
10 ¼ 0 0 h 1½ �T ð1Þ

Calculate the coordinates of point O0 in a fixed coordinate system X1Y1Z1

Fig. 2. Scheme of the module on the basis of tripod.
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O
0
1 ¼ O

0
1M10 1 ð2Þ

whereM10 1 - is the transition matrix from the moving coordinate system X
0
1Y

0
1Z

0
1 to the

fixed system X1Y1Z1, which includes displacement matrices along the axes X1Y1Z1 and
turns around X1Y1 and Z1 axes:

M10 1 ¼
cos h cos aþ sinw sin h sin a � cos h sin aþ sinw sin h cos a

cosw sin a cosw cos a
sin h cosw x1
� sinw y1

� sin h cos aþ sinw cos h sin a sin h sin aþ sinw cos h cos a
0 0

cos h cosw z1
0 1

2
64

3
75 ð3Þ

After the conversion, we get

O0
1 ¼

x1 þ sin h coswh
y1 � sinwh

z1 þ cos h coswh
1

2
64

3
75 ð4Þ

Next, we introduce restrictions on the geometric parameters of the mechanism

lmin � li � lmax; ð5Þ

where lmin; lmax are determined by the design parameters of the mechanism, li is the
length of the i-th bar, which is defined as

li ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxEi � xDiÞ2 þ yEi � yDið Þ2 þðzEi � zDiÞ2

q
ð6Þ

where xEi; yEi; zEi are the coordinates of the centers of the hinges point Ei, xDi; yDi; zDi
are the coordinates of the centers of the hinges point Di in the fixed coordinate system.

Define the coordinates of the hinges Ei in the moving coordinate system X
0
1Y

0
1Z

0
1:

E
0
1 ¼ r 0 0 1½ �T ; E0

2 ¼ �0; 5r 0; 5
ffiffiffi
3

p
r 0 1

� �T
;

E
0
3 ¼ �0; 5r 0; 5

ffiffiffi
3

p
r 0 1

� �T
:

Denote in (3): M11 ¼ cos h cos aþ sinw sin h sin a, M12 ¼ � cos h sin aþ sinw
sin h cos a, M13 ¼ sin h cosw, M21 ¼ cosw sin a, M22 ¼ cosw cos a, M23 ¼ � sinw,
M31 ¼ � sin h cos aþ sinw cos h sinu, M32 ¼ sin h sin aþ sinw cos h cos a, M33 ¼
cos h cosw.

Express the coordinates of the hinges Ei in a fixed coordinate system X1Y1Z1

E1 ¼ M10 1E
0
1 ¼

x1 þM11r
y1 þM21r
z1 þM31r

1

2
64

3
75 ¼

x1 þM11r
0

z1 þM31r
1

2
64

3
75 ð7Þ
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E2 ¼ M10 1E
0
2 ¼

x1 � 0; 5r M11 �
ffiffiffi
3

p
M12

� �
y1 � 0; 5r M21 �

ffiffiffi
3

p
M22

� �
z1 � 0; 5r M31 �

ffiffiffi
3

p
M32

� �
1

2
664

3
775 ð8Þ

E3 ¼ M10 1E
0
3 ¼

x1 � 0; 5r M11 þ
ffiffiffi
3

p
M12

� �
y1 � 0; 5r M21 þ

ffiffiffi
3

p
M22

� �
z1 � 0; 5r M31 þ

ffiffiffi
3

p
M32

� �
1

2
664

3
775 ð9Þ

where y1 ¼ �M21r ¼ �r cosw sin a.
Determine the coordinates of the hinges Di in a fixed coordinate system X1Y1Z1

D1 ¼ R 0 0 1½ �T ð10Þ

D2 ¼ �0; 5R 0; 5
ffiffiffi
3

p
R 0 1

� �T ð11Þ

D3 ¼ �0; 5R �0; 5
ffiffiffi
3

p
R 0 1

� �T ð12Þ

Substituting (7–9) and (10–12) into (6), we get

l1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1 þM11r � Rð Þ2 þ z1 þM31rð Þ2

q
; ð13Þ

l2 ¼ x1 � 0; 5r M11 �
ffiffiffi
3

p
M12

� �
þ 0; 5R

� �2
	

þ y1 � 0; 5r M21 �
ffiffiffi
3

p
M22

� �
�

ffiffiffi
3

p

2
R

	 
2

þ z1 � 0; 5r M31 �
ffiffiffi
3

p
M32

� �� �2

1=2

ð14Þ

l3 ¼ x1 � 0; 5r M11 þ
ffiffiffi
3

p
M12

� �
þ 0; 5R

� �2
	

þ y1 � 0; 5r M21 þ
ffiffiffi
3

p
M22

� �
�

ffiffiffi
3

p

2
R

	 
2

þ z1 � 0; 5r M31 þ
ffiffiffi
3

p
M32

� �� �2

1=2

ð15Þ
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Taking into account (13–15), restrictions (5) we write in the form

l1 � lmax � 0
lmin � l1 � 0
l2 � lmax � 0
lmin � l2 � 0
l3 � lmax � 0
lmin � l3 � 0

8>>>>><
>>>>>:

ð16Þ

The system of inequalities (16) contains 3 variables: z1; h;w. To determine the
workspace in the coordinates x

0
1; y

0
1; z

0
1 you need to get the dependence of the form

li ¼ f x
0
1; y

0
1; z

0
1

� �
, however, it is difficult to do it by an analytical method. In this regard,

we will consider some methods for constructing the workspace in coordinates x
0
1; y

0
1; z

0
1:

Method 1. If we express x1; y1; z1 through x
0
1; y

0
1; z

0
1 using formula (4), the system

(16) will have 5 variables: x
0
1; y

0
1; z

0
1; h;w. This problem can be solved using the non-

uniform coverings method; however, a higher dimension creates a computational
problem.

Method 2. Getting the limitation of the workspace in the coordinate space z1; h;w
as an ordered set of boxes of interior approximation and transfer for each of them the
constraints in the coordinate space x

0
1; y

0
1; z

0
1 using the approximation of irregularly

shaped areas to boxes [9]. However, in this case, the accuracy and clarity of the borders
of the workspace decreases and also increases the computation time due to the need to
iterate over all the boxes from the list of interior approximations.

Method 3. Transferring the workspace constraints in the coordinate space z1; h;w to
the coordinate space x

0
1; y

0
1; z

0
1 using an approximate three-dimensional binary array.

This allows us to obtain an approximation set with given accuracy and to apply for
determining the workspace of the RMD to the required element of the array without
iterating over the elements.

Let us consider in more detail the third method. The coordinate space x
0
1; y

0
1; z

0
1 is

characterized by some binary array A. Consider the construction of this array for some
two-dimensional arbitrary area (Fig. 3). The size of the array is determined by the
approximation accuracy d and the interval of coordinates xmin; xmax½ � and ymin; ymax½ �.
The array has ðround xmax

d

� �� round xmin
d

� �þ 1Þ elements along the x axis and
ðround ymax

d

� �� round ymin
d

� �þ 1Þ elements along the y axis. Initially all the elements of
the array have the value 0. For the coordinates of each point P of the area, a row and a
column of array A are calculated and 1 is assigned to this array element:

A½ðround yP
d

� �
� round

ymin
d

� �
þ 1Þ; ðround xp

d

� �
� round

xmin
d

� �
þ 1Þ� ¼ 1 ð17Þ

As a result, elements of a binary array that have the value of 1 describe the area.
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Taking into account formulas (4), (13–17), an algorithm for approximating the
workspace of the tripod module has been synthesized. To approximate the systems of
inequalities (16), we used the algorithm that works with a system of inequalities written
in a general form:

g1 xð Þ� 0;
. . .

gm xð Þ� 0
ai � xi � bi; i ¼ 1; ::; n:

8><
>: ð18Þ

The initial box Q that encloses the whole solution set X is defined by interval
constraints ai � xi � bi; i ¼ 1; ::; n: Consider an arbitrary box B. Let m Bð Þ ¼
max
i¼1;::;m

min
x2B

gi xð Þ and M Bð Þ ¼ max
i¼1;::;m

max
x2B

gi xð Þ. If mðBÞ[ 0 then B contains no feasible

points for a system (16). If M Bð Þ� 0 then every point of a box B is a feasible solution.
Therefore, it can be added to the coverage as an inner box. If a box cannot be discarded
it is partitioned into two smaller boxes unless its diameter is below the prescribed
accuracy d (Fig. 4).

Fig. 3. Construction of an approximation array.
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The algorithm works with two lists of three-dimensional boxes P1 and P1;I , while
the list P1 is a set of boxes containing many point O positions, the list P1;I is a set of
boxes containing a set of point O positions satisfying conditions (16), and a three-
dimensional binary array A of the coordinates O0 set, satisfying conditions (16). The
algorithm flowchart is presented in Fig. 5.

To implement the synthesized algorithm, a program was developed in C++ lan-
guage with the ability to visualize simulation results in the Gnuplot program. The
program was developed within the framework of the project no. АР05133190, Science
Committee, the Ministry of Education and Science, Republic of Kazakhstan. The
simulation was performed for l1;2;3 2 80mm; 120mm½ �;R ¼ 100mm; r ¼ 50mm. The
simulation results are presented in Fig. 6. It can be seen from the figure that the
workspace of the tripod module for the given parameters is limited to dimensions
60 � 60 � 70 mm.

From Fig. 6 it can be seen that for slice by the XOY plane in the transverse
direction with the value zo0 ¼ 110 mm, the empty working space is not observed, that
is, all positions of the workspace are achievable with any geometrical parameters of the
mechanism. On sections with zo0\110 mm, empty areas of the working space are
observed that are unattainable with any geometric parameters of the mechanism in the
range l1;2;3 2 80mm, 120mm½ �, h 2 �90; 90½ � and w 2 �90�; 90�½ �, which is addi-
tionally illustrated in Fig. 6d (purple area with a slice zo0 ¼ 105 mm, brown with
zo0 ¼ 130 mm, black with zo0 ¼ 145 mm). This is due to the specifics of parallel robots,
namely the intersection of the drive links and the presence of so-called singularity
zones.

Fig. 4. Dividing the original box Q1:
Q1
2 - into 2 parts, Q1

4 - into 4 parts, Q1
8 - into 8 parts.
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Fig. 5. An approximation algorithm for tripod workspace.
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4 Algorithm for Determining the RMD Workspace

To determination the RMD workspace, we used the 3-RPS mechanism workspace
described in [10]. It is necessary to find a set of O0 positions in the moving coordinate
system X2Y2Z2 located in the center of the planar 3-RPS mechanism to determining the
RMD workspace, taking into account the restrictions on the geometrical parameters of
the workpiece. When determining the set of O0 positions using combinations of box
points describing the workspaces of the tripod module and 3-RPS mechanism, it
becomes necessary to calculate the coordinates O0 a significant number of times. For
example, in the case of box division by a uniform grid of 100 � 100 and the number of
boxes in each of the lists is n ¼ 1000, the number of calculations and results that need
to be saved for each of the coordinates is 1018 times. So, it is necessary to apply the
reverse method, i.e. check O0 with coordinates x2; y2; z2 for the entry into the workspace
of the tripod module. Define the coordinates O0 in the fixed system X1Y1Z1 using
transformation matrices that take into account the transition from the system X2Y2Z2 to
X1Y1Z1, extracted from the boxes describing the workspace of the 3-RPS mechanism.
The visualization results for point verification are shown in Fig. 7. If area 4 exists, then
point O0 enters the workspace of the RMD.

(a) in a projection on the X1 Y1 plane. (b) X1 Z1 plane.

(c) Y1 Z1 plane. (d) slices (purple - = 105 mm, brown –= 130 mm, black - = 145 mm)

Fig. 6. Simulation results.
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We write the relation connecting the coordinates O′ in the systems X2Y2Z2 and
X1Y1Z1, (Fig. 1b) O

0
1 ¼ M0 1 �M2 0 � O0

2, where O
0
1 ¼ x1 y1 z1 1½ �T – is the

coordinate vector O′ of the working body in the fixed coordinate system X1Y1Z1,
O

0
2 ¼ x2 y2 z2 1½ �T is the coordinate vector O0 in the moving coordinate system

X2Y2Z2, which must be checked for entry into the tripod module workspace (Fig. 6).

M2 0 ¼
cos/ � sinu 0 x0
sin/ cosu 0 y0
0 0 1 0
0 0 0 1

2
664

3
775 - matrix that takes into account the transition

from the X2Y2Z2 coordinate system to X0Y0Z0, where u is the angle of rotation of the
X0Y0Z0 coordinate system relative to the Z0 axis, x0; y0 are translational motion along
the X0 and Y0 axes, respectively.

M0 1 ¼
�1 0
0 1

0 0
0 0

0 0
0 0

�1 h1
0 1

2
64

3
75 – matrix that takes into account the transition from

the X0Y0Z0 coordinate system to X1Y1Z1, where h1 is the distance from the center of the
3-RPS mechanism platform to the fixed platform center of the tripod module. Then

O
0
1 ¼

y2 sin/� x2 cos/� x0
x2 sin/þ y2 cos/þ y0

h1 � z2
1

2
64

3
75 ¼

x1
y1
z1
1

2
64

3
75 ð19Þ

Fig. 7. Visualization of point verification: 1 – point O′ in the moving coordinate system X2 Y2
Z2, 2 - all possible positions of point O′ in the fixed system X0 Y0 Z0, 3 - tripod workspace in the
fixed system X1 Y1 Z1, 4 - intersection of areas 2 and 3.
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The algorithm for determining the workspace in the moving coordinate system of
the lower module of the RMD, which has the following features:

1. It works with three lists of three-dimensional parallelepipeds: the list of internal
approximation of the planar 3-RPS mechanism P2;I obtained earlier, two change-
able lists of P and PI , as well as tripod three-dimensional binary array A.

2. In the process of executing the algorithm for points in the X2Y2Z2 coordinate system
belonging to the parallelepipeds from the list P, the coordinates in the X1Y1Z1
system are calculated using formula (19) using variable values from the P2;I list. If

A ðround x1
d

� �� round x1min
d

� �þ 1Þ; ðround y1
d

� �
� round y1min

d

� �
þ 1Þ; ðround z1

d

� ��h
round z1min

d

� �þ 1Þ� ¼ 1, then the condition is satisfied.
3. Parallelepipeds for which the condition is satisfied for all points is added to the list

of interior approximation PI .

The simulation results at different heights of the cut zO0 are shown in Fig. 8. The
computation time for the approximation accuracy d ¼ 4 mm and the grid dimension for
calculating 64 � 64 � 64 functions on a personal computer were 1 h 18 min.

5 Conclusion

The developed algorithms have shown their effectiveness. Developed algorithm was
used for the workspace approximation. Algorithm included the transfer of constraints
from the coordinate space of the tripod’s moving platform to the fixed coordinate space
of the working tool using an approximation set in the form of a three-dimensional
binary array. This made it possible to reduce the computation time by 2 times while
improving the accuracy of approximation by 1.5 times and the workspace shape clarity
in comparison with the results of [9]. The obtained results can be used for choosing the
geometrical parameters of the mechanisms, providing the limits of the workspace set by
the technological process.

(b) = 20 mm.                                          (c) = 30 mm.

Fig. 8. Simulation results.
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Disk Cam Mechanisms with a Translating
Follower Having Double Oblique Flat Faces
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Abstract. The research purposes a disk cam mechanism with a translating
double oblique flat-faced follower and demonstrates how to design such a cam
mechanism. The modified follower consists of a circular arc portion tangentially
connected to two oblique flat-faced portions. Such geometrical arrangements
effectively reduce moment arm about the center of gravity and decrease the
overturning moment caused by contact forces between the cam and the follower.
This design also increases the overturning moment generated by frictions at the
cam–follower interface. However, the increment is much smaller than the
reduced amount of the overturning moment. Numerical examples are provided
to illustrate the simulated results. The obtained results are further compared with
those of the disk cam mechanism with a flat-faced follower. The results indicate
that the overturning moment of the novel follower will have a 45.86% reduction
during the rising period and a 73.2% reduction during the falling period. While
the maximum overturning moment caused by frictions for the novel follower is
larger by 8.3% during the high dwell period, the increment is much smaller than
the reduction of overturning moment caused by contact forces. The application
of this follower can greatly be useful in avoiding follower jamming.

Keywords: Double oblique flat faces � Disk cam � Overturning moment

1 Introduction

Compared with the translating roller follower, the translating flat-faced follower has a
constant, zero pressure angle. Thus, the side thrust due to the excessive pressure angles
do not occur on a translating flat-faced follower. However, while the rising and falling
motion of follower, the contact point moves away from the centerline of follower stem,
the eccentric application of force may cause an overturning moment [1–4], which tends
to jam the follower in its guides. To obtain a better performance, minimizing the
moment arm of the force is proposed to solve the problem effectively. The application
of this novel follower has advantage of lowering the lapsing of application of the force
from the follower stem.
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2 Disk Cam Mechanisms with a Translating Follower Having
Double Oblique Flat Faces

Figure 1(a) shows a novel translating follower having double oblique flat-faced con-
figuration. The follower comprises two oblique flat-faced portions C1C2 and C4C5,
whose oblique angles are /r and /f respectively; a circular arc C2C3C4 with its radius
rf, which is tangent to two oblique flat-faced portions C1C2 and C4C5. The center of
circular arc C is assumed to be located on the centerline of the follower stem.

Figure 1(b) shows a disk cam mechanism with such a translating follower having
double oblique flat-faces. The stem centerline of the follower is assumed to pass
through the fixed pivot of the cam. The cam is to rotate clockwise, and its profile can be
divided into eight segments. The segments P1P2, P2P3 and P3P4 are used to produce the
rise motion of the follower. The segments P4P5 and P8P1 are circular arcs, which are
used to produce follower dwells. The segments P5P6, P6P7 and P7P8 are used to
produce the fall motion of the follower. The details of contact condition between the
cam and the follower are delivered below.

At first, the cam contacts with follower at C3 when the follower is at lowest position
and on the verge of rising. While the cam rotates from 0o to b1, the contact point between
the cam and the follower lies on circular arc C2C3 and moves from C3 to C2, and the
point C2 is the end of contact phase on circular arc C2C3. While the cam rotates from b1
to b2, the cam contacts the oblique flat-faced portion C1C2 of the follower. The contact
point occurs on the surface of circular arc again for the cam rotation from b2 to b3 during
the high dwell period of the follower motion, the cam contacts the follower at point C3

consecutively. The contact condition during falling period of the follower motion is
similar to the previous one described during rising period, the cam contacts the follower
on circular arc C3C4 in the angle interval from b4 to b5, the transition from circular arc
contact to oblique flat-faced contact occurs from b5 to b6, then the cam contacts the
follower on circular arc C3C4 again from b6 to b7. Finally, the cam contacts the follower
at point C3 consecutively during the low dwell period of the follower motion.

Based on the statements above, the contact conditions can be classified into three
situations, including the circular arc contact, the oblique flat-faced contact with the
oblique angles /r and the oblique flat-faced contact with the oblique angles /f.When

(a) (b)

Fig. 1. A disk cam mechanism with such a translating follower having double oblique flat faces
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designing such a cam mechanism, the cam profile should be calculated respectively
with corresponding contact conditions. Summarily, the contact conditions with respect
to cam rotation angle can be expressed as follows:

1. For 0 < h < b1, b2 < h < b3, b3 < h < b4, b4 < h < b5, b6 < h < b7 and b7 < h <
360°, the cam contacts follower on circular arc C2C3C4 with radius rf.

2. For b1 < h < b2, the cam contacts the follower on the oblique flat-faced contact
portion C1C2 with a oblique angles /r

3. For b5 < h < b6, the cam contacts the follower on the oblique flat-faced contact
portion C4C5 with a oblique angles /f.

3 The Cam Profile

3.1 The Cam Profile for the Circular Arc Contact

Figure 2 shows a cam mechanism with such a follower at a certain phase during the
period of the circular arc contact condition. The pressure angle is the angle between the
common normal at the contact point and the direction of motion of the follower; it is
the angle between lines CQ and CO2. From triangle CQO2, the pressure angle / can be
expressed as

/ ¼ tan�1 q
L hð Þ

� �
¼ tan�1 V hð Þ

L hð Þ
� �

ð1Þ

As a result, the parametric equations for the cam profile coordinates are

O2A ¼ X hð Þ
Y hð Þ

� �
¼ rb þ rf þ S hð Þ� �

cos h� rf cos hþuð Þ
rb þ rf þ S hð Þ� �

sin h� rf sin hþuð Þ

( )
ð2Þ

Fig. 2. Disk cam with a translating follower having double oblique flat faces for the circular arc
contact.
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3.2 The Cam Profile for the Oblique Flat-Faced Contact with an Oblique
Angles /r

Figure 3 shows the cam mechanism at a certain phase during the period of the oblique
flat-faced contact condition with a oblique angles /r. In this case, the cam contacts the
follower on the oblique flat-faced contact portion C1C2. The cam profile can be sim-
ilarly determined. As the result, the parametric equations for the cam profile coordi-
nates are

O2A ¼ X hð Þ
Y hð Þ

� �
¼ �q sin hþ L hð Þ � rf secur

� �
cosur þ q sinur

� 	
sin h

q cos h� L hð Þ � rf secur

� �
cosur þ q sinur

� 	
cos h

( )
ð3Þ

3.3 The Cam Profile for the Oblique Flat-Faced Contact with an Oblique
Angles /f

As shown in Fig. 4, at this stage, the cam mechanism contacts the follower on oblique
flat-faced portion C4C5 with a oblique angles /f which has a negative value. As a
result, the parametric equations for the cam profile coordinates are

O2A ¼ X hð Þ
Y hð Þ

� �
¼ �q sin hþ L hð Þ � rf secuf

� �
cosuf þ q sinuf

� 	
sin h

q cos h� L hð Þ � rf secuf

� �
cosuf þ q sinuf

� 	
cos h

( )
ð4Þ

Fig. 3. Disk cam with a translating follower having double oblique flat faces for the oblique flat-
faced contact with a oblique angles /r.
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4 Examples

In this section, the parametric equation will be applied to design such a novel cam
mechanism profile coordinates with given design parameters.

Example 1: Disk cam mechanism with a translating follower having double oblique
flat faces comprises two oblique flat-faced portions, whose oblique angle /r during
rising motion is 5o and oblique angle /f during falling motion is 7.5o respectively, a
circular arc has a radius of 5 mm, and the follower is to rise 20 mm with cycloidal
motion while the cam rotates clockwise from 0o to 120o, dwell for the next 50o, return
with cycloidal motion for 130o cam rotation and dwell for the remaining 60o. The
radius of the base circle is 40 mm, and the angular speed of the cam is 1200 rpm. Since
the contact condition includes the circular arc contact, the oblique flat-faced contact
with a oblique angles /r and the oblique flat-faced contact with a oblique angles /f,
when the cam contacts the follower with circular arc contact portions, pressure angle
can be calculated by Eq. (1); When the oblique flat-faced contact occurs, pressure angle
remains invariant and is equal to oblique angle. Therefore, pressure angle / with
respect to cam rotation angle can be drawn in Fig. 5, and the intervals corresponding to
each contact conditions can be specifically defined from the diagram. Each value of
intervals are listed in Table 1. Recalling the expressions (2), (3) and (4) obtained
above, the cam profiles can be calculated by employing corresponding equations, and
resulting diagram has been done in Fig. 6.

Fig. 4. Disk cam with a translating follower having double oblique flat faces for the oblique flat-
faced contact with an oblique angles /f.
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5 Force Analysis

Before the task of determining the overturning moment, it is necessary to calculate the
net forces exerted on the follower [5]. Figure 7 shows a cam mechanism and the forces
acting on a translating flat-faced follower. In these figures, d is the guide width or
diameter of the follower, d1 is middle thickness of the follower, F1 is a force normal to
the follower stem, F2 is another force normal to the follower stem, FN is force normal
to the cam profile, Ft is total external load on the follower, l1 is overhang length of the
follower, l2 is the follower guide length, lis friction coefficient between the follower
stem and its guide, and lN is friction coefficient between the cam and the follower. The
total compressed amount of the return spring, s, consists of its initial compressed
amount Sp and the displacement of the follower and can be expressed as

Table 1. Intervals of different contact conditions.

h Circular arc
contact

Oblique flat-faced contact
(/r)

Oblique flat-faced contact
(/f)

0°*b1 0°*18.1° N/A N/A
b1*b2 N/A 18.1°*98.1° N/A
b2*b3 98.1°*120° N/A N/A
b3*b4 120°*170° N/A N/A
b4*b5 170°*201.4° N/A N/A
b5*b6 N/A N/A 201.4°*274.2°
b6*b7 274.2°*300° N/A N/A
b7*360° 300°*360° N/A N/A

Fig. 5. Pressure angle diagram. Fig. 6. Profile of disk cam with a translating
follower having double oblique flat faces.
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s ¼ S hð Þþ Sp ð5Þ

Here, only the static effective weight, Mg, its inertia, and the spring force are
considered to contribute to the total external load Ft on the follower and can be
expressed as

Ft ¼ M gþ €S hð Þ� 	þ ks ð6Þ

where k is the spring constant of return spring.
An example is given as below. Example 2: A flat-faced follower is to rise 20 mm

with cycloidal motion while the cam rotates clockwise from 0o to120o, dwell for the
next 50o, return with cycloidal motion for 130o cam rotation and dwell for the
remaining 60o. The radius of the base circle is 40 mm, and the angular speed of the cam
is 1200 rpm, the link lengths of the mechanism are: d1 = 5, d = 15, Sp = 5, l1 = 30,
and the initial value of l2 = 80; all dimensions are in mm. In addition, the following
data has been assumed in the numerical computation: l = 0.1, lN = 0.1, M = 0.3 kg,
and k = 12000 N/m. The contact forces normal to the follower, FN, F1 and F2 with
respect to h are shown in Fig. 8.

(a) (b) (c)

Fig. 7. A cam mechanism with a translating flat-faced follower and its free-body diagram.
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For the novel follower shown in Fig. 9. Since the contact conditions involve the
circular arc contact and the oblique flat-faced contact. The equilibrium equations of
novel follower should be obtained with corresponding conditions. All notations are
identical to those mentioned above. When the cam contacts the follower with the
circular arc portion during rising movement, the free-body diagram of the follower is
shown in Fig. 9(b), three linear equations of force equilibrium and moment equilibrium
about point C for the follower can be written as

FN sinuþ lNFN cosu� F1 þF2 ¼ 0 ð7Þ

FN cosu� lNFN sinu� lF1 � lF2 � Ft ¼ 0 ð8Þ

lNFNrf þF1 l1 þ d1 � rf
� �� lF1

d
2
� F2 l1 þ l2 þ d1 � rf

� �þ lF2
d
2
¼ 0 ð9Þ

When the oblique flat-faced contact with a oblique angles /r occurs during rising
movement, all external forces acting on the follower are shown in Fig. 9(c). Three
linear equations of force equilibrium and moment equilibrium about point G for the
follower can be written as

FN sinuþ lNFN cosu� F1 þF2 ¼ 0 ð10Þ

FN cosur � lNFN sinur � lF1 � lF2 � Ft ¼ 0 ð11Þ

L hð Þ � rf secur

� �
sinur � q cosur

� 	
FN þF1 l1 þ d1 þ rf secur � 1ð Þ� 	

� lF1
d
2
� F2 l1 þ l2 þ d1 þ rf secur � 1ð Þ� 	þ lF2

d
2
¼ 0

ð12Þ

In reference to Fig. 9(d) and (e), the three external forces, F1, F2, FN, are similar
with the rising movement during the falling movement. While they only got a little
different in the direction of FN.

An example is given as below. Example 3: A double oblique flat-faced follower
comprises two oblique flat-faced portions, whose oblique angle /r is 5o and oblique
angle /f is 7.5

o respectively; the radius of circular arc is 5 mm, and rest requirements
are identical to those mentioned in Example 1. The contact forces normal to the
follower, FN, F1 and F2 with respect to h are shown in Fig. 10.

Fig. 8. External forces acting on a translating flat-faced follower.
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(a) (b) (c)

(d) (e)

Fig. 9. A cam mechanism with a novel follower and its free-body diagram.

Fig. 10. External forces acting on a novel follower.
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6 Overturning Moment Analysis

The overturning moment is the moment of energy which is produced by forces without
passing through the center of gravity. The phenomenon may make follower lodged in
its guide and damage follower rigidity. Since total external load Ft on the follower acts
through the center of gravity, there is no effective moment about the center of gravity,
net effects of the moments acting on the follower can be evaluated properly in this
section. Suppose that the follower is made of homogeneous material and has uniform
thickness, the center of gravity is equivalent to the centroid. Thus, the centroid of
follower can be located in given coordinate system, and the distance from the center of
gravity to the follower bottom f can be exactly described. This geometric size may help
to measure effective moment arm perpendicular to the direction of the force.

Let us now considers the moments acting on the translating flat-faced follower
shown in Fig. 11, the magnitude of the forces lF1 and lF2 are relatively small so that
they can be ignored rationally. The major components of overturning moment about the
center of gravity Cc.g are caused by the forces FN and lN FN, and the magnitude of
resulting moments MFN and MlN FN can be, respectively, written as

MFN ¼ �qFN ð13Þ

MlNFN ¼ flNFN ð14Þ

The configuration of the novel follower consists of double oblique flat-faced por-
tions contacting with the cam profile, the geometrical arrangements effectively reduces
the moment arm about the center of gravity to decrease the overturning moment, the
influence of overturning moment can be conferred in similar procedures as discussed
above. With reference to Fig. 12(a), when the cam contacts the follower with the
circular arc portion, the magnitude of moments MFN and MlN FN, can be, respectively,
written as

MFN ¼ f � rf
� �

sinuFN ð15Þ

MlNFN ¼ f þ rf secu� 1ð Þ� 	
cosulNFN ð6Þ

Similarly, as shown in Fig. 12(b) and (c), when the cam contacts the follower with
the oblique flat-faced portions, the magnitude of moments MFN and MlN FN can be,
respectively, expressed as

During rising movement,

MFN ¼ ½f þ LðhÞ � rf �sinur � qðhÞ cosur


 �
FN ð17Þ

MlNFN ¼ ½f þ rf ðsecur � 1Þ�cosulNFN ð18Þ
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During falling movement,

MFN ¼ ½f þ LðhÞ � rf � sinuf � qðhÞ cosuf


 �
FN ð19Þ

MlNFN ¼ f þ rf secuf � 1
� �� 	

cosuflNFN : ð20Þ

7 The Reduction on the Overturning Moment

The following two examples illustrate how the novel follower affects the overturning
moments. For comparison, the third example has a common flat-faced follower
whereas the fourth example has a novel follower.

Example 4: Atranslating follower having flat face is driven by a disk cam to meet the
follower motion requirements as specified in example 2. The total length of the fol-
lower L is 110 mm, the total width of the follower D is 30 mm. Then, the distance from
the center of gravity to follower bottom f would be 44.23 mm, and all other design data
are identical with those specified in example 1.

Example 5: Atranslating follower having double oblique flat faces is driven by a disk
cam to meet the same requirements. All other design data are assumed to be identical
with those specified in example 4, then the distance from the center of gravity to
follower bottom f would be 48.001 mm.

Jamming effect is caused by overturning moment generated from forces FN and lN
FN. Consequently, we shall plot the moments M FN and MlN FN with respect to h of the
flat-faced type and the double oblique flat-faced type respectively in Figs. 13 and 14.
The overturning moments of the flat-faced follower are shown by the dashed lines, and
that of the novel follower are shown by the solid lines.

Fig. 11. Overturning moments acting on a translating flat-faced follower.
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8 Discussion

As expected, the application of the novel follower greatly reduces the overturning
moment on both the rising and the falling motions of the follower. For example, during
the rising period, the extreme values of flat-faced type and novel type have a ratio of
−2.108(N•m)/3.893(N•m) = 0.5413, which means a 45.86% reduction. During the
falling period, their extreme values have a ratio of 0.8478(N•m)/3.1698(N•m) =
0.2679, a 73.2% reduction. The simulation values of overturning moment for the
yields agree well. The overturning moment of the novel follower caused by force lN FN

is higher than that of the flat-faced follower. However, the results appear to influence
the jamming effect slightly.

(a) (b) (c)

Fig. 12. Overturning moments on a novel follower.

Fig. 13. Overturning moments M FN of two
different cam mechanisms.

Fig. 14. Overturning moments MlN FN

of two different cam mechanisms.
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9 Conclusions

The research purposes a disk cam mechanism with a translating double oblique flat-
faced follower to decrease efficient moment arm about the center of gravity of follower,
and the reduction of overturning moment has been investigated, the simulation results
are consistent with those stated in earlier section. The novel geometrical configuration
of the follower may be useful in avoiding jamming effect.
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Abstract. A cable-driven parallel robot (CDPR) can get outside of its
wrench-feasible workspace in special situations, e.g. haptics applications
or when a cable break occurs. In this case, the standard approaches for
the computation of set forces for the cable robot are likely to fail. This
calls out for methods to obtain appropriate cable forces for a desired
wrench. In this paper, a novel method to calculate cable forces for a
cable-driven parallel robot outside its wrench-feasible workspace is pre-
sented. Force distributions are obtained that generate wrenches close
to the desired ones, while taking continuity in account. The method is
based on geometrical analysis in the space of cable forces, and aims at
simple implementation and numerical efficiency. Optimization algorithms
are not required, indicating real-time usability. The method is tested in
simulation, using a simplified dynamic robot model and a cable break
scenario.

Keywords: Cable-driven parallel robot · Cable force calculation ·
Cable failure · Workspace · Puncture method · Force distribution

1 Introduction

Currently, multiple research groups focus on the development of cable-driven
parallel robots (CDPR) [1,2]. A CDPR uses the kinematic structure of a Stewart-
Gough platform, but replaces the linear actuators by cables that are coiled on
computerized winches.

In contrast to most conventional parallel kinematics, this allows for enormous
workspaces as winches can coil virtually infinite cable lengths: At least, some
dozen meters of cable length are easy to realize.

On the other hand, cables only introduce unilateral constraints as they can
only pull, but never push. As a consequence, purely kinematic models are not suf-
ficient to determine the workspace. Instead, typical workspace criteria for CDPR
involve the cable tensions. Against an application background, a convenient def-
inition is the so-called wrench-feasible workspace (WFW) which includes all
end-effector poses where for a given range of end-effector wrenches w, a suitable
set of cable forces f can be found.
c© Springer Nature Switzerland AG 2020
C.-H. Kuo et al. (Eds.): ISRM 2019, MMS 78, pp. 177–188, 2020.
https://doi.org/10.1007/978-3-030-30036-4_15
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Typically, all regularly planned maneuvers will consider the WFW and
accordingly, the cable force computation methods known from literature [3–6]
will work. Generally, these algorithms try to find a set of cable forces that both
fulfill the force equilibrium of the end-effector (see Sect. 2) and do not exceed a
predefined minimum or maximum cable force, respectively. To ensure continuity
of the cable forces, which is required when the set cable forces are computed e.g.
for control purposes, the problem can be formulated as a constrained optimiza-
tion problem and solved by Quadratic Programming [6].

In special situations, however, the applied or required values for w might lead
to a situation where no f can be found. Examples are e.g. haptics simulations
where interaction with a human might lead to undesired contact forces, or –
intuitively more critical – situations where a cable break occurs.

Cable breaks are extremely rare under standard operational conditions.
Norms such as the European DIN EN 12385 ensure a reliable operation of cable-
driven systems and countless implementations of cables e.g. in elevators or cable
cars prove the reliability of cables that are installed, used and maintained accord-
ing to those norms. However, accidents like the crash of the SkyCam – a CDPR
designed e.g. to move a TV camera above a sports stadium – which collapsed
on December 30, 2011, during a football game, demonstrate how dramatic a
failure in the cable system might be [7]. In case of a cable break, the remain-
ing CDPR is still able to react and to apply forces onto the end-effector, but
the end-effector might be appruptly out of the WFW of the remaining CDPR.
Therefore, common cable force computation methods will fail [8].

Therefore, it is reasonable to develop methods that allow the CDPR to react
and to guide the end-effector back to its WFW where it can be stopped and
rescued in a controlled manner.

In [9], a force computation method is presented which is able to identify a
suitable f even outside the WFW by adding a so-called slack variable to the
constraints. However, the resulting optimization problem might lead to compu-
tation time issues, especially in the context of a realtime control system.

In this paper, a different approach is presented which is mainly inspired
by geometrical analysis in the space of the cable forces. The remaining paper
is structured as follows: In Sect. 2, a basic modeling of CDPR is introduced.
Section 3 introduces the new algorithm capable for force calculations outside the
WFW. In Sect. 4, the new approach is tested and evaluated. Section 5 summa-
rizes the conclusions and the future work.

2 Modeling and Cable-Robot Basics

The robot, as described in [10], possesses m cables and n degrees-of-freedom.
r = m − n is the redundancy of the platform. The inertial coordinate-system
is ��B , while the fixed coordinate-system on the platform is ��P . The position
vector BrP and the orientation Φ of the end effector are merged into the pos-
ture of the platform in coordinates of the inertial frame BxP = [BrT

P ΦT]T.
The rotation matrix BRP describes the orientation with respect to the inertial
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BRP ,Φ

P

B
Bbi

Bli

Ppi

BrP
fE

τE

f i

mP , I

Fig. 1. Cable-robot model parameters

coordinate-system in the means of roll-pitch-yaw angles. The modeling of pulleys
is neglected in the following under assumption of a point-shaped guidance of the
cable. The cable vectors Bli as shown in Fig. 1 can be obtained by the inverse
kinematic:

Bli = Bbi − (BrP + BRP
Ppi)

︸ ︷︷ ︸

BpBi

, 1 ≤ i ≤ m (1)

All cable forces fi in direction of the cable νi are merged into the cable force
vector f ∈ R

m×1. The force f i exerted on the platform by the ith cable force is

f i = fi · li
‖li‖2 = fi · νi, 1 ≤ i ≤ m. (2)

All forces and torques acting on the end effector impressed by the cables are
−w, wherein AT is the structure matrix of the robot.

− w =
[

fp

τ p

]

=
[

ν1 ... νm

p1 × ν1 ... pm × νm

]

⎡

⎢

⎣

f1
...

fm

⎤

⎥

⎦ = ATf . (3)

Setting up a simplified model for force equilibrium (Assumptions see Sect. 4)
and Newton-Euler equations, under the assumption that the center of gravity is
equal to the origin of the end effectors coordinate system, it holds that

[

mpE 0
0 IK

]

︸ ︷︷ ︸

M p(xp)

[
B r̈P

Φ̈

]

︸ ︷︷ ︸

ẍp

+

[

0

I(K̇Φ̇) + (KΦ̇) ×
(

I(KΦ̇)
)

]

︸ ︷︷ ︸

wC(xp,ẋp)

−
[

fE

τE

]

︸ ︷︷ ︸

wE

︸ ︷︷ ︸

−w

= ATf . (4)
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In force equilibrium the cable forces generate exactly the desired wrench −w.
The first and second time derivative of the end effector pose xp are ẋp and ẍp,
respectively. The mass matrix of the platform Mp consist of the platform mass
mp and the inertia tensor I. The inertia tensor depends on the orientation of the
platform and needs to be expressed in the inertial system ��B . From the kinematic
Kardan equations, the matrix K and its time derivative can be obtained [11]. E
is an 3 × 3 identity matrix. Vector wE contains the external forces and torques
acting on the platform, while wC is the vector of Coriolis and centrifugal forces
and torques.

2.1 Wire Force Distribution

The cable forces are limited by a minimum force fmin and a maximum force fmax

to avoid cable sagging on one hand and to limit the maximum motor torque on
the other hand. Solving Eq. 4 with respect to the cable force limits is a known
problem in the field of cable-robotics. A suitable way to determine force dis-
tributions is the geometrical interpretation of the problem [3]. The force limits
form a m-dimensional hypercube C ⊂ R

m, provided that the hyperplanes of
the cube are defined by fi = fmin ∨ fi = fmax, 1 ≤ i ≤ m. With n equations
and m unknown variables, Eq. 4 is in general an under-determined linear sys-
tem of equations. Therefore the dimension of the solution space is equal to the
redundancy r of the robot. Solving Eq. 4 for f it holds that:

f = −A+Tw
︸ ︷︷ ︸

f 0

+Hλ. (5)

The force f0 is a projection of the desired wrench onto the solution space. λ ∈ R
r

is a vector of multipliers. A+T denotes the Moore-Penrose-Pseudo-Inverse of the
structure matrix. The null space or kernel H ∈ R

m×r of the structure matrix
AT is defined as

H =
[

h1, ...,hr

]

(6)

C

S

F
Λ

R
2

H

Fig. 2. Visualization of Cube, Solution Space, Manifold and Map for m = 3 and r = 2
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with the vectors hi solving the equation:

AThk = 0, 1 ≤ k ≤ r. (7)

The r-dimensional solution space S ⊂ R
m contains all solutions of Eq. 4 and is

defined by the columns of the kernel H. There are feasible wire force distributions
which lie inside the force limits, if an intersection of the hypercube and the
solution space exists. In this case and as shown in Fig. 2, the manifold

F = C ∩ S �= ∅ (8)

contains all possible solutions. F forms a convex polyhedron and the pose is
called wrench-feasible, if F is nonempty for the given wrench [3]. All multipliers
λ leading to wrench-feasible solutions form a polyhedron Λ, using the kernel H
as a transformation between R

r and R
m as shown in Fig. 3. To solve the problem

in Eq. 5 with respect to the given force limits, one has to consider

fmin ≤ f0 + Hλ ≤ fmax

⇔ fmin − f0 ≤ Hλ ≤ fmax − f0.
(9)

To interpret this equation, the kernel H forms a basis for the solution space
S. If a feasible wire-force-distribution is existing, λ ∈ Λ can be used for scaling
the force-distribution and thus the inner tension of the system within the limits.
Several methods for computing force-distributions exist, which differ in real-
time capability, force level, workspace coverage, continuity, maximum possible
redundancy and computation time [6]. Approaches include e.g. calculating the
forces as an optimization-problem [4] or applying the barycentric method [5].

3 Calculation Algorithm

There are several methods existing to compute feasible cable-force distributions.
Still and as given in the introduction, scenarios with a wrench that is not feasible
are possible. This is eager to occur when the end effector is moved outside of
the static workspace, e.g. using a haptic device or suffering from a cable break.
A solution of Eq. 4 cannot be found in that case and the given methods fail to
operate. In the following, approaches to generate a reasonable force distributions
are given.

3.1 Optimizing

A method to deal with the described circumstance is proposed in [9]. In terms
of finding an appropriate wire force distribution, the constraints of minimum
and maximum cable forces cannot be changed. To relax Eq. 4, a so called slack
variable s is added to the equation. A way to solve the resulting problem via
quadratic programming is also proposed in [9]. The optimization problem is
described as
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minimize sTD1s + (f − ˜f)TD2(f − ˜f)

with ATf + w + s = 0
fmin ≤ f ≤ fmax.

(10)

The diagonal weighting matrices D1 and D2 can be used to adjust the solution.
The solution will more likely follow the target forces ˜f by choosing D1 < D2.
Otherwise the solution forces will more likely generate the desired wrench. The
solution can be adjusted e.g. for minimum power or maximum stiffness by mak-
ing a proper choice of the target forces. Though a solution of the problem can
be carried out computationally efficient as shown in [9], the iterative character-
istic might be a problem within industrial real time applications. Thus a simple
method with a defined and preferably low number of calculation steps can be
advisable.

3.2 Nearest-Corner-Method

f1

f2

f3

C
S

FP,j
FE,j

dj

Fig. 3. Projection of corners on solution space for an empty set of F , example for
m = 3, r = 2

An optimizing algorithm as explained beforehand is generally applicable.
However, its usability in a realtime control system might be a problem as such
optimization schemes usually employ iterative solvers. Within this paper, a dif-
ferent and simplified approach is proposed. It is inspired by geometrical analysis,
using the orthogonal coordinate system as introduced in Sect. 2.1 to represent
the space of the cable forces f . The following introduction refers to r = 1 and
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r = 2; the applicability for higher redundancies r is currently being investigated.
Note, the corners of C are denoted as FE,j , j = 1, . . . , 2m.

Assume a CDPR within its WFW. In this case, a set of cable force solu-
tions F exists and a continuous solution along a trajectory can be found by the
methods listed in Sect. 2.1. However, if the CDPR is outside its WFW, these
methods will fail. Still, the hypercube C and the solution space solution space S
exist, but as there is no intersection, F is empty.

Nonetheless, using Euclidean norm, there is at least one corner of C which
has the closest distance to the hyper straight line (for r = 1) or hyperplane
(for r = 2) representing S, where the orthogonal projections of FE,j onto S are
denoted F P,j .

This f is not a solution to Eq. 5, but in terms of the motion inducing parts
of f , i.e. f0, it is an approximation and compliant with the force boundaries!
Therefore, it can be used e.g. for control purposes.

Note, that this closest corner might switch instantaneously depending on
the motion of the system. To ensure continuity, instead of only using the clos-
est corner, all corners are considered and weighted by the distance to S using
Euclidean norm where the distances between the corners FE,j and the projected
forces onto S, F P,j , are given by

dj = ||F P,j − FE,j ||, 1 ≤ j ≤ 2m. (11)

The summarized distance L =
∑2m

j=1 dj is needed to obtain proper weighting gj
for each corner of C.

gj =
( L

dj

)p

(12)

Introducing higher exponential weights p, the corner that is closest to S will
dominate all others the closer it gets. If the S and C are about to intersect,
i.e. in case a corner is just about to be a valid force distribution according to
Eq. 5, this ensures continuous transition between force distributions within and
outside the WFW. The sum of all weights is G =

∑2m

i=j gj . The resulting force
distribution is

f =
2m
∑

j=1

(

FE,j
gj
G

)

, 1 ≤ j ≤ 2m. (13)

Generally, it is always tried beforehand to find a feasible cable force distribution
according to Sect. 2.1. If those algorithms fail to determine a feasible solution, the
proposed method is used, and a cable force distribution with minimal distance
to the solution space S will be found.

4 Simulation and Results

An example of a cable-robot rescue scenario after a cable break is taken into
account for testing the proposed method. The robot model and the scenario are
detailed in [8].
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Fig. 4. Position, velocity, switch between both methods and forces in simulation with
p = 8

A two-dimensional planar and dynamic model with three cables is set up. The
robot platform is described as a point mass with mp = 1 kg and is subject to
gravity in negative direction of the y-axis. Thus the redundancy is r = 3−2 = 1.
The pulley positions B are shown in Fig. 6. Numbering of the cables is clockwise,
beginning with cable 1 at the bottom left. The minimum force is fmin = 5 N and
the maximum force is fmax = 150 N. The simulation is carried out with a fixed
time step of Δt = 1 ms and a numerical integration using the Euler-Cromer
method. Each time step, the actual platform acceleration is computed using the
current wire and gravitational forces. The cables are assumed to be massless and
cannot sag. The modeling of friction, motors, gears and disturbances is neglected.

At the start of the simulation, the platform is placed with zero velocity at
rp =

[

0.35 0.5
]T m, which is outside of the static workspace of the robot model

[8]. A situation like this could occur through a cable break. A goal position
inside the workspace is defined at rf =

[

0.65 0.5
]T m. To generate a desired

wrench, an attractive potential field, as introduced in [12], is placed with its
origin at the goal position, which could be e.g. a rescue position after a cable
break. The resulting attractive force as the gradient of the fields potential U can
be described as:
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F att(rp) = ∇Uatt(rp) =

⎧

⎪
⎨

⎪
⎩

−ζ(rp − rf ) : ρf (rp) ≤ ρ0

−ρ0ζ(rp − rf )
ρf (rp)

: ρf (rp) > ρ0.
(14)

At distance ρ0 = 0.2 m the field is shifted between a quadratic and a conic
potential. ρf (rp) is the Euclidean distance between goal and actual position.
The scaling parameter ζ = 400 can be used to adjust the field strength. Also a
virtual damping, proportional to the robots velocity with factor DP = 110 Ns/m,
is applied. The resulting wrench including the external forces is

w =
[

FE

] − [

F att(rp) + FDP
(ṙp)

]

. (15)

In general, this desired wrench might be infeasible within the given cable force
limits. Note that repulsive fields can be used to avoid collision. However the
approach shown here will not guarantee collision free trajectories, as even infinite
repulsive forces do not lead to forces beyond the force limits.
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Fig. 5. Position, velocity, switch between both methods and forces in simulation with
p = 20

As a first method to check for a feasible solution of Eq. 4, the puncture
method [13] is used, just as described in Sect. 2. If a feasible solution is found,
these cable forces are set in the next simulation step. If the method fails to find
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Fig. 6. Movement of end effector with different exponential weights p, numbering of
winches clockwise, starting at bottom left

a solution, the nearest corner method from Sect. 3.2 is applied to find forces
which result in a wrench close to the desired one. Figure 4 shows the results of a
simulation with exponential weights p = 8. It can be observed that the robot is
successfully guided into the goal position after 0.3 s. At 0.28 s, a feasible solution
can be found with the puncture method and the algorithm switches. In this
example, the forces are continuous at the moment the solution space intersects
the hypercube.

Continuity in general cases can be assumed due to continuous motion of the
hyperplane for continuous platform motions and a fixed hypercube, but formally
needs to be proven in future work.

In Fig. 5, exponential weights of p = 20 are used. The resulting forces show
that the nearest corner gets more dominance in the solution, because of the
weighting in Eq. 13. Thus the forces tend to get closer to the cable force limits.
Therefore, the platform follows the desired wrench more accurately and reaches
the goal position in shorter time at about 0.25 s with less deviation from the goal
point throughout the trajectory.

This is also shown in Fig. 6, which compares the platform movements with
both exponential weights p. It can be observed, that with a higher exponential
weights, the platform overshoots way less and finds the way into the goal more
directly.

5 Conclusion and Outlook

A new and simplified method for calculation of force distributions of CDPR out-
side of the WFW was introduced. Tests for redundancies r = 1 and r = 2 have
been made, and an example with r = 1 was discussed. Based on geometrical



Cable Force Calculation 187

calculations in the cable force space, the algorithm promises to have superior
realtime suitability because of its non-iterative behavior. Noteworthy, the com-
putation time of this method is highly dependent on the method for checking
feasible cable forces. The puncture method used in this paper does not employ
full workspace coverage [13]. Therefore a combination with a different method
is advisable. Suitable realtime methods are e.g. the barycentric method or the
improved closed form [6]. Also using an active set method with proven maximum
computation time would be possible [14].

Future work also includes tests with higher redundancies and a higher num-
ber of cables as well as investigation of numerical efficiency in comparison to
existing approaches. Moreover, the method can be tested for applicability in
more complex simulations. Finally, it needs to be tested on a realtime system.
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Advances in Robot Kinematics. Springer, Dordrecht (2006)

5. Mikelsons, L., Bruckmann, T., Hiller, M., Schramm, D.: A real-time capable force
calculation algorithm for redundant tendon-based parallel manipulators. In: IEEE
International Conference on Robotics and Automation, pp. 3869–3874. Pasadena,
CA (2008)

6. Pott, A.: Cable-driven Parallel Robots: Theory and Application. Springer Tracts
in Advanced Robotics (2018). - ISBN 978-3-319-76137-4

7. Koo, B.: Skycam Almost Takes Out Iowa Huddle In Insight Bowl 31 December
2011. https://awfulannouncing.com/2011-articles/skycam-almost-takes-out-iowa-
huddle-in-insight-bowl.html. Accessed 5 Apr 2019

https://awfulannouncing.com/2011-articles/skycam-almost-takes-out-iowa-huddle-in-insight-bowl.html
https://awfulannouncing.com/2011-articles/skycam-almost-takes-out-iowa-huddle-in-insight-bowl.html


188 R. Boumann and T. Bruckmann

8. Boumann, R.; Bruckmann, T.: Simulation of cable breaks and development of emer-
gency strategies for cable-driven parallel robots. In: Cable-Driven Parallel Robots -
Proceedings of the Fourth International Conference on Cable-Driven Parallel
Robots (2019). Accepted
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Abstract. The Aerotrain is a new generation train that floats at a low altitude
along a U-shaped (concrete) guideway by the aerodynamic forces generated at
the two levitation wings. Using the wing-in-ground effect, the Aerotrain can
have an advantage in reducing the operating cost through its low-cost guideway
while maintaining high-speed under high-payload compared with the conven-
tional magnetically levitated train system which uses the magnetic levitation
effect. By floating along a U-shaped guideway, at steady state, the movement in
X direction is less important than the movement in Y and Z direction and the
rotation about three axes, therefore it could be neglected. From this simplifi-
cation, in this paper, the nonlinear 3-dimensional dynamic model of the Aero-
train based on the rigid body model has been developed in order to clarify the
relationship between the body design and its stability. The dynamic model was
applied to corroborate the effect of the horizontal tail on the longitudinal sta-
bility. Simulation results show that the presence of the horizontal tail greatly
contributes to the longitudinal stability of the Aerotrain while its behavior of the
Aerotrain without it results in divergence. In addition, the appropriate position
of the horizontal tail was discussed after looking at the simulation results with
different variations.

Keywords: Wing-In-Ground effect � Aerotrain � Aerial robotics

1 Introduction

In recent years, the expansion of the range, transportation mass, types of activities
undertaken by human beings has created global environmental problems. Therefore, a
transportation system with high-efficiency and low power consumption is one of the
important solutions for these problems and will benefit society. For this purpose, in the
future, the next-generation transportation system must include two significant features,
namely, high speed and high efficiency [1, 2]. One of the potential candidates is the
maglev train which could reach maximum velocity of up to 603 km/h [3]. However, in
spite of the advantages of the technology, the costs of establishment and maintenance
for the operation of the train are half of the operating costs according to a High-speed
rail feasibility study reported by Rocky Mountain Rail Authority [4]. To reduce the
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operating cost and to satisfy the two important features mentioned above, the research
on the Aerotrain was started in 1987 by Kohama et al. [5] at Tohoku University, Japan.

The Aerotrain, as shown in Fig. 1, has wings and levitates on a concrete U-shaped
guideway by the Wing-In-Ground (WIG) effect. The advantage of a low-cost guideway
in terms of construction and maintenance is expected to reduce the total operation cost.
The aerodynamic lift force generated from two levitational wings at the cruise speed
will lift the train a short distance from the ground, so that there is no friction between
the vehicle’s body and the guideway. Compared with normal maglev high-speed trains,
the massive energy required to maintain the electrical magnetic force is not needed,
which means that the Aerotrain could reduce a lot of power consumption. The dif-
ference between an airplane and the Aerotrain is the WIG effect. The WIG effect
happens when an airfoil or wing-like object is close to the ground as shown in Fig. 2
when the altitude h is less than 25% of the wing chord c [7], a high-pressure air cushion
will be created for the stagnation of the air which generates a greater lift force and a
greater lift-drag ratio (L/D) than the airfoil at higher altitude. This same principle is
adopted for keeping the position of the train at the center of the guideway and keeping
the direction parallel to the guideway. By changing the angle of the control surface on
the guide wing (the vertical wings at the tip of the levitation wings), the side force and
the yawing moment are also changed to make the Aerotrain stay on the proper track.
The WIG effect could also provide a recovering moment to ensure the stability of the
Aerotrain when an external disturbance in the rolling axis of motion happens. Com-
pared with other WIG effect vehicles operating on water surface [8, 9], the Aerotrain
has less external disturbances and it is safer because the operation of the train is based
on the use of a solid guideway [10]. Unlike the normal airplane, the nonlinearity of the
aerodynamic force and moment due to WIG effect need to be carefully considered.

There have been several studies on the control of the Aerotrain [11–13], but there is
insufficient knowledge on the design of the vehicle body which has a desirable dynamic
characteristic. Therefore, the long-term objective of this research is to determine the
relationship between the Aerotrain’s design parameters and its stability. A recent study
[10] found that the influence of the relative positions of the levitation wings is significant
in contrast to that of angles of attack. Generally, the longitudinal stability plays an
important role in the stability of the vehicle and it could be studied separately with
directional and lateral stability. According to this assumption, the previous study [14]
found that the horizontal tail has a great contribution on the longitudinal stability of the
Aerotrain. In order to confirm that the horizontal tail still retains its effect in combination

Fig. 1. Aerotrain concept [6].

ℎ
Fig. 2. Wing in ground effect.
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with lateral and directional stability, the purpose of this paper is to develop a
3-dimensional nonlinear dynamic model of the Aerotrain and attach the horizontal tail
model into it. Through the simulation results, the effect of the horizontal tail has been
clearly confirmed. The position of the horizontal tail has been considered as well.

2 Dynamic Model of the Aerotrain

Considering it as a flight vehicle, the dynamic equations of the Aerotrain are written in
a body-fixed coordinate system O� XYZ in which the origin is the center of gravity of
the vehicle. The X-axis is in the plane of symmetry of the body and points forward. The
Z-axis is in the same plane as X-axis, perpendicular to X-axis and points down. The
Y-axis is perpendicular to the symmetry plane and points out the right wing. However,
only using the body-fixed coordinate system is not enough to express the gravitational
force acting on the vehicle. Thus, the orientation of the body-fixed coordinate system
with respect to the gravity vector needs to be determined as shown in Fig. 3. This
orientation can be specified using the Euler angle (pitch angle h, roll angle / and yaw
angle u) of the body-fixed coordinate system with respect to an inertial system
OE � XEYEZE, where the inertial system is oriented such that the ZE-axis points down
(parallel to the gravity vector), the XE axis points North and the YE-axis completes the
right-handed system, and therefore points East.

The Aerotrain is considered as a rigid body in steady state with a total of 6 degrees of
freedom which include 3 translations and 3 rotation motions. The 3 translations are
caused by the aerodynamic lift, drag, and gravity force. These force and aerodynamic
moments are the reason of the 3 rotational motions which are pitching, rolling and
yawing moment. The aerodynamic efficiency of the Aerotrain is higher than that of
conventional airplanes due to the WIG effect that will be later explained in this chapter.
In the Aerotrain model, the aerodynamic lifts generated from two levitational wings and
4 guide wings are under the WIG effect during cruise speed. Given that the operation
occurs inside a U-shaped guideway, the movement in Z-axis and Y-axis and the rotation
about 3 axes are more important than the movement in X-axis. Thus, in this paper, the 1
degree of freedom of the X-axis translation has been ignored for the Aerotrain model.
Therefore, Z-axis and Y-axis forces as well as 3 moments (about 3 axes) have been
modelled in the MapleSim [15] environment using its custom components.

Fig. 3. Coordinate systems and Euler angles
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2.1 Wing-In-Ground Effect Model

According to Honda [16], in the area affected by the ground effect, the lift coefficient
changes nonlinearly, but this can be represented by the sum of the nonlinear term
caused by the influence of the ground effect and the linear term unrelated to the
influence of the ground effect.

L ¼ 1
2
qV2

x0SCL ð1Þ

CL ¼ CLg:e þCLnormal ð2Þ

where L is the aerodynamic lift, CL is the lift coefficient, q is the air density, Vx0 is the
velocity at steady state and S is the wing area. The lift coefficient under the WIG effect
CLg:e and in normal condition CLnormal could be expressed as followings:

CLg:e ¼ a1 exp �a2
h
c

� �
ð3Þ

CLnormal ¼ a3aþ a4 ð4Þ

where a1; a2; a3; a4 are obtained constants from the curve fitting of the experimental
results [16]; a is the angle of attack.

2.2 Aerodynamic Force Along the Z-Axis

The aerodynamic force along the Z-axis includes the lift force from the front and the
rear levitation wing of the Aerotrain. Figure 4 shows the differential slice dyi with its
height hf at the spanwise yi of the front levitation wing with span b at the roll angle /
that will be later used to calculate the differential lift. h0 is the height of the Center of
Gravity (CoG) of Aerotrain at the steady state, and h is the displacement of the CoG
from the steady state in the Z-axis.

Under the influence of the WIG effect, the lift coefficient of the front wing CLfi and
the rear wing CLri at the spanwise yi could be written as:

CLfi yið Þ ¼ CLfg:e þCLfnormal ¼ a1 exp �a2
hf
cf

� �
þ a3af þ a4 ð5Þ

CLriðyiÞ ¼ CLrg:e þCLrnormal ¼ b1 exp �b2
hr
cr

� �
þ b3ar þ b4 ð6Þ

The parameters a1; . . .; a4, b1; . . .; b4 are defined by the curve fitting from the
experiment [16]; cf ,cr are the chord length of the front and rear levitation wing rela-
tively. Assume that the pitch angle h and roll angle / are small enough, the height of
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the front wing hf and the rear wing hr are the linearized function of the actual height h
of the CoG, the pitch angle h, the roll angle / and the location yi:

hf h; h;/; yið Þ ¼ h0 þ hþ lf h� yi/ ð7Þ
hr h; h;/; yið Þ ¼ h0 þ h� lrh� yi/ ð8Þ

The Angle of Attack (AOA) of the front wing af and the rear wing ar are the
function of the AOA a and the pitching angular velocity q:

af a; qð Þ ¼ aþ if � ðlf =Vx0Þq; ar a; qð Þ ¼ aþ ir þðlr=Vx0Þq ð9Þ

where if ; ir are the mounting angle; lf ; lr are the distance from the CoG to the aero-
dynamic center which is located at the quarter-chord from the leading edge of the front
and the rear levitation wing as shown in Fig. 5. By integrating along the wing span, the
total aerodynamic force Za along the Z-axis can be obtained from the sum of the
aerodynamic lift Lf ; Lr of the front and rear levitation wing.

Za ¼ Lf þ Lr ð10Þ

Lf ¼ 1
2
qV2

x0cf

Z bf =2

�bf =2
CLfiðyiÞdyi; Lr ¼ 1

2
qV2

x0cr

Z br=2

�br=2
CLriðyiÞdyi ð11Þ

2.3 Aerodynamic Force Along the Y-Axis

Given that the Aerotrain runs in a U-shaped guideway, the aerodynamic force gener-
ated from the guide wings are also under the WIG effect. The aerodynamic force Ya
along Y-axis is the combination of the aerodynamic force from 4 guide wings
Yfl; Yfr; Yrl; Yrr .

Ya ¼ Yfl þ Yfr þ Yrl þ Yrr ð12Þ

ℎ ( , ℎ, , ) ℎ0 + ℎ
Fig. 4. The front view of Aerotrain [17].

ℎℎ ℎ0 + ℎ
Fig. 5. The side view of Aerotrain [17].
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Using the same idea as the aerodynamic force in the Z-axis, where the distance di
plays the role of the height hi and zi plays the role of the spanwise yi, the coefficient of
differential force of the guide wing at the spanwise zi could be written as follows [17]:

Cyfli zið Þ ¼ a1 exp �a2
d1 d; h;/;w; zið Þ

csf

� �
þ a3bfl b; rð Þþ a4 ð13Þ

Cyfri zið Þ ¼ �a1 exp �a2
d2 d; h;/;w; zið Þ

csf

� �
� a3bfr b; rð Þ � a4 ð14Þ

Cyrli zið Þ ¼ b1 exp �b2
d3 d; h;/;w; zið Þ

csr

� �
þ b3brl b; rð Þþ b4 ð15Þ

Cyrri zið Þ ¼ �b1 exp �b2
d4 d; h;/;w; zið Þ

csr

� �
� b3brr b; rð Þ � b4 ð16Þ

where w is the yawing angle; b is the sideslip angle; bfl; bfr; brl; brr are the angle of
attack of the guide wings.

bfl b; rð Þ ¼ bþ ifl � ðlf =Vx0Þr; bfr b; rð Þ ¼ �bþ ifr þðlf =Vx0Þr ð17Þ

brl b; rð Þ ¼ bþ irl þðlr=Vx0Þr; brr b; rð Þ ¼ �bþ irr � ðlr=Vx0Þr ð18Þ

where ifl; ifr; irl; irr are the mounting angle of the front-left, front-right, rear-left, rear-
right guide wing relatively; r is the yawing angular velocity. The distance d1; . . .; d4
from the trailing edge of the guide wing to the wall as shown in Figs. 6, 7 could be
calculated with respect to the inertial system OE � XEYEZE.

( 3, 3, 3)( 2, 2, 2)
( 1, 1, 1)

( 4, 4, 4)
1

32 4

Fig. 6. Position vector of the point on the
guide wing with respect to the origin of the
inertial system [17].

Fig. 7. The top view of Aerotrain [17].
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The position vector of a point on the guide wing in the inertial system Epi could be
obtained from the position vector in the body-fixed system Bpi by the translation matrix
T d;/; h;wð Þ as follows:

Epi
1

� �
¼ T d;/; h;wð Þ

Bpi
1

� �
ð19Þ

T d;/; h;wð Þ ¼
ERB /; h;wð Þ EpB dð Þ

0 1

� �
s ð20Þ

where ERB is the rotation matrix and EpB dð Þ is the position vector of the origin of the
body-fixed system with respect to the inertial system.

In the body-fixed system, for example, the position vector of a point on the front-
left guide wing at the spanwise zi could be written as follows:

Bp1 zið Þ ¼ lf ;� b
2
; zi

� �T
ð21Þ

While in the inertial system, that position vector could be written as:

Ep1 d; h;/;w; zið Þ
1

� �
¼ Ex1 d; h;/;w; zið Þ; Ey1 d; h;/;w; zið ÞEz1 d; h;/;w; zið Þ; 1� �T

ð22Þ

Using the Eqs. (19), (20), (21), (22), the distance d1; . . .; d4 could be calculated.

d1 d; h;/;w; zið Þ ¼ dwall
2

þ Ey1 d; h;/;w; zið Þ ð23Þ

d2 d; h;/;w; zið Þ ¼ dwall
2

� Ey2 d; h;/;w; zið Þ ð24Þ

d3 d; h;/;w; zið Þ ¼ dwall
2

þ Ey3 d; h;/;w; zið Þ ð25Þ

2( , , , )
1( , , , )

Fig. 8. The dimension of the guide wing [17].
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d4 d; h;/;w; zið Þ ¼ dwall
2

� Ey4ðd; h;/;w; ziÞ ð26Þ

Therefore, by integrating along the wing span as shown in Fig. 8, the aerodynamic
force along the Y-axis of 4 guide wings could be expressed as follows:

Yfl ¼ 1
2
qV2

x0csf

Z bs2f

�bs1f

Cyfli zið Þdzi ð27Þ

Yfr ¼ 1
2
qV2

x0csf

Z bs2f

�bs1f

Cyfri zið Þdzi ð28Þ

Yrl ¼ 1
2
qV2

x0csr

Z bs2r

�bs1r

Cyrli zið Þdzi ð29Þ

Yrr ¼ 1
2
qV2

x0csr

Z bs2r

�bs1r

Cyrri zið Þdzi ð30Þ

where csf ; csr are the chord length of the front and rear guide wings.

2.4 Aerodynamic Moment About the X, Y, Z Axes

The aerodynamic moment about the Y-axis is the sum of the moment of two levitation
wings, the moment of the fuselage and the moment cause by the lift of these wings.
Based on the experimental result, the aerodynamic moment coefficient CM about the Y-
axis is also under the WIG effect and can be expressed as follows [11]:

Ma ¼ 1
2
qSf V

2
x0CMf þ 1

2
qSrV

2
x0CMr þMfus þ lf Lf � lrLr ð31Þ

CMf ¼ a5exp �a6
hf
cf

� �
þ a7exp �a8

hf
cf

� �
þ a9af þ a10 ð32Þ

CMr ¼ b5exp �b6
hr
cr

� �
þ b7exp �b8

hr
cr

� �
þ b9ar þ b10 ð33Þ

Mfus ¼ qV2
x0Vfusa ð34Þ

where CMf ;CMr are the aerodynamic moment coefficient of the front and rear levitation
wing; Vfus is the volume of the equivalent fuselage [18] of the Aerotrain; a5; . . .; a10;
b5; . . .; b10 are the constants from curve fitting. The moment about the X-axis is
obtained from the aerodynamic lift from the main levitation wings Llw, the front guide
wings Lgwf and the rear guide wing Lgwr [17].
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La ¼ Llw þ Lgwf þ Lgwr ð35Þ

Llw ¼ � 1
2
qV2

x0 cf

Z bf
2

�bf
2

CLfi yið Þyidyi þ cr

Z br
2

�br
2

CLri yið Þyidyi
 !

ð36Þ

Lgwf ¼ 1
2
qV2

x0csf

Z bs2f

�bs1f

�Cyfli zið ÞþCyfri zið Þ� 	
zidzi ð37Þ

Lgwr ¼ 1
2
qV2

x0csr

Z bs2r

�bs1r

�Cyrli zið ÞþCyrri zið Þ� 	
zidzi ð38Þ

The aerodynamic moment about the Z-axis Na is the total moment of the guide
wings, the moment of the side force from the guide wings and the moment of the
fuselage, and it is also under the WIG effect as the pitching moment M:

Na ¼ Nfl þNfr þNrl þNrr þ lf Yfl þ Yfr
� 	� lr Yrl þ Yrrð ÞþNfus ð39Þ

where Nfl;Nfr;Nrl;Nrr are the moments of the guide wings under WIG effect and could
be computed in the same way as the moment of the levitation wings; Nfus is the moment
of the fuselage and have the same value as the Mfus.

2.5 Horizontal Tail Model

The lift coefficient and moment coefficient of the horizontal tail is a function of the
angle of attack and the angular velocity [14]. Depending on the angle of attack a, the
lift coefficient CLðtailÞ is directly related to the mounting angle it and the downwash
angle e caused by the air flowing through the main wing.

CLðtailÞ ¼ atða� e� itÞ ð40Þ

In the case of the Aerotrain, the horizontal tail is located at the rear side of the train
and at a high location so that the downwash flow does not affect the tail. Thus, the
downwash angle is zero, e ¼ 0. Another assumption is that the horizontal tail has
symmetry airfoil and does not generate any aerodynamic force when the angle of attack
is zero, which means that the chord line is parallel to the x-axis in the body-fixed
system or the mounting angle it ¼ 0. As for the thin, symmetric airfoil [19], the lift
coefficient could be written as follows:

CL tailð ÞðaÞ ¼ 2p:a ð41Þ

The horizontal tail is located at a distance lt from the center of gravity of the
Aerotrain to the aerodynamic center of the tail as shown in Fig. 9. Thus, the effect of
pitching rate q in terms of the changing of angle of attack a is described as:
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Dat ¼ qlt
Vx0

ð42Þ

Thus, the lift coefficient of the horizontal tail caused by the pitching rate is:

CL tailð ÞðqÞ ¼ 2p:
qlt
Vx0

ð43Þ

Therefore, the total lift force coefficient is the sum of these two coefficients:

CL tailð Þ a; qð Þ ¼ CL tailð Þ að ÞþCL tailð ÞðqÞ ð44Þ

The total pitching moment from the horizontal tail is also a function of the angle of
attack a and the pitching rate q and it could be written as:

CM tailð Þ a; qð Þ ¼ �ltCL tailð Þ að Þ � ltCL tailð ÞðqÞ ð45Þ

3 Simulations

To evaluate the effectiveness of the horizontal tail in terms of longitudinal stability, the
dynamic model of the Aerotrain was developed in the MapleSim [15] environment
using a rigid body model as shown in Fig. 10. The advantage of MapleSim over the
others is its friendly user interface and its sufficiency when creating custom compo-
nents that are not available in the default library.

Based on the mathematical equations, the aerodynamic components, such as lift
and moment of the levitation wings and the guide wings have been created. Then, the
total net force in the Z-axis which includes the lift from the levitation wings, the
horizontal tail and the total net force in the Y-axis from the guide wings was applied to
the Aerotrain body through the “Apply World Force” component. Similar to the force,
the total net moment about X, Y, Z axes was also applied to the body of the train
through the “Apply World Moment” component.

ℎ ℎ0 + ℎ ℎ
Fig. 9. Horizontal tail wing [14].

X
Y

Z

Fig. 10. Aerotrain in MapleSim.
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The simulation was done in 30 s. At the steady state, a disturbance of 20.85 N (5%
of the total lift at equilibrium state) was applied to the body in Z axis after 2 s in order
to observe the responsibility of the model. The parameters used in the simulation are
the same as the experimental prototype ARTE02 [12] as shown in following Table 1.

At the same condition, with the horizontal tail, the displacement in the Z axis and
pitch angle have been convergent as shown in Figs. 11 and 12 thanks to the spring
element a and the damper element q. The simulation results have clearly proved that
the effectiveness of the horizontal tail still remained in the 3-dimensional model.
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Fig. 13. Z axis displacement at various location of the horizontal tail.
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With the 3-dimensional model, the body design parameters of the Aerotrain in
general and the design of the horizontal tail in particular could be evaluated. For
example, in this paper, various positions of the horizontal tail have been simulated with
the assumption that the wingspan of the horizontal tail is 1 ½m2�. The distance ranges
from 1.0 [m] to 2.0 [m] at a 0.5 [m] step. As can be seen in Fig. 13, the horizontal tail
reaches its best performance at the location of 1.0 [m] from the CoG of the Aerotrain.
However, since the rear levitation wing is located at 1.13 [m] from the CoG, it would
be better to attach the horizontal tail at 1.5 [m] to prevent the influence of the levitation
wing. It is also revealed that the relative position of the CoG also plays a role in
longitudinal stability which is consistent with the principle of the flight mechanics.

4 Conclusions and Future Work

In this paper, the dynamic model of the Aerotrain in 3-dimensions has been developed
with the nonlinear aerodynamic forces and moments under the WIG effect. Compared
with the previous studies [14, 17], the side force from the 4 guide wings, the aero-
dynamic lift and moment from the levitational wings and the horizontal tail have been
integrated into the rigid body model to make the dynamic model more specific so that it
will be useful for other studies.

The horizontal tail still retains its effectiveness in terms of longitudinal stability as it
was in 2-dimensional model of the Aerotrain. The position of the horizontal tail has a
great effect on the longitudinal stability comparable with the position of its CoG.

Table 1. Aerotrain parameters.

Parameters Value

Mass ½kg� 42.5

Wing area ½m2� 2.31

Chord length ½m� 0.7
Wing span ½m� 3.3
Levitation height ½m� 0.07
lf ½m� 1.4
lr ½m� 1.13
if ½deg� 1.48
ir ½deg� 2.63
Vx0 ½m=s� 20

Tail area ½m2� 1.0

lt ½m� 1.0 1.5 2.0
Disturbance at 2 s ½N� 20.85
Total lift at equilibrium state ½N� 416.92
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Based on this dynamic model, the force in the X-axis will be considered to com-
plete the 6-degrees of freedom of the 3-dimensional model. Then, next studies will be
focused on the lateral stability and the directional stability to evaluate its response on a
curved and banked guideway. A small-scale experiment prototype and controller will
be designed to evaluate the reliability of the dynamic model in the longitudinal
stability.
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Abstract. A dynamic system model of a motorcycle is described that
has been implemented in the modeling language Modelica. Particular
mathematical relations therein are learned by feedforward artificial neu-
ral networks which are trained using simulation data generated from the
original model. These trained models are then used to replace the original
relations in new models. This emulates a situation in which the original
relations (e.g. those of a real system) are unknown but measurements
indicate an interdependence between variables. The simulation results
of those derived models are then evaluated and an approach to detect
unreliable extrapolation of the artificial neural networks is proposed.

Keywords: Modelica · Grey box modeling ·
Feedforward neural networks · Reliability

1 Introduction

1.1 Motivation

In the following, “model” refers to an ordinary differential equation:

ẋ(t) = f(x(t), t,u(t)), (1)
x(t = 0) = x0, (2)

y = h(x(t), t,u(t)) (3)

Here x(t) ∈ R
n stands for the state vector with initial state x0 ∈ R

n. The input
vector is written as u ∈ R

m and y ∈ R
r denotes the output vector. f and g

are, in general, nonlinear vector functions. This kind of description is also known
as “state space model”. The goal of mathematical modeling of physical systems
is to create a model of a real or planned system that behaves like the original
or replicates specific patterns of behavior. The pursuit of both model accuracy
and simplicity results in conflict. Ultimately, a model should meet its accu-
racy requirements whilst remaining as simple as possible. To validate a model,
measurements taken from the original system can be used. As an example, the
trajectories from simulations of the model can be compared with the actual mea-
surement data to compare their behavior. A more sophisticated approach may
involve the extraction of high-level features from said trajectories. For example,
c© Springer Nature Switzerland AG 2020
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a good model of a pendulum should exhibit frequency and amplitude of oscil-
lation similar to those of the original pendulum. Typically, after the modeling
process, there are differences between the measurements of the model and the
original system that, by magnitude or trend over time, cannot originate from
measurement noise alone. In this case, parameter errors or model errors must be
assumed. The former can be eliminated by choosing accurate physical parame-
ters. Model errors, however, cannot be completely avoided and the question rises
how their impact can be reduced.

1.2 State of the Art

Following [9], the following modeling approaches are considered:

• “white box”: The model is based on physical equations only. Every param-
eter is physically interpretable and the model is accurate in large regions of
its state space.

• “black box”: The model aims to replicate the I/O-behavior of the original
system with non-physically based relations. They are adapted using data of
the original model, making it more flexible and possibly locally more accu-
rate than a white box model. However, its generalization over state space is
questionable.

• “grey box”: The model contains both physical and data-based relations.
This way, unknown relations can be modeled flexibly while known effects are
expressed in physical terms.

Figure 1 shows ways to adapt the different kinds of models to the original
system and its measurements. In “white box” models, one could distort the
physically correct parameters possibly resulting in locally but not globally more
accurate results. In the case of “grey box” models, one would restrict adaptations
to the data-based relations. The same applies to “black box” models, in which
then every relation could be altered to adapt the model.

An example of “black box” modeling can be found in [11], where a time-
invariant version of f(x(t)) from Eq. 1 is considered to be part of a multistep-
scheme. The variable weights of f(x(t)), the output of a feedforward artificial
neural network (ANN), are then adjusted to satisfy the underlying equation of
the multistep-scheme as well as possible. Measurements of the original system
to be modeled have to be sampled at specific times and are included in that
equation.

A “grey box” approach is described in [10]. A system is described in the
same way as in Eqs. 1–3. However, it is known that a certain variable is not
constant but instead a function of other model variables. The learning procedure
is then split into two steps: In the first step, the function is assumed to be
independent of the rest of the model and takes the form of a piecewise constant
function. As the goal of an optimization task that aims to fit the measurement
data of the original system, the values of the function during each time period
are determined. With this knowledge about what the function “should have
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Fig. 1. Comparing adaption options for the different model classes. White squares:
physically based equations. Grey squares: equations including “black box” expressions.
Unlabeled circles: model variables. “u”: input signal. “y”: output signal. “yref”: refer-
ence measurement data of the original system. “L”: learning rule.

returned” at every instant, in the second step the determined time series of
values is examined for correlations with other model quantities. The user (or a
more complex algorithm) can then try to find a functional relation depending on
those correlating model quantities to model the time series as well as possible.
The result of this process is a model in which an expression has been adapted
to available data next to existing “white box” knowledge.

The approach in this proposal has the same general goal as the one in [10].
Specific relations within a model shall be learned on the basis of reference data
while keeping physically established relations unchanged. The idea of localized
adaption of single expressions is especially applicable to object-oriented modeling
(like in Modelica) and aims to keep learning results understandable to the user
by separation from existing “white box” relations. Furthermore, it is of interest
in which regions of state space one can expect reliable results from the learned
relations.

1.3 Goals

Parts of the general idea outlined above shall be applied to the model of the
planar dynamics of a motorcycle written in Modelica. The latter replaces a
“real system” and contains specific relations that are supposed to be learned by
multilayer perceptrons (MLP) based on virtual measurement data (simulation
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data). These trained MLP are then used in new system models to model the
original relations.

The following assumptions are made throughout this paper:

• It is known exactly which relations have to be adjusted.
• The set of model variables influencing each relation are known.
• The relations have no internal state and can be described in terms of math-

ematical functions.

2 Main Part

2.1 Reference System

The reference system is based on the example model SingleTrackWithEngine
from [15] presented in [14]. The longitudinal velocity of the rear wheel joint is
controlled using a saturating PI-controller driving a torque source that acts on
the rotational acceleration of the rear wheel. Moreover, the steering angle is
imposed using a positional source. More parts have been added/modified and
will be described in what follows.

Wheel Joints. The wheels of the base model were replaced by a modified
version of SlipBasedWheelJoint, which is part of PlanarMechanics 1.4.0. A
force connector has been included that exposes the longitudinal wheel friction
force, f long, to the following component dynamic loads.

Dynamic Loads. The normal forces acting from the ground on the wheel joints
depend not only on the vehicle mass and its center but also on the longitudinal
forces between ground and wheels (see [12]).

0 = F̂hzlh − (Fhx + Fvx)h − F̂vzlv (4)

0 = F̂hz + F̂vz − mg (5)

Note that throughout simulation Fhz and Fvz are limited by the upper bound
m · g and the lower bound 0 to prevent negative values that cannot occur on a
street. Where the bounds are not exceeded, F̂hz and F̂vz are used.

Drag. A drag force Fd acts on the point where the fixed rods “chassis” and
“trail” are connected in the single track model. The following equations are based
on [1].

|Fd | =
ρ

2
Arefcd |vd |2 (6)

Fd =
[
Fdx Fdy

]T =
{− |Fd | vd

|vd | if |vd | >= 0
0 else

(7)
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2.2 Models with ANN

In the following models the same relations are modeled using ANN. For the
front wheel joint, the following relations replace those existing:

Fvx = NNWheelJoint f long(vv,long, vv,lat, ωv) (8)
Fv,lat = NNWheelJoint f lat(vv,long, vv,lat, ωv) (9)

In analogy, the same applies to the rear wheel joint.
In the case of the dynamic loads, the following relations are included:

Fvz = NNdynamicLoad front(Fhx, Fvx) (10)
Fhz = NNdynamicLoad rear(Fhx, Fvx) (11)

And for drag:

Fdx = NNdrag x(vx, vy) (12)
Fdy = NNdrag y(vx, vy) (13)

2.3 ANN Structure

For this contribution, MLP (as described in [5]) were chosen as function regres-
sors. In future research, other architectures such as RBF networks have to be
evaluated as well. Every single perceptron first linearly maps its inputs e, of
which the last is constantly 1 to account for affine transformation, using its
own trainable weight vector w. The result u is then nonlinearly mapped using
activation function fA to yield its output y:

u = wt · e, y = fA(u) =
1

1 − exp(−u)
︸ ︷︷ ︸
sigmoid function

(14)

Multiple of these perceptrons are arranged to form an MLP, see Fig. 2. The
result (i.e. u) of the last (output) node is not activated. In this application, all
networks have three hidden layers holding ten perceptrons each.

Training. The goal of training these MLPs is to minimize the mean squared
error (MSE) between ANN output and target output for all known sample points.
The latter originate from simulation data of the reference system. Said samples
are first randomly split into train and test set of which the latter is not used for
training but to measure generalization capabilities of the ANN. During training,
a common strategy called mini-batching is used. The MSE (and its gradient)
is evaluated for “small” batches holding a stochastically selected set of sample
points. This information is used by an instance of an Adam-optimizer [8] to
update the trainable parameters of the ANN so that the MSE becomes minimal.
An epoch is completed when all samples have been used once in a mini-batch
after a number of updates depending on sample size and mini-batch size. The
whole described process is repeated for a fixed number of epochs.
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Fig. 2. An MLP displayed as a graph. Each node with a vertical line represents a
perceptron, each edge stands for a connection. The square nodes have a constant acti-
vation of 1. This example network consists of an input layer (two input nodes), three
hidden layers (each three perceptrons) and an output layer (one output node).

Pros and Cons of MLPs. MLPs can be used to approximate nonlinear func-
tions. They are comparably easy to implement and their architecture is, to some
extent, independent of the function to approximate. However, their hyper param-
eters require iterative tuning. Moreover, due to their feedforward structure, they
do not have an internal state and thus can only approximate functions, not
dynamic systems. Apart from that, it is not easy to tell how “well” they have
learned a function after training. One can only judge their predictions based on
the set of learning samples.

2.4 Application

In order to distribute learning samples “evenly” within different ANN input
spaces, driver models have been developed. Each consists of (a) a steering com-
ponent and (b) a target velocity setting. As for group (a), EigtCurves steers
the model along the shape of an 8. DoubleLaneChange on the other hand steers
the model to a parallel lane and returns the model to the old lane after a short
time. As for group (b), ConstVel sets a constant target velocity. ConstAcc lin-
early varies the target velocity and TrapzVel periodically alters target velocity
between two values. During transitions, the target speed is again varied linearly.

The simulation data generated in OpenModelica [4] using the reference model
and a driver model is used to train the ANN implemented using Tensorflow [2]
within the framework shown in Fig. 3 making use of the Python modules DyMat
(or alternatively OMPython), numpy and tensorflow.

In order to make functionality from the Tensorflow C++ API available in
Modelica using the ExternalObject class, a wrapping library for use in C has
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Fig. 3. Training

been developed which can be used from Modelica. Using said library it is possible
to load a graph from a *.pb file and calculate the respective ANN output given
a set of inputs.

3 Results

3.1 Training Process

During the training process, the six individual ANN have shown similar patterns
in reducing the MSE as in example Fig. 4. This ANN has been trained on the
data generated with the driving component [EightCurves, TrapzVel]. At first
the MSE of both training and test set is heavily reduced over a few weight
updates/learning steps. Both trends shortly become less steep before increasing
in speed again. After about 11000 steps, it can be seen that approximation of
both sets becomes worse on average. This is a possible outcome due to the
stochastic nature of the learning algorithm. What looks like a promising weight
update for one mini-batch can lead to worse approximation overall.

3.2 Simulation of a Different Maneuver

Two (with ANN “dynamic loads” and “drag”) of the three new models with
ANN show very small differences in behavior compared to the reference sys-
tem during a maneuver that has not been used to train any of the ANN:
[DoubleLaneChange, ConstVel]. In Fig. 5, some of the simulated measurement
data of the system with ANN for the “wheel joints” is shown. The second and
third row show how the reference forces are completely different from the ANN
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Fig. 4. The learning process for Fhz. Blue points: MSE of a single mini-batch used for
the next weight vector update. Orange points: MSE of the entire test set after each
epoch. The final root-mean-square error (RMSE) for the testing set is used as an
indicator for regression accuracy (see legend above).

outputs that were supposed to model the exact same functions. For example, the
lateral component, from the beginning, is, in contrast to the original, not zero
and leads to movement of the vehicle model that can be seen in the first row.
This behavior moves the model state into regions with even fewer samples of the
learning set, which likely results in larger deviations from the desired outputs.
The vehicle model basically reaches a point at which it stops and keeps rotating
instead of performing a double lane change.

3.3 Requested Points in Feature Space

To get an idea of why the ANN approximating relations for the wheel joints do
not lead to the desired results, its feature space is compared to that of the ANN
for dynamic loads with regard to learning set and those data points requested
during simulation. In the case of drag (not shown due to space limitations),
every requested point is surrounded by points of the learning set. In Fig. 6, it
can be seen that many of the requested points are still near the learning set (left
image). This is not true for the right image in which the red trajectory quickly
leaves the proximity of the learning set. Additionally, note that the feature space
is covered a lot more sparsely due to its higher dimensionality.

3.4 An Approach to Detect Unreliable Extrapolation

Algorithm 1 tries to detect unreliable extrapolation at input point Pin to an
ANN based on its n nearest neighbors N in the learning set L. The target value
vector r of N given feature matrix A is approximated using a polynomial of



Towards Grey Box Modeling in Modelica 211

0 20

0

2

4

y

reference

0 20

model with ANN

0 20

0

2

difference

0 20

−200

0

F
h
x

0 20 0 20

−200

0

200

0 20
time in s

−1000

0

1000

F
h
,l
a
t

0 20
time in s

0 20
time in s

−1000

0

1000

Fig. 5. Virtual measurement data of both the reference model and the model with
wheel joints including ANN. The data was generated using OpenModelica and has
been plotted using Matplotlib [7].
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Fig. 6. Inputs to ANN. Blue: learning set. Red: inputs during simulation of the double
lane change.

order o (here assumed to be 1) linear in its coefficient vector x. Feature Matrix
A, for o = 1, holds a 1 and a vector of features per each row for all points in N .
σ measures how well the polynomial approximates N . If σ is low enough, the
difference d between the polynomial and the ANN output at point Pin is used
to rate the extrapolation of the ANN.
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Algorithm 1. detect unreliable extrapolation
1: Choose order o ∈ N. (here 1)
2: Choose ratio q ∈ R holding q ∈ [0, 1] (here 0.05).
3: Find the greatest number n ∈ N holding n ≤ q · |L|.
4: for all Pin do
5: Find the n nearest neighbors of Pin in L measured by euclidean 2-norm. These

form N .
6: Solve linear system A · x = r, to find optimal vector or coefficients x∗.

7: Calculate σ =
√

|A · x − r|2 · n−1.
8: if σ ≥ σmax then
9: Do not flag the output as unreliable.

10: else
11: Calculate difference d between polynomial ANN output. In this case: d =

[1, Pin,1, . . . , Pin,p] · x∗ − NN(Pin ).
12: if d ≥ dmax then
13: Do flag the output as unreliable.
14: else
15: Do not flag the output as unreliable.
16: end if
17: end if
18: end for

In what follows, thresholds σmax and dmax are not set and σ and d are
regarded separately. In the example of dynamic loads on the left of Fig. 7, σ
becomes very small because the underlying reference function is piecewise linear.
In the case of Fvz, d peaks to values of 19.6 N. For comparison, if the reference
model does not accelerate, this value becomes 98.1 N, so this is a noticeable
deviation with respect to “usual” values. In the context of wheel joints, σ of Fhx

quickly becomes stationary at 1.26 which indicates an (expected) nonlinearity
of the underlying function. Here, however, in the end, d becomes a lot larger
(1.6e6 N). Even at points where σ is still below 0.1, d is already larger than
100. This behavior makes the ANN extrapolation unreliable with regard to the
respective nearest neighbors.

This application demonstrates that σ and d can help detect unexpected or
unreliable ANN extrapolation when σ is, by magnitude, a lot smaller than d.
Nevertheless, the magnitude of d alone does not account for the actual effect on
the system and it remains to be answered in future research how to estimate the
impact that d has on the system.
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Fig. 7. Values of σ and d throughout the double lane change.

4 Conclusion

In a reference model of a dynamic system written in Modelica, different relations
have been modeled using multilayer perceptrons. By means of popular Python
modules, they were trained externally on the basis of simulation data of the
reference model. This data was generated with the help of driver models which
aim to cover regions of the ANN input space as well as possible. The trained
ANNs, then in the form of *.pb files, were used to replace the respective rela-
tions in the reference model. This has been achieved by means of a wrapping
library that makes functionality of the Tensorflow C++-API available to C and
Modelica. Two (drag, dynamic loads) of the three components modeled this
way produced desirable results during a maneuver on the basis of which none of
the ANN had been trained. The last component (wheel joints) could not be
modeled adequately according to simulation results. The input spaces have been
compared and it became apparent that the ANN of wheel joints had requested
points far outside the regions more densely occupied by the learning set.

Apart from that, an approach to detect unreliable extrapolation by ANNs
has been proposed. It compares the output of an ANN to a polynomial approx-
imation of the neighborhood of a requested input point. The question how to
set thresholds σmax and dmax, however, remains subject to further research. An
option to find relevant values for dmax could involve sensitivity analysis of a mea-
sured variable to deviations in d. This strategy aims to address similar problems
as the field of “anomaly detection”, for which [3] names several approaches such
as kernel-based density estimation.
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In order to apply the modeling approach described in this contribution to
a real system, certain problems have to be solved. In order to find out which
relations in an existing model should be altered to enhance model accuracy, dif-
ferent approaches exist. One option is to estimate the parameters of a statistical
differential equation (SDE) as described in [9]. Once said relations are found, it
is important to find a relevant set of predictors/input variables to the relations.
In [6], reasons to reduce the number of said predictors are given. One class of
approaches to find a good set of variables are so-called “wrapper”-methods which
train models with different sets and rate those by e.g. accuracy metrics like the
MSE. The ANNs in this contribution were not regularized. Others (e.g. [13])
have shown that the introduction of such techniques can help improve model
generalization.
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Abstract. As the population ages, there is an increasing need for socio-emotional
support for older adults. To meet the socio-emotional support requirement, a
companion robot, named asWobot, is developed. TheWobot composed of a tablet
and docking station, with voice dialogue, Internet of Things control function. This
paper is focusing on a new interactive system for the companion robot developed
by using the telepresence technology. The elderly call a video phone by voice
control, and the remote user can manipulate robot action when making video call.
It can create more diverse interpersonal communication experience for the elderly
and build a stronger relationship with the children.

Keywords: Companion robot � Interactive system � Telepresence technology

1 Introduction

The world population is ageing rapidly with the percentage of older adults increasing to
24% by 2030 from 10% in 2000 [1]. Therefore cost of providing aged care has been
growing [2]. However, with the change of living patterns, the children have no time to
take into account the mood of their elders and solve their loneliness. Robotic tech-
nology has been identified as being able to help older adults to live independently [3].
Japan has already launched several companion robots designed for the elderly, such as
Paro, developed by Japan Institute of Industrial Technology, to meet the emotional and
spiritual level of interactive robots [4]; Kribo, developed by KIBO Robot Project, can
communicate with human beings through dialogue. However, most of these companion
robots belong to self-disciplined robots. They can only give fixed feedback to external
stimuli and lose their freshness as time goes on [5]. Norman [2005] proposed that
robots should be partners or media for human interaction with others, rather than
replacing people’s original contact and interaction [6].

Compared with the companionship provided by companion robots, the real inter-
active conversation between people is more vivid and changeable, or because of the
work requirement, there will be the need to talk to each other face to face, get the
auditory and visual information of each other’s location, so there will be a “Telepresence
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Robot” [7]. Telepresence technology is common in the use of interpersonal commu-
nication and interaction in video conferencing. Later, robots using telepresence tech-
nology have been created. The main goal of this type of robot is to eliminate the
restriction of space separation between people. What is more, it acts as the agent of the
remote user to roam around the proximal user and interact with the proximal user. For
example, the telepresence robot Beam created by Suitable Technologies (http://
suitabletech.com) for mobile video conferencing; the telepresence robot RP-VITA (Care
Presence Virtual and Independent Telemedicine Assistant) developed by iRobot in
collaboration with InTouch Health for telemedicine [8]; and Telenoid R1, a telepresence
robot developed by Osaka University and International Institute of Electrical and
Communication Technology [9]. However, the cost of the above-mentioned robots is
relatively high and the price is expensive, and the subsequent functional scalability is
complex.

In recent years, due to the vigorous development of smart mobile devices such as
the iPhone and Android, smart mobile devices have also affected the design of robotic
products [10]. Intelligent mobile devices as the control center, the product itself only
provides vehicles; software can be downloaded from the online application store;
manufacturers in the development of novel features can quickly let users experience
and get feedback; and hardware carrying the functions can be cheaper and more
acceptable to users. All complex logic operations and sensing can be accomplished by
smart mobile devices.

The companion robot designed in this study has multiple companion functions,
such as voice dialogue, cooperating with elderly rehabilitation game and so on. This
paper focuses on an interactive system by using the telepresence technology, cloud
service and application implemented on the tablet computer, remote users can make a
video call with proximal users and control the Wobot action. Through experience, the
children working outside and the elderly at home can share their life and care in real
time, so that they can shorten the distance between their souls.

2 Presentation of Wobot

Wobot consists of a tablet and docking station as shown in Fig. 1, using the Body-
cerebellar-brain architecture. The robot base mechanism and servo motor are the
“Body” in the system, for the realization of the action and the support of the robot;
“Cerebellar” refers to the control chip, including the servo motor control chip and the
Bluetooth chip, which is the bridge between “Body” and “Brain”; “Brain” is the tablet,
which has its own Internet and video communication functions, sending commands to
the robot base mechanism. This hardware-matched software model makes development
more flexible and easy.

220 S. Chen et al.

http://suitabletech.com
http://suitabletech.com


The overall operating architecture of Wobot is shown in Fig. 2. It consists of six
technical modules, namely the Proximal communication module, the Voice function
module, the Emoticon animation module, the Bluetooth connection module, the Action
module and the Remote communication module. Wobot has a Voice function module,
which can realize voice dialogue, information query and IoT home appliance control in
natural language.

The overall process of Wobot’s system architecture is as follows: the proximal user
opens the Wobot App, communicates with Wobot through the “Voice function mod-
ule”, and the “Emotion animation module” plays the situation animation during the

Fig. 1. Wobot model and architecture

Fig. 2. Wobot system architecture diagram
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communication process, and transmits the Bluetooth by the “Bluetooth connection
module”. Command the “Action module” in the base of the Wobot robot to make the
corresponding action. The “Proximal communication module” in the Wobot App can
make a video call to a remote user who has a Wobot Care App with a “Remote
communication module”. The design of the Telepresence interactive system will be
described in detail in the next section.

3 Interactive System

According to the interaction relationship between Wobot users and remote users,
Wobot users divide into “proximal” and “remote” users, which are “proximal users” in
the same space as Wobot and “remote users” of operating robots in another space.
Proximal users can communicate with remote users via cameras, microphones on
tablets and video communications App (Fig. 3). The remote user can send action
commands to the background resident program Wobot App on the proximal user Tablet
through Wobot Care App. After Wobot App confirms the action commands, which is
transmitted to the docking station by Bluetooth, and then the docking station will track
the proximal user or monitor the surrounding environment.

Information transfer process is described according to the information flow diagram
in Fig. 4:

First, the proximal user opens Wobot App, wakes Wobot up successfully, and
sends video instructions to Wobot App. Second, Wobot App has speech recognition
function, which transfers the user’s voice in JSON format to Dialogflow by
HTTP. Third, Dialogflow processes voice and transmits related content to AWS IoT via
HTTP in JSON format. Next, AWS IoT service sends relevant content to Wobot Care
App of remote users through MQTT transmission mode. Then, Wobot Care App sends
back instructions to AWS IoT. Finally, AWS IoT is sent back to Wobot App, both of
which establish video calls through FCM.

During the call, remote users can use MQTT to transmit action instructions to AWS
IoT through Wobot Care App. AWS IoT transmits action instructions to Wobot App,
which is the resident program of proximal users.

Fig. 3. Interactive situation
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3.1 Wobot and Wobot Care App Design and Development

Wobot system includes two important applications, Wobot Care App for remote
control and Wobot App for proximal receiving instructions and executing them.

The software module diagram of Wobot App is shown in Fig. 5, including login,
home and sign out screens. The background service includes account login or logout,
wake-up words for wake-up of the robot; cloud server Amazon; voice processing
platform Dialogflow for voice recognition; call establishment scheme WebRTC;
BleConnect for Bluetooth connection and action command transmission.

Fig. 5. Software module diagram of Wobot App

Fig. 4. Information flow diagram
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To achieve the above process, Wobot App builds three functions: Bluetooth con-
nection, video communication and remote control.

Bluetooth connection uses bleConnect function in Android function library module
com.inuker.bluetooth.library:1.4.0 to connect with Wobot Bluetooth and transmit
instructions;

Video calls use the Call function in libjingle_peerconnection function library
module to establish communication links, and use the CallNotify function in com.-
google.firebase:firebase-messaging:15.0.2 function library module to realize FCM calls
pushing;

Remote control uses mqttManager. connect function in com.amazonaws: aws-
android-sdk-iot: 2.6.6 function library module to establish an online connection with
AWS IoT, and uses mqttManager. subscribe ToTopic function to receive control
instructions from Wobot Care App.

In order to realize remote control function, AWS IoT in AWS service is used as
MQTT Broker.

The software module diagram of Wobot Care App (Fig. 6) is similar to that of the
Wobot App, except that there is action commands displayed in the main interface.

3.2 Action Control Program for Servo Motors

The motion of the Wobot is controlled by the servo motor. We write the servo motor
control program designing for remote user in the control chip. The remote user can
adjust the angle of the base of the robot and adjust the four directions of up, down, left,
and right. Because of the adjustment, the angle control procedure as follows: after the
program is burned into the motor control board, if the received command is the same as
the motion command code, the content is encoded according to the motion command,
and the angle is fine-tuned until the action is completed. If the receive command is not
an identifiable command, it will return the error to the Wobot App and wait for the
receive character again (Fig. 7).

Fig. 6. Software module diagram of Wobot Care App
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4 Preliminary Experiments

When the proximal user places a video call command, the proximal Wobot App and the
remoteWobot Care App are connected. The remote user can control the button according
to the video interface action of the Wobot Care App (Fig. 8), adjust the Wobot base
motion, and provide more interactive and interesting communication methods.

At the result, the success rate of the videophone dialing is 86% according to the
data provided by the Dialogflow, and the motion control command has a little delay,
but the whole call process is smooth, and the pre-operation command can be com-
pleted, which meets the design requirements.

Fig. 7. Servo motors control program flow-process diagram

Fig. 8. Remote control screen and Wobot physical model
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5 Conclusions

This study has developed an interactive system for a companion robot using the
telepresence technology. Remote users can make a video call with proximal users and
control the Wobot action. Users can use the Wobot Care App’s user interface to
transmit action commands, receive and execute commands in the background’s Wobot
App, and enrich the original video communication. Experiments show that it meets the
design requirements. Combining cloud services to reduce robot development costs,
Wobot App update features or maintenance are fully auto-updated through the app
store. The next step is to enrich the interactive system, such as transmission emoticons
or gif to proximal users.
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Abstract. The motors for industrial robots and transporting robots are required
to have high-precision positioning, large torque output, and small size. However,
conventional motor systems have disadvantages in size or load-supporting
capacity. To solve the problems, we proposed a novel reducer-integrated motor.
The proposed reducer-integrated motor has a reducer using the differential gear
mechanism which realizes the simultaneous engagement of two kinds of external
and internal gear pairs: one with a small difference in teeth number and the other
with no difference in teeth number. Inside the reducer, linear actuators are
installed, which contributes to downsizing of the motor. Additionally, two gear
pairs with no difference in teeth number are fixed on the base and the gear pair
with a small difference in teeth number is set between them. These two kinds of
gear pairs engage simultaneously and support the load torque. It is thought that
the structure of the proposed motor can realize high load-supporting capacity and
high stiffness. In this paper, the structure and movement of the proposed motor
are explained. Then, the experiments are conducted to clarify the optimal input
pattern for the accurate rotation by using the prototype of the proposed motor.
Through the measurement, the optimal input pattern is suggested.

Keywords: Motor � Reducer � Differential gear mechanism

1 Introduction

The motors that have high-precision positioning and large torque output are required in
the fields of industrial robots and transporting robots, though conventional electro-
magnetic motors have high-speed and low-torque output. To overcome these gaps,
motors combined are used with reducers. However, the conventional reducers utilize
multistage trains of spur gear pairs or planetary gear mechanisms to gain high reduction
ratios and therefore become large and heavy. They cause the entire motor system to be
large and heavy.

To solve this problem, reducer-integrated motors using the differential gear
mechanism of an inscribed planetary gear, or a KHV planetary gear [1–4] have been
proposed. For example, cycloid motors [5] and wobble motors [6] consists of an
external gear, an internal gear, and linear actuators. The internal gear, which is pushed
by the linear actuators from the outside to the center, revolves around the external gear.
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Meanwhile, the external gear rotates by the difference in teeth number from the internal
gear. Thus, the reducer-integrated motors can output a reduced rotation directly from
the input of the linear actuators. It derives an advantage in the downsizing of motors.
However, this type of motors has disadvantages in limited load-supporting capacity and
stiffness, because the linear actuators need to support the load torque applied to the
output part in the circumferential direction. Then, some of the authors previously
proposed a reducer-integrated motor using the strain wave gearing system [7]. That
proposed motor is expected to achieve high load-supporting capacity and high stiffness
because the load torque is supported by two internal gears fixed on the base thanks to
the simultaneous engagement of three gear pairs. However, this motor has difficulties in
design and production due to an elastic and flexible external gear.

To address this issue, we proposed a novel reducer-integrated motor using only
rigid gears and realizing simultaneous tooth engagement [8]. We designed the differ-
ential gear mechanism in which the gear pair with a small difference in teeth number
and the gear pairs with no difference in teeth number engaged simultaneously. This
gear mechanism realizes a high reduction ratio, which helps the motor to achieve
downsizing similarly to the existing reducer-integrated motors. At the same time, two
internal gears fixed on the base support the load torque applied to the motor, and then
the motor can gain high load-supporting capacity and high stiffness. In this paper, we
discuss and evaluate the movement of the proposed motor. The structure and move-
ment of the motor are explained first. Then, the experiments are conducted using the
prototype and the optimal input pattern is suggested.

2 Proposed Reducer-Integrated Motor

Figure 1 shows the schematic structure of the proposed reducer-integrated motor. One
ringed rigid external gear engages simultaneously with two kinds of internal gears, one
A gear and two B gears. The internal A gear has one more tooth than the external gear,
and the two internal B gears have the same teeth number as the external gear. The two
internal B gears are placed coaxially on both sides of the internal A gear. Inside the
external gear, linear actuators are arranged radially at equal intervals and fixed on the
base. Each linear actuator (e.g., linear solenoids) can actively elongate and shrink in the
radial direction. The external gear can rotate and move in the radial direction freely.
The internal A gear is supported to rotate around the central axis. The two internal B
gears are fixed on the base and do not rotate.

Next, we explain the movement of the proposed motor considering the situation
where the neighboring two linear actuators are operated at the same time and switched
clockwise, as shown in Fig. 2. When the linear actuators are operated and push the
external gear, the external gear moves in the radial direction and engages with the
internal A and B gears. The teeth number of the external gear is the same as those of the
internal B gears fixed on the base, so that the external gear does not rotate but revolves
around the internal circumferences of the internal gears. When the external gear
revolves, the internal A gear rotates according to the difference in teeth number from
the external gear, that is, every clockwise revolution of the external gear causes rotation
of internal A gear by the teeth number difference. This means that the proposed motor
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can directly output a reduced rotation. When we set the switching linear actuators as the
input and the rotation of the internal A gear as the output, the reduction ratio R is
represented by

R ¼ z2
z2 � z1

¼ z2 ð1Þ

where z1 and z2 are the teeth numbers of the external and the internal A gear,
respectively.

The proposed motor has the following characteristics: First, the linear actuators are
installed inside the reducer, which contributes to downsizing of the entire motor sys-
tem. Next, the load torque applied to the internal A gear is supported by the internal B
gears fixed on the base through the external gear, so that the linear actuators do not
receive the circumferential force directly. Therefore, the proposed motor can support
high load torque and gain high stiffness. Additionally, because the internal B gears are
put on both sides of the internal A gear, the torque on the external gear from the

Fig. 2. Rotation of the internal A gear by the revolution of the external gear

Linear
actuators

Base

Internal
A gear

External
gear

Internal
B gear

A

A

B

B

Internal B gear
(Fixed)

Internal A gear (Rotatable)

External
gear

(Free)

A-A B-B

Linear
actuators

Fig. 1. Structure of the proposed reducer-integrated motor [8]
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internal gears become symmetrical in the axial direction. These symmetrical torques are
expected to suppress the tilt and torsion of the external gear and increase the stiffness of
the motor. Finally, the proposed motor consists of rigid external and internal gears and
does not need special gears, such as elastic gears. Then, it is thought to be relatively
easy to produce the reducer of the motor.

3 Motion Experiment

In the proposed reducer-integrated motor, various input patterns are available. In order
to investigate the optimal input pattern for the motor to rotate accurately, we conduct
the experiments.

We introduce the prototype used in the experiments. The overview and properties
of the developed prototype are shown in Fig. 3 and Table 1, and the specifications of
the produced gears are shown in Table 2. In Fig. 3(b), the internal A gear is exposed by
removing one of the two internal B gear and the external gear to show the internal
structure. The basic structure of the prototype is the same as that in Fig. 1, and 12 linear
solenoids are installed as the linear actuators. Though we used large linear solenoids to
gain certain force output in order to confirm the movement, the linear solenoids are put
outside the gears because of their size. Hence, the output of the linear solenoids is
transmitted to the external gear through the connecting parts and the pushing parts as
shown in Fig. 3(c). A programmable logic controller (PLC) operates the movement of
the prototype. The PLC switches the linear solenoids on and off at the designated
timing. It can also measure the rotation angle of the output part with the laser dis-
placement sensor. In the measurement of the rotation angle, the distance is measured
between the laser displacement sensor fixed on the base and the reflecting plate fixed on
the internal A gear and moving in the circumferential direction with the output part
rotation. The displacement of the reflecting plate from the initial position in the pro-
gressing direction of the laser is converted into the rotation angle.

By using this prototype, the experiments were conducted. In this paper, we targeted
four fundamental input patterns, i.e., the stepping movements. Figure 4 shows the four
input patterns. In Pattern 1, only one linear solenoid is used at the same time. In Pattern
2, the number of working linear solenoids alternates between one and two. The pushing
force when two pairs are operated is half of the power when one pair is operated.
Pattern 3 is the same movement as shown in Fig. 2, where two linear solenoids always
push the external gear. In Pattern 4, two linear solenoids are used at the odd-numbered
steps and three linear solenoids are used at the even-numbered steps. When three pairs
are operated, the power of the linear solenoids on the sides is half of that of the linear
solenoid in the middle. According to the result of the observation, the motor prototype
rotated properly as expected.

Figure 5 shows the measured and theoretical rotation angle in each input patterns
with 500-ms intervals of steps. In Pattern 1, the measured rotation angle draws the steps
as expected, but there occur almost constant errors. Note that the results are offset so
that the theoretical and measured values match at the initial time. It suggests that the
error is caused mainly in the first step for some factors, such as friction between the
teeth surfaces and lack of pushing power. In Pattern 2, the errors are relatively small at
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the even-numbered steps except for the second step, while rotation hardly occurs and
large errors arise at the odd-numbered steps. This means that the motor rotates properly
only when two linear solenoids are operated at the same time. Actually, in Pattern 3,
where two linear solenoids are always operated, the measured rotational angle matches
the theoretical angle well. On the other hand, relatively large errors occurred again in
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Fig. 3. (a) Overview of the motor prototype. (b) Internal structure. (c) Sectional view.

Table 1. Properties of the proposed reducer-integrated motor prototype

Entirety of prototype Width 450 mm
Depth 450 mm
Height 150 mm

Linear solenoid Model Shindengen Mechatronics Co., Ltd., 6EF
AWG. No. 20

Laser displacement
sensor

Model KEYENCE Corporation, LK-G150
Resolution 1 lm
Sampling period 1 ms
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Pattern 4. Here, the measured rotation seems to delay by nearly one step compared to
the theoretical value. This might be because the output force disturbance of the linear
actuators caused a problem between the first and second steps when the power dis-
tribution of the linear actuators is changed.

Table 2. Specifications of the gears used in the proposed reducer-integrated motor prototype

External gear Internal A gear Internal B gear

Module 3
Reference pressure angle (°) 20
Teeth number 43 44 43
Profile shift coefficient −1.21 −0.91 0.7687
Addendum coefficient 0.60 0.35 2.0
Root circle diameter (mm) 115.14 132 132
Facewidth (mm) 52 26 12.5 � 2
Inner diameter (mm) 110.4 – –

Outer diameter (mm) – 170 170

 

Pattern 1 Pattern 2

Pattern 3 Pattern 4

Fig. 4. Four input patterns for the experiments
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By taking a closer look at the measured results, we compare the average step angle
errors. The step angle error is the difference between the theoretical and measured
values in the rotation angle of the internal A gear at each step. The theoretical step
angle is given by 360=nR where n is the number of steps to switch the linear solenoids
in one round. The reduction ratio R coming from Eq. (1) is 44 in the prototype.
Namely, the theoretical step angle is 0.682° in Pattern 1 and 3 where n ¼ 12, and
0.341° in Pattern 2 and 4 where n ¼ 24. When we take the average value of the step
angle errors in 130 steps to the theoretical step angles in each pattern, the results are
shown in Fig. 6. Obviously, the error in Pattern 2 is larger than the others as discussed
above. Compared to Pattern 1 and 3, Pattern 4 causes a larger error. Thus, the change of
the number of the operating linear solenoids may bring a negative effect in the accuracy
of rotation. The error in Pattern 3 is smaller than those in Pattern 1. In fact, no linear
solenoids can work on switching the linear solenoids between the steps in Pattern 1, so
that the rotation may be uncertain. It causes a problem especially when load torque is
applied to the motor. From the above, we conclude the optimal input pattern would be
Pattern 3.

4 Conclusions

In order to solve the problems of the conventional motor systems, we proposed a novel
reducer-integrated motor using the inscribed planetary gear mechanism. In this paper,
we conducted the experiments to find the optimal input pattern for the accurate rotation
by using the prototype of the proposed motor. As a result of the observation and
measurement, the input pattern where neighboring two linear actuators were always
operated was suggested to be the optimal pattern.

Acknowledgment. The authors would like to thank AMTEC INC. for their support in this
research.
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Abstract. The design of strain sensor made from conductive fabrics (CF)
requires precise characterization prior to their intended use. However, the
electrical signals produced by the direct resistance measurements of CF are
irregular and have high deviation which affects its performance as a wearable
strain sensor. In this paper, we explore an alternative design, where the elec-
tromechanical property of a CF is characterized under the application of a small
constant current. The result showed an improvement in the maximum standard
deviation of its electrical signals from 0.2 to 0.06 for a commercially available
CF. Apart from enhancing the reliability of the commercial CF, we also found
that a variety of strain axes, besides its principal course axis, can be used in the
design of the fabric sensor.

Keywords: Conductive fabrics � Wearable strain sensor �
Sensor characterization

1 Introduction

The capabilities of collecting daily information during our human motion activities
hold particular interest in clinical and sports application [1]. Over recent years, the used
of flexible strain sensor made from conductive fabrics (CF), have received many
research interests in applications for human motion monitoring [2–4] and medical
technology [5, 6].

CF exhibits piezo-resistive effect and has a highly elastic property. The piezo-
resistive effect led to electrical property changes during deformation and its high elastic
property makes them highly suitable for use as wearable sensors. However, its
development as a wearable sensor requires tactful characterization process for its
electromechanical property [7]. Such property is dependable on the yarn direction,
thread material [8], coating material and geometry. For a good review, refer to [9, 10].
Most CF knitted yarn structure is constructed through wales direction (WD) and
courses direction (CD) which is based on two knit types, namely the weft and warp knit
[11] as shown in Fig. 1. To achieve conductive behavior, three approaches are used
based on their thread embodiment types: (i) twisting of metal wires around the yarn;
(ii) coating the yarn with a thin metal layer; and (iii) embedding metal fiber directly into
the thread. For details, see [12, 13].
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The most common method of CF sensor design that exists in literature involved a
direct measurement of its electrical resistance along the fabric principal course or wale
axis [7–10]. This is as shown by the circuitry on the left of Fig. 2. Such design though
convenient but results in irregularities and high deviation [9, 10] in the resulting sensor
electromechanical property. This poses a problem as it affects the reliability and
accuracy of the resulting wearable strain sensor for use in clinical application.

In this paper, we explore an alternative sensor design, where the electromechanical
property of a commercially available CF (Electrolycra) along a variety of its wale and
course direction is studied under the application of a constant current for its perfor-
mance. This is motivated by the work of Jinnan et al. [14], where their wearable
graphene-coated fiber sensors were shown to maintain stable and accurate performance
under both low and high strains through the introduction of constant current to their
device. Our goal is to understand the key geometric parameters affecting its elec-
tromechanical property, in particular if it is dependent on the fabric length, width or a
combination of both.

2 Sensor Architecture and Design

The concept of our CF strain sensor architecture, as shown in Fig. 2, was to supply a
small constant current through the sensor terminals while measuring the resulting
output voltage as the resistance of the fabric strip changes under elongation.

2.1 Sensor Design

The design of our strain sensor is as shown in Fig. 3. It consists of two end holders with
a strip of CF attached to it. To secure and ensure that any attached CF strip are
measured from the same contact point, we have designed a holder made from a 2 mm
thickness of transparent acrylic, assembled with copper tape and wire. Refer to Fig. 3a
for its exploded view, Fig. 3b for the acrylic holder copper tape and wire, and Fig. 3c
for the completed assembled strain sensor.

Fig. 1. The weft knitted structure (left) and warp knitted structure (right) with their respective
wale and course direction.
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2.2 Material Selection

To choose a suitable CF material for our sensor, we have evaluated a variety of
commercially available CF such as (1) EeonTex™ NW170-PI-20, (2) EeonTex™
LTT SLPA, (3) Electrolycra (Mindsets Ltd, UK) and (4) fabric 4900 stretch conductive
fabric (Holland Shielding Systems B.V) and found that Electrolycra have a repeatable
resistance-strain behaviour as compared to the rest. This form our choice of material for
our sensor where we seek to perform further detail characterization.

Fig. 2. Existing measurement method found in literature (left) and our proposed measurement
method (right).

Fig. 3. (a) Exploded view of the strain sensor, (b) 2 mm transparent acrylic with copper tape
and wire, (c) Assembled strain sensor for a 10 � 1 cm example.
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3 Sensor Characterization

To investigate the electro-mechanical relationship of our sensor under the effect of
using a constant current source. An experimental testbed was devised to measure our
sensor strain-voltage relationship as shown in Fig. 4. It consists of an Agilent DC
Power Analyser (Model: N6705B) to provide a constant current source of 30 mA
across the strain sensor and a linear stage to provide the necessary strain input to our
sensor. The voltage values from the strain sensor and the encoder data from the stepper
motor were simultaneously recorded at 200 Hz (5 ms) using a real-time embedded
evaluation board (National Instrument: MyRio).

All samples were cut using GCC Laser Cutting System and tested under the same
speed of 10RPM up to a strain of 60%.

3.1 Strain Axis Electromechanical Property

First, we study the electro-mechanical properties of the CF along a variety of different
axes. Our goal is to understand if there is an optimal fabric axis that yields the best
electromechanical performance. To the best of the author’s knowledge, the elec-
tromechanical effect of the courses and wales combination direction under constant
current effect was not studied in any current literature and this work seeks to address
this. The study involves a constant 10 � 1 cm sample strip at increment angles of
22.5o as shown in Fig. 5.

Fig. 4. The experiment setup for sensor characterization.
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For each of these samples, they were repeated for ten trials. For each trial, they were
strain to 60% and back. The measured voltage and encoder data were expressed as
normalised relative voltage (Vi �V0

V0
Þ and length ðLi �L0

L0
Þ, where V0 and L0 denote the

initial voltage and length of the fabric prior to strain and Vi is the voltage of the fabric
at a particular instance of time. The return path of the strain sensor was not taken into
consideration as we are not interested in its hysteresis effects at this stage. The mean of
the results for these ten trials is plotted in Fig. 6.

Fig. 5. Orientation of the various 10 � 1 cm sensor samples.

Fig. 6. Mean Normalize Strain-Voltage graph of the CF along the various fabric axis.
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3.2 Geometric Parameters Affecting Electromechanical Property

Next, we investigate further the electromechanical behaviour of the CF along its best
performing CD axis. In particular, the axis where the largest relative normalized
voltage is observed. To understand this, four samples of different length and width with
geometric dimensions as indicated in Table 1 are characterized.

Similarly, for each of these samples, they were repeated for ten trials where they
were strain to 60%. The individual 10 cycles results were plotted in Fig. 7(a–d).

3.3 Sensor Electrical Hysteresis

Next, we investigate further the sensor electrical hysteresis behaviour of the CF along
its best performing CD axis. Four samples of different length and width with geometric
dimensions as indicated in Table 1 are characterized. For each of these samples, they
were repeated for ten trials where they were strain to 60%. The mean individual
dimension results were plotted in Fig. 8.

Table 1. CF sample with different dimension.

Sample Length (cm) Width (cm)

Sample 1 10 1
Sample 2 10 2
Sample 3 20 1
Sample 4 20 2

Fig. 7. Normalize strain-voltage relationship for each individual sample: (a) 10 � 1 cm sample,
(b) 10 � 2 cm sample, (c) 20 � 1 cm sample, (d) 20 � 2 cm sample.
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4 Discussion

From the characterization results, it was shown that the fabric CD axis yields the best
electromechanical performance. This is due to having the highest normalization voltage
values, which provides a better sensor working range and sensitivity between 0% to
50%. Also, along this axis, we have observed that its length does not have any
influence on its normalized electromechanical performance, but its width does affect its
stability due to the higher noise variation (Fig. 7). We also noticed that any angle
between 67.5o and N67.5o axes apart from the CD axis are possible candidates for use
as a strain sensor, due to their similar sensitivity and electromechanical behaviour
(Fig. 6). This also indicates the amount of manufacturing precision required for cutting
along the appropriate fabric axis is not very curial. However, we find that any axes
outside of the above range are not suitable due to their nonlinear behaviour in particular
within its 10–30% strain range and much lower normalized voltage behaviour as shown
by the plots of WD, 22.5o, N22.5o, 45o and N45o axes. On hysteresis, we found that it
consistently peaks at 0.30% strain and reaches a plateau at 0.50% strain, for all samples
tested, as shown in Fig. 8.

Next, to compare the resulting variation performance of our sensor design with that
as reported by Grassi et al. [9], we calculated the overall mean data and standard
deviation across our four characterized CD axis samples. The results were plotted in
Fig. 9. Our result shows an improvement when compared to their normalized resistance
data, with a maximum standard deviation of 0.06 at 20% strain for our sensor as
compared to 0.2 at 30% strain as reported by the authors. This verifies the benefit of our
sensor design. We have also observed similar electromechanical trend and they reach a
plateau after reaching 50% strain.

Fig. 8. Mean Normalise strain-voltage relationship for 10 � 1 cm, 10 � 2 cm, 20 � 1 cm and
20 � 2 cm sample with hysteresis.
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5 Conclusion

This paper explores an alternative sensor design for conductive fabric (CF) sensors.
This was achieved by applying a small constant current and measuring the resulting
voltage as compared to pure resistance measurement as found in the literature. Using
this approach, we have seen an improvement in the strain-voltage relationship with a
lower noise standard deviation for the commercially available Electrolycra CF. Future
works seek to develop and test this strain sensor on applicable human joint sensing and
circuity miniaturization for mounting onto the human joint.
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Abstract. This study developed a six-axis force/torque sensor and calibration
system. To improve the stability of the calibration system, voice coil motors
(VCMs) were used as the system’s output force device. A simply and directly
designed structure lent reliability to the six-axis calibration force/torque sensor.
Furthermore, the system combined two precise one-axis load cells to receive the
output reactionary force from the VCMs, and then used a proportional-integral-
derivative controller to reduce the steady-state time. Finally, a mechanism was
designed to adjust the orientation of the calibration force. The six-axis
force/torque sensor is based on the principle of mechanical deformation of the
structure. Resistance strain gauges were used as measuring devices because of
their wide measurement range and high level of accuracy. According to the
results of a strain analysis using ANSYS, we designed a crab-type force sensor
as the main structure of our sensor. Through measuring the strain gauges on the
elastic body surfaces, we obtained the corresponding voltages of each applied
calibration force. In this study, we conducted least squares estimation (LSE) and
maximum likelihood estimation (MLE) to determine the transfer function
between the calibration force/torque and the voltages of the sensor. Overall, we
integrated the entire system with LabVIEW and simplified its usage to minimize
operation errors. Furthermore, the six-axis calibration process was conducted to
verify the proposed method.

Keywords: Multi-axis force/torque sensor calibration system �
Multi-axis force/torque sensor � Transfer function �
Maximum likelihood estimation � Least mean square

1 Introduction

In this study, a six-axis force/torque sensor and calibration system were developed. To
improve the stability of the calibration system, we used voice coil motors (VCMs) as the
output force device of the system. A simply and directly designed structure lent relia-
bility to the six-axis calibration force/torque sensor. Furthermore, the system combined
two precise one-axis load cells to receive the output reactionary force from the VCMs,
and then used the proportional-integral-derivative controller (PID controller) to reduce
the steady-state time. Finally, a mechanism was designed to adjust the orientation of the
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calibration force. The six-axis force/torque sensor is based on the principle of
mechanical deformation of the structure. We used resistance strain gauges as measuring
devices because of their wide measurement range and high level of accuracy. We
designed a crab-type force sensor as the main structure of our sensor according to the
results of strain analysis with ANSYS. By measuring the strain gauges on the elastic
body surfaces, we obtained the corresponding voltages of each applied calibration force.
Subsequently, we conducted least squares estimation (LSE) and maximum likelihood
estimation (MLE) to determine the transfer function between the calibration force/torque
and the voltages of the sensor. We integrated the entire system with LabVIEW and
simplified the usage of this equipment to minimize the operation error. Finally, the
six-axis calibration process was conducted to verify the proposed method.

2 Geometric Structure of the Six-Axis Force/Torque Sensor

The six-axis force/torque sensor proposed in this study was constructed on four spider
leg-shaped stands, which were characterized by four horizontal beams connected to the
center of a stress block and four vertical beams connected to the fixed base. Figure 1
illustrates the structure of the sensor and its stress position indicators, and Figs. 2 and 3
display the specifications of the structure. When stress was briefly applied to the central
block, the horizontal and vertical beams surrounding the block became deformed, and
surface strain was generated and detected by the strain gauges. Finally, a conversion
matrix was established using the calibration platform.

2.1 Locations of Strain Gauges

There was a stress concentration in the area less than 0.5 mm from the stress block
(Fig. 4). In order to make the strain gauge read signal linear and stable, the location of
strain gauges was selected to be 0.5 mm from the stress block.

Fig. 1. Structure of the sensor and its stress position indicators
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2.2 Wheatstone Bridge Connection Methods

After the correlation between resistance and strain was determined, the 16 strain gauges
on the sensor were arranged in full and half Wheatstone bridges (Fig. 5). Specifically,
the gauges were arranged as four full bridges and two half bridges to magnify or
diminish strain signals.

Fig. 2. Side view of the sensor

Fig. 3. Upper view of the sensor (Unit: mm)

Fig. 4. Distribution of strain on structural surface
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This method could make specific axis decouple, such as force of x and y axis would
not make the value of Tz change; Torque of x and y axis would not make the value of
Fz change; Force of z axis would not make the value of Tx and Ty change; Torque of z
axis would not make the value of Fx and Fy change.

2.3 Strain Analysis on the Z-Axis Force

When the force sensor experienced a z-axis force, the primary Wheatstone bridge
receiving the axial strain was the full bridge of Gauge 7 + Gauge 8 – Gauge 9 – Gauge
10. Because the geometric structure of the sensor was fully symmetrical, the analysis
results on all the spider legs would theoretically be identical. Therefore, only one of the
spider legs was required for analysis. The forces applied in the analysis were set as 1, 5,
10, 100, and 300 N. Figure 6 illustrates the structural deformation of the sensor
according to the analysis.

Fig. 5. Allocation of the strain gauges in six axes

Fig. 6. Allocation of the strain gauges in six axes
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2.4 Six-Axis Force/Torque Sensor Prototype

After the aforementioned analysis and simulation, the machining process was con-
ducted. Figure 7 presents a diagram of the six-axis force and torque sensor of this
study. The bottom of the structure is characterized by Wheatstone resistance, and the
surface of the circuit is protected from moisture by a moisture-proof frame.

2.5 Signal Processing

The analog signals from the Wheatstone bridge contained noise. To avoid signal dis-
tortion, we used signal amplifier and second order flitter to amplify signal and reduce
output noise.

3 Design of the Calibration Platform

A calibration platform was designed to facilitate stable and credible calibration, gather
strain signals generated by the sensor structure, and establish a conversion matrix.
Figure 8 illustrates the structural design of the platform. VCMs, load cells, precision
motion platforms, linear slides, dial indicators, optical aluminum plates, and other
processing components were used to magnify the precision and measurement range of
the calibration platform. The thrust or tension force detected by the output devices at
the two ends of the platform was transmitted directly to the designated fixture at the
center through the levers. The force was then transferred to the force/torque sensor
through the fixture. Thus, the force was applied directly to the sensor. The force
detected by the output devices was coordinated with the installation of the sensor to
exert a six-axis force on the sensor, and thus calibration was on all six axes. Load cells
were installed between the VCMs and levers to detect the axial forces, thereby
enhancing the calibration accuracy of the platform. The cells experienced reaction
forces from the VCMs and compensated the error values through feedback to the
controller for adjusting the calibration errors. The relative spatial positions of the levers

Fig. 7. Six-axis force/torque sensor prototype
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were then calibrated through the linear slides and dial indicators and fine-tuned using
the precision motion platforms and screws on the levers.

4 Calibration System and Transformation Matrix

The force sensor calibration platform applies a correction force to the sensor, collects
strain gauge values on the sensor, collects strain values, and mathematically determines
a corresponding conversion matrix between the two.

In addition, another key point is to establish the conversion relationship between
the force of the sensor and the strain gauge output voltage on the sensor. The sensor
designed in this study is linear under the force state to ensure the correction force can
be applied and sensing can be performed. The mathematical model of static correction
between strains is defined as:

YN�6 ¼ XN�6 � b6�6:

However, the structural processing and strain gauge bonding might cause the signal
of sensor to be not linear. Consider the nonlinear relationship between correction force
and strain gauge values. The mathematical model is defined as:

YN�6 ¼ X3bþX2bþXb:

The structure of the force sensor would cause coupling signal. With the 6 � 6
conversion matrix given above, could decouple signal to identify all axis forces
accurately. And through the numerical distribution of the matrix, the coupling rela-
tionship between every axis could be understood.

Fig. 8. Structure of the calibration platform
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5 Using the Nonlinear Least Squares Method to Establish
a Transformation Matrix

In this study, the power Y matrix of the system was established. Twenty sets of forces
were applied to each axial direction, the correction force was increased from 10 to
200 N, and the correction torque was increased from 0.75 to 15 N�m. This matrix
consists of 20 sets with every axial forces and 10 sets with every combined forces.
Thus, a 140 � 6 matrix was obtained. Each row in the corresponding voltage X matrix
represented the voltage value generated by the six axial sensing bridges. A transfor-
mation matrix can be obtained using the nonlinear least squares method. Thus, the X
matrix was 140 � 18.

At the end of the experiment, another 120 sets of experimental data were substi-
tuted into the transformation matrix to calculate the corrected force values and compare
the errors.

6 Conclusion

In this study, VCMs were used as the linear stability power source. Through the spatial
geometric relationship, a special fixture and rod were combined with the sensor to
achieve the six-axis force/torque correction capability of the sensor. The accurate load
cell received the reaction force of the VCM and provided feedback to the controller,
which provided compensatory action to ensure accuracy of the output device. Finally, the
six-axis force/torque sensor calibration platform was created. This platform has a power
correction range of 350 N and a torque correction range of N�mwith an error of less than
0.2%. Using this precise calibration platform, a transformation relationship matrix for
multi-axis force/torque sensors can be realized. The multi-axis force sensor equipped in
this system can sense forces up to 300 N and a torque sensing range up to 22.5 N�m. The
sensing error after conversion through the conversion matrix is less than 1%.
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Abstract. The design of humanoid robots is inspired to human anatomy and
operation with open challenges in mechanical performance that can be achieved
by using parallel architectures. In this paper, parallel architectures are recog-
nized in human anatomy and operations and they are used as inspiration for
designing parallel mechanisms within humanoid robots. Requirements and
performance of parallel mechanisms in humanoid designs are discussed. The
example of LARMbot humanoid is reported to show the feasibility and effi-
ciency of the proposed designs.

Keywords: Humanoids � Mechanism design � Parallel mechanisms �
LARMbot

1 Introduction

Humanoid robot design has been a major challenge in Robotics for decades, and in the
last ten years, successful humanoid designs were developed both by academy and
industry as platforms for research and applications for service, navigation, human-robot
interaction and learning. Examples can be indicated in NAO by SoftBank Robotics [1],
that is used in many Robotics competitions such as RoboCup; iCub [2], for research on
learning; WALK-MAN, a rescue robot for unstructured environments [3]; Pepper, for
investigation on human-robot interaction [4]; WABIAN-2 [5]; Ami, developed for
applications in Domotics [6]; REEM-B by PAL-Robotics, as a service robot in human
assistance [7]; ARMAR, a collaborative robot for Domotics [8, 9]. All these robots are
characterized by serial kinematic architectures with large workspace and mobility due
to the 5R, 6R, 7R and 8R kinematic chains that are used for arms and legs with the aim
of mimicking human motion and dexterity. However, the payload of these structures is
rather small (for example, NAO can lift only 0.15 kg per arm) and they are often
characterized by poor dynamics and stiffness. For these reasons, there are still chal-
lenging design issues and parallel architectures can be used to improve the mechanical
design and performance in accuracy, payload and dynamics of humanoid designs.
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2 Parallel Mechanisms in Human Anatomy

Humanoids are designed with structures and operations replicating human ones.
Human nature has a complex design in structure composition, with several kinds of
material and architectures that humanoid design can replicate only very partially. The
most referenced part of human anatomy for humanoid robot structures is the skeleton
system, which inspires solutions mainly with rigid links in serial kinematic chain
architectures. However, considering that the functionality of human movable parts is
mainly due to a combined/integrated structure of bones and muscles, the reference
structure for humanoid robot design can be considered a parallel architecture that
combines bones as rigid movable links and muscles as linear actuators. Figure 1 is an
example of such an inspiration from human anatomy, with parallel architectures of
bone and muscle for designing a movable arm with a parallel mechanism that is based
on the antagonist actuation of a pair of muscles for a planar motion.

The antagonist functioning of muscles is characterized by the fact that the muscles
mainly act with pulling actions when they are contracted, and therefore full mobility
requires alternated actions of two muscles in pulling and releasing. For complex
motions, such as 3D movements, a bone is actuated by more complex groups of muscles
that still control the operation through antagonist functionality. Thus, although the basic
principle can be still referred to the example in Fig. 1, human anatomy can be of difficult
replication in efficient compact designs for humanoid robots. However, the inspiration
from human anatomy for designs with parallel mechanisms can be summarized in

Fig. 1. Examples of parallel architectures with antagonist functioning: (a) in human anatomy;
(b) replicating mechanism.
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solutions that are characterized by two platforms in relative motion, which are connected
and actuated by a number of pairs of linear actuators working either independently (as
rigid variable links) or in antagonism (as cable-driven links).

3 Requirements and Design Performance for Humanoid
Robots

Humanoid designs are aimed at replicating/mimicking human operations mainly in
locomotion, manipulation, and sensing for human-like tasks and interactions. Figure 2
summarizes the main aspects that should be considered for design and operation by
looking at human nature, making a humanoid solution efficient, durable, and
functional.

In particular, for locomotion requirements, attention is required in a properly
designed leg workspace, in order to replicate the area of mobility of a human leg, which
is usually characterized by suitable values of step length and step height. In addition,
the locomotion can be performed in several modes just like humans, such as walking,
running and jumping, with characteristic performance in terms of speed and motion
smoothness. Among practical requirements, payload capability is required not only to
sustain the weight of the full humanoid but also considering the task loads and actions
that the leg system will have to support. As per a successful functionality, the loco-
motion system must be provided of control software and hardware as well as motion
strategies for a stable balancing during bipedal operations.

Similarly, the manipulation system is characterized by requirements in terms of arm
workspace and mobility, that include each point that the arm can reach and all the
configurations in which that point can be reached (with different orientations for

Fig. 2. Main requirements for humanoid robots.
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different manipulation tasks). The payload of the arm structure should be enough to
support a variety of human-like manipulation tasks, with a good accuracy and
repeatability. Manipulation capability should be characterized also in terms of dexterity
as expressed by multiple reachable arm configurations with suitable motion and
dynamics characteristics.

Humanoid robot sensing can be considered as based mainly on sensor equipment
with characteristics and composition outlined in Fig. 2 as for main human-like oper-
ation. Inertial measurement units (IMUs) are needed to have a feedback on the motion
that the humanoid performs, in order to react to external forces or not-balanced con-
figurations with a proper balancing motion. Cameras are needed for autonomous
navigation through obstacle detection, and for area inspection through object recog-
nition. Other common sensor in humanoid robots are haptic sensors, for measuring the
interaction of the humanoid robot with the environment. Important sensing is related
also to force detection both in manipulation and locomotion with or without control
feedbacks. Significant are sensors in grasping task up to a tactile capability.

Referring to an average human characterization, Table 1 lists an example of
numerical evaluation of design requirements for humanoid design as referring to the
requirements in Fig. 2 as linked to solutions with parallel mechanisms.

The expected performance in Table 1 are estimated considering design solution
with parallel architectures enhancing the whole humanoid design.

4 An Example: LARMbot

The advantage in using parallel mechanisms in humanoid designs are discussed by
referring authors’ direct experience with LARMbot. LARMbot is a humanoid robot
that has been developed as based on parallel architectures at LARM laboratory of
University of Cassino and Southern Latium. LARMbot, in Fig. 5, is conceived as a
service robot for autonomous walking and manipulation tasks. As documented in [13],
the first full prototype of LARMbot was assembled in 2015, while a second version
with a different leg architecture is now being developed [14, 15]. It is based on two
parallel subsystems, one for legs and one for torso.

Table 1. Requirements for humanoid design (Fig. 2) [10–12].

Characteristics Human reference value Expected value in humanoids

Step length (natural) <94% leg height 75–100% leg height
Step length (fast) >116% leg height 100–125% leg height
Speed <105 steps per minute 80–120 steps per minute
Arm mobility 6 D.o.F. >6 D.o.F.
Torso flexion/extension 30–45° 10–30°
Torso lateral bending <40° <30°
Power consumption <6.00 W/kg <10.0 W/kg
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LARMbot is 850 mm tall, with a lightweight structure of less than 3.70 kg. Its
payload capability is 0.85 kg for manipulation, and 3 kg for the torso/leg structure,
which is considerably stronger than in traditional humanoids thanks to parallel archi-
tectures. The payload to weight ratio is 0.23 for manipulation and 0.81 for weight
lifting, which is considerably higher than in other existing humanoid robots. For
example, Nao, which is based on serial kinematic architectures, has a payload to weight
ratio of only 0.03 [1]. Furthermore, LARMbot is energy-efficient, with a peak 20 W
power consumption in LARMbot II prototype, as tested in [15] (Fig. 3).

The torso is characterized by the CAUTO design that is introduced in [16] and
shown in Fig. 4a, which is a cable-driven, underactuated hybrid serial-parallel
manipulator based on the kinematic scheme in Fig. 5b. Its trunk architecture is based

Fig. 3. LARMbot humanoid as based on parallel mechanisms: (a) A prototype; (b) A CAD
model.
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on a 4SPS-(3S) parallel mechanism with 4 degrees of freedom, which are actuated by
the four motors that regulate the length of each cable. The mechanism is inspired by the
human torso (Fig. 5a), with a serial-kinematic compliant spine in the center, repre-
sented by the 3S chain in Fig. 5b, and the cables acting as antagonist muscles for
motion control. As outlined in [17], the motion of the torso can be used to enhance and
support walking balance too.

The leg mechanism is shown in Fig. 4b and it is analyzed in detail in [18]. The
design is inspired by human upper leg structure in Fig. 6a, with the three actuators
representing the main muscle groups of the upper leg, namely hamstrings, quadriceps
and adductors, as mainly for their operation on the leg actuation. Each leg is charac-
terized by the 3UPR lower-mobility parallel mechanism that is shown in Fig. 6b and
connects the hip to the ankle. It is actuated by three linear actuators in the links, which
converge to a single point of the knee/ankle mechanism. This special joint design has a
large workspace when compared to similar parallel manipulators and it is characterized
by no singular configurations, as detailed in [19, 20]. The performance of LARMbot
can be summarized as in Table 2, with reference to the requirements of Table 1.

Fig. 4. Parallel structures in LARMbot: (a) The torso; (b) The legs.
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Thanks to its properly designed parallel architectures, it is possible to obtain a good
performance not only in payload and energy consumption, but also workspace,
mobility and speed that are comparable to human ones.

Fig. 5. Spinal structure: (a) Human spine with ligaments; (b) LARMbot spine mechanism.

Fig. 6. Leg structure: (a) Human leg with muscles; (b) LARMbot leg mechanism.
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In particular, Figs. 7 and 8 refer to a test of squatting motion with a payload of
1.0 kg on the hand to show the feasibility and convenience of the parallel mechanisms
in LARMbot, as mainly referring to the leg design with a coordination with the trunk.
The squatting motion consisted in a vertical displacement of 40 mm at a speed of
10 mm/s.

Figure 7 shows the limited angular motion of the trunk from the measures that were
acquired by an IMU on the top of the shoulder. The operation of the leg parallel
mechanism is obtained with an almost linear displacement that has been properly
balanced by the trunk motion with only a pitch adjustment. The smooth operation, that
can be also noted from the plots in Fig. 7, is proved by the sensed acceleration by the
same IMU with the very limited values and time history in Fig. 8.

Table 2. LARMbot performance characteristics [13–15].

Characteristics LARMbot

Height 0.85 m
Weight 3.70 kg
Step length (natural) 100% leg height
Step length (fast) 100% leg height
Speed 100 steps per minute
Arm mobility 6 D.o.F.
Torso flexion/extension 45°
Torso lateral bending 45°
Power consumption 7.00 W/kg

Fig. 7. Acquired angular displacement for a squat weight-lifting test with a 1 kg payload.
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The motion of the leg mechanism with the trunk motion give very small acceler-
ations, that characterize a smooth squatting along the Z-axis and a bending balancing
action along the X-axis with a maximum acceleration of 4 m/s2.

Summarizing, the parallel mechanisms in the LARMbot design give significant
high performance in payload capability and motion quality.

5 Conclusions

This paper introduces parallel mechanisms for humanoid robots to improve structure
and operation as inspired by human nature. The complex of bones actuated by
antagonist muscles is recognized as a parallel mechanism whose conceptual design is
used as inspiration for new designs in humanoid robots. The LARMbot design is
presented as an emblematic successful example of using parallel mechanism both to
replicate human anatomy and to get efficient compact humanoid design with properly
enhanced performance.
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Abstract. As a key part of automated vehicle technology intelligent parking
slot allotter has become a popular research topic. Intelligent parking slot allotter
can grant permission to access the parking area with less human inference. This
system can capture image of the vehicle, identify the type of vehicle and allot
best fit and optimal parking slot based on its size. It extracts the vehicle’s license
plate number, entry time, exit time and calculate total time of the vehicle present
with in the parking space. Here, sensors are utilized to identify the presence of
the vehicle during entry and exit. Two cameras are utilized to extract features.
One camera is used to identify the region of interest, vehicle license plate and
identify the characters from the license plate. Tesseract engine and optical
character recognition (OCR) functions are used to detect characters from the
image. Another camera is utilized to extract features like dimensions of the
vehicle using machine learning operations such as convolutional neural network
(CNN). Based on the size of the vehicle, best fit parking slot is allotted which
gives optimal usage of parking area. These days the quantity of vehicles is
expanding exceptionally, so that, searching for an empty parking slot turns out
to be increasingly troublesome. By installing the intelligent parking slot allotter,
in places like, shopping malls, train stations, and airports the need for searching
of parking slot significantly reduces. A past study has demonstrated that traffic
because of vehicle’s parking slot searching in downtowns of significant urban
communities can represent half of the absolute traffic. With such a hefty traffic
jam and time delay in parking slot identifying, intelligent parking slot allotter
will be in great demand.

Keywords: License plate recognition � Vehicle type classification �
Optimal parking slot

1 Introduction

As a key part of computerized vehicle recognition technology, intelligent parking slot
allotter system has turned into a well-known research point. These days the quantity of
vehicles is expanding exceptionally, so that searching for an empty parking slot turns
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out to be increasingly troublesome. For example, shopping malls, train stations, and
airports. In such vast territories, a few zones of the parking might be effectively utilized
at the same time and some might have numerous empty slots. Past study has
demonstrated, traffic jam because of vehicle’s parking slot searching in downtowns of
significant urban communities can represent half of the absolute traffic. With such a
hefty traffic and time delay in parking slot detection, intelligent parking slot allotter
system turned into a need.

Normally, as per the vehicle measure, vehicle types can be partitioned into three
classifications: SUV, sedan, mini (see Fig. 1). Identifying and differentiating the
vehicle has turned into a critical part of machine learning in view of its potential
applications. Diverse conditions, for example, obstructions, difference in lighting,
exceptional camera settings, shadows, parallax errors and different orientations, all
these factors made car type classification more complex.

Vigorous car type differentiation technique depends on multi-class principal feature
analysis with self-grouping. Car’s front part is separated by inspecting car frontal area
span and also the region of the license number plate (see Fig. 2). Wang [1], in 2014
proposed vehicle type classification from surveillance videos on urban roads, in which
vehicle type is identified from traffic surveillance videos by extracting features like
color, shape and texture from histogram of gradient (HOG). Image is converted to
small blocks, individual histogram is applied and concatenated to obtain HOG
descriptor. Peng [2], in 2012 proposed vehicle type classification using pca with self-
clustering in which vehicle type can be classified in to two categories like small and
large cars based on self-clustering. Vehicle features such as length and width are
extracted.

Visual related car group classification divides cars into two classes: strategies
utilizing vehicle’s side region view and strategies utilizing vehicle’s frontal area (or
rear) view (see Fig. 2). For the side region view ones, edge-based and model-based

Fig. 1. Types of cars
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methodologies are generally utilized. Methodologies dependent on edge can incorpo-
rate parameterized edge model to depict the topological framework of car, and after-
wards fed system into a multi-layer perceptron networks-based classifier. Classification
rate is satisfactory with high resolution images, but this method is bounded for per-
forming on low quality images.

There are numerous methodologies for recognition utilized in contemporary vehicle
number plate identification frameworks. The vast majority comprises of three funda-
mental stages: car license plate identification, character separation and optical character
recognition (OCR). All of these stages must possess superior performance rates so as to
build reliable and accurate structure. Pechiammal [3] in 2017 proposed an efficient
approach for automatic license plate recognition system where, vehicle plate is
extracted by gabor filtering. RGB image is converted to gray-scale image, gabor filter is
applied to remove noise. Character segmentation and OCR were used to extract vehicle
license plate. Wang [4], in 2017 proposed license plate segmentation & recognition of
Chinese vehicle based on BPNN where, vehicle plate character recognition is done by
neural network. If wrong recognition of a character then it is added to the library of
machine learning for better training. It is called back propagation neural network
(BPNN). In this work, the car license plate detection algorithm which is associated with
the separation part. Character segmentation can give us important information about the
profile of car license plate characters. This is accomplished by making connected
component analysis (CCA) and optical character recognition (OCR) on the pictures.
The profile is used to locate and extract each character in the plate.

As the novelty of this paper, is to put together all these concepts and allot best fit and
optimal parking area of the vehicle based on its size captured from the image. In this
paper the overall system work process is divided into four major segments. Section 2
gives an overview of vehicle license plate localization and character recognition.

Fig. 2. Car frontal region and rear region
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Section 3 describes about vehicle type identification and clear-cut idea of how it works.
Under Sect. 4, a novel method for allotting best fit and optimal parking slot is presented.
Section 5 exhibits our analytical result. At last, this paper is completed in Sect. 6 with
conclusions and future extension, followed by references.

2 Car’s License Number Plate Detection and Text
Identification

In this section localizing license number plate is the initial thing utilized to extricate
areas where license number plates are present. Vertical edge characteristics are
moreover considered as suitable for number plate identification. These strategies esti-
mate vertical edges of car’s license plate and look for most dense regions in the picture.
Color edge identifier is utilized, as the car’s license number plate can also include
distinct colors. That are the reason pixels with such different colors can be anticipated
in two different ways and the locales with high density are taken as number plate
characters. After license plate characters are discovered they ought to be examined by
some identification strategy. Heuristic examining and priority selection methodology is
utilized for the license plate character recognition. This methodology incorporates a
few unique heuristics: the altitude of the band, quantity of peak in vertical projection,
an estimation of region under the chart close to peaks, the angle proportion or aspect
ratio of the license number plate. After these heuristics are assessed, they are joined
together figuring their weighted entirety.

In this system raspberry pi is utilized as main processing unit. Optical character
recognition (OCR), OpenCV and tesseract function is used to detect characters in license
plate (see Fig. 3). The trained model is then copied to raspberry pi for deployment. Two
range finding sensors are used to know the presence of the car. When a car is present at
the entry section webcam turns towards the entry side and captures the image of license
plate. Convert the image to text format, and display the license plate of the vehicle on the
LCD module. If it matches driver need not to press any push button. If it doesn’t match,
the driver needs to press the push button to restart the license plate recognition process.
So that, the camera captures the image of the vehicle’s license plate and stores the car’s
license plate (see Fig. 4) and corresponding entry time of the vehicle. It gives access to
the vehicle to enter the parking area by lifting the boom-barrier.

Fig. 3. Vehicle license plate number identified from an image using tesseract functions and
optical character recognition.
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With reference (see Fig. 4), when a car is present at the exit section, webcam turns
towards the exit side and captures the image of license plate. Convert image to text
format, compares the license plate with existing license plate of the vehicles. If it
matches with the existing data it gives total time and billing amount of the vehicle.

2.1 Image Acquisition

This stage coordinates getting a picture by an acquisition method. In our proposed
framework, a high-quality automated camera and adequate light source is used.

2.2 Number Plate Extraction

This stage expels the area of interest, i.e., the license plate, from the captured picture.
The proposed methodology incorporates covering of a region with high or low prob-
ability of license plate and a short time later analyzing the whole hidden region of
license plate.

Fig. 4. Work flow of accessing vehicle to the parking area and displaying total time of car
present with in the parking area.

Development and Optimization of an Intelligent Parking Slot Allotter 269



2.3 Number Plate Character Segmentation

License plate segmentation, once a while insinuated as character isolation takes the
region of interest and tries to identify it into explicit characters. The proposed system is
done in the OCR portion.

2.4 Optical Character Recognition

There are various methodologies used to see limited characters. In the proposed
structure optical character recognition are used.

3 Vehicle Type Detection

Normally, as per the vehicle measure, vehicle types can be partitioned into three
classifications: SUV, sedan, mini. In this system, if the vehicle occupies more than 60%
of the frame, it is classified as SUV, 25% to 60% is considers to be sedan and less than
that as a mini car as referred in Table 1. Vehicle pictures caught under both good
lightening conditions and bad lightening conditions independently are considered.
Vehicle frontal area part is separated by inspecting car frontal area span and the region
of the license number plate. In this system raspberry pi is utilized as main processing
unit. Machine learning algorithms like convolutional neural network (CNN) is used.
YOLO v2 model is utilized YOLO is a real-time object detection system. It processes
images at 40–90 frames per second (FPS) and has a mean average precision (mAP) of
78.6%. A single neural network is applied to the full image, which makes it faster than
other neural networks. This network divides the image into regions, predicts bounding
boxes and gives probability of each region. These bounding boxes are weighted by the
predicted probabilities. YOLO v2 mAP is increased by 4% when compared with mAP
of YOLO v1. Teaching the system requires high processing power, which was done in
MSI gp73 laptop, having 16 GB ram, 6 GB graphics card. For training purpose, python
language, tensor flow, pycharm, anaconda is utilized. The trained model is then copied
to raspberry pi for deployment. Additionally, open database including adequate pic-
tures are utilized to develop own database that is, including pictures of vehicle front
view. Actual procedure of vehicle type characterization includes frontal area seg-
mentation, vehicle recognition, characteristics extraction and differentiation, which
make it also slow for accomplishing real time operations. Vision based vehicle type
characterization is of two types: techniques utilizing vehicle’s side region view and
techniques utilizing vehicle’s frontal area (or back) view.

For vehicle feature extraction, a settled region of interests in a specific video
arrangement is done. Setting ROI has a few points of interest, for example, constraining
the vehicle pictures to an appropriate size range. Additionally, by setting appropriate
areas, the required zone will be diminished and the principle features of vehicles can be
ensured. At that point, a pre-trained convolutional neural network which can yield
precise vehicle features has been executed to identify vehicles in the chosen area. The
vehicle pictures will be acquired from a video. The recognition procedure is connected
to the front piece of the video, a vehicle informational collection for the specific video
scene would be produced so as to finish the vehicle identification steps.
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Initially, the system is trained with adequate dataset of cars and not cars (see Figs. 5
and 6). The dataset consists of 1000 high resolution images of each set of vehicles.
Then training the system with an approximate epoch value of 100 for better, accurate
and rigid system. Principal feature analysis (PFA) is utilized to detect the vehicle.
Whenever the system is trained with some set of images it performs some mathematical
operations on the image, it also identifies the common thing in all the images of the
dataset, plot the graph of the images with the key features and set a range of values to
every key feature of the image. It also generates a model with set of scores of the input
image at each pixel value which includes the key features.

In neural network an image is received and transform it through series of hidden
layers. Each hidden layer is made up of set of neurons. Each neuron is fully connected
with other neurons in previous layer. When an input is given it holds raw pixel value.
Then it is sent through convolutional layer where it performs dot product between their
weights followed by pooling operation where downsizing the spatial dimensions of the
image. It gives the final class score of the image.

Table 1. Vehicle classification

Type Frame ratio

SUV >60%
Sedan 25%> && <60%
Mini <25%

Fig. 5. Adequate dataset Fig. 6. Random dataset
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With reference (see Fig. 7) gives an idea of the training output. The system is
trained using ‘cars’ and ‘not cars’ dataset. The not cars dataset consists of random
images. After the training operation, the collection of images having a car will have an
accuracy value greater than 0.9 (see Fig. 7). Random images will have less accuracy as
the images don’t possess a common feature to be recognised.

While performing deep learning of the image, it has two data sets- training data and
validating data. Training data is utilized to train the system. Validation data is utilized
for testing the system. For every epoch validation loss gets lower and accuracy gets
higher. Epoch is teaching the system with one full pass of training set. It has few
iterations.

While testing is done it extracts key features or objects from the image, by per-
forming some mathematical operations it gets some set of value or score of every pixel
of the image, that is the final class score. If the final score of the image matches with
trained data it gives true or else false. The probability of matching depends on the
dataset provided or accuracy of the system. With reference (see Fig. 8), the blue car is
at the entry side and through the vehicle identification camera, the car is being detected
with a probability of 99.95% (see Fig. 9).

Fig. 7. Model is plotted against adequate and random dataset
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4 Allot Best Fit Parking Area

The parking slot detection and allotment has also become troublesome these days and a
lot of research is taking place in this area, Kanteti [5] in 2017 proposed a hybrid
algorithm for parking area allotment for car, by attaching CMOS sensors for number
plate identification, speed sensors, ultrasonic sensors for vehicle detection and working
on OCR software by utilizing a micro controller and processor. Liu [6] in 2017
developed an image-based system for the detection of vacant spaces in a parking area.
Following an initial edge detection stage, they combined edge density, closed contour
density, and foreground/background pixel ratio, at every car parking spot, to identify
whether a car is present or not. Combining these features a vacant space is detected at
low computational cost. Sawangchote [7] in 2017 designed and implemented a cal-
culation model for number of car and parking pattern in the specified parking area. In
the calculation, the dimension and the specific condition of parking area is required.
The model calculated the maximum number of car and also calculated the parking
pattern for the parking area. This model is used to support non-technical user during the
parking area design and can be as engine to develop mobile application for general user
in the future. Zhang [8] in 2018 proposed a novel DCNN (Deep Convolutional Neural
Networks) based parking-slot detection approach, namely DeepPS, which takes the
surround-view image as the input. There are two key steps in DeepPS, identifying all
the marking-points on the input image and classifying local image patterns formed by
pairs of marking points. Second, to facilitate the study of vision-based parking-slot
detection, a largescale labeled dataset is established. For each image, the marking-
points and parking-slots are carefully labeled. The efficiency of DeepPS have been
corroborated on their collected dataset.

Generally, there are two methodologies utilized for recognition of empty slots:
sensor based and picture-based system. Comparing sensor-based parking lot arrange-
ment systems, picture-based methodologies are more reliable and cost friendly. Sensor
based parking recognizes the existence or absence of the vehicle. Aside from recog-
nizing the vehicle, the sensor can give additional data like displaying the vacancy slots
for parking. The chance of occurrence of error is more by the usage of sensors. As it

Fig. 8. Identifying type of car Fig. 9. Getting Pixel length of car
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requires a greater number of sensors to be placed i.e., at every parking slot it requires a
sensor. Disruptive communication between the sensors may lead to errors. That is, the
signal from transmitter may not be received by the receiver, then the sensor may be
prone to errors. It may show vacant slot as occupied and vice versa. Moreover, the
power consumed by the sensors is high due to repeated utilization. Sensors requires
continuous monitoring at entrance section and exit sections.

In the image-based parking lot arrangements the camera can be utilized to detect the
unoccupied space through image recognition. The picture is captured and it is permitted
to image segmentation and edge recognition by boundaries. The moving vehicle is to
be parked at explicit zone, at first the parking region must be recognized at the zone
then the parking slot must be detected. Check whether there is any empty slot, and it is
accessible or not. In the parking region the image processing technique have been
implemented that will experience the image segmentation and edge detection.

With reference (see Fig. 10), in parking slot allotment, if a vehicle is present, it
captures the image of the car. It performs mathematical operations and separates VIP
cars from normal cars based on the QR code present on the vehicle. It also detects the
length of car and classify the cars in to 3 types SUV, sedan, mini based on its size.
Intelligent parking system allots best fit and optimal parking area to the vehicle.

Fig. 10. Work flow of allotting best fit and optimal parking slot to the vehicle
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5 Experimental Results

An experiment conducted with an epoch value can reach an accuracy range of 40–50%.
By changing an epoch value to 100 under good lighting conditions an accuracy of 80–
85% can be achieved. Previously, the detection rate using webcam was as low as 50–
60%, using deep learning-based region of interest selection algorithms, the detection
rate was increased to 80% as mentioned in Table 2. YOLO v2 model is used for
training and testing as it has a mean average precision (mAP) of 80%. Other deep
learning models took more processing time thus increasing time taken for registering
one car. For text recognition in vehicles license plate this system is capable of iden-
tifying all character fonts of different sizes.

6 Conclusion

In this paper, the presented methodology is effectively able to allot best fit and optimal
parking area to the vehicle based on its size. As the trained data consists of cars only,
the algorithm would be incapable of detecting other vehicles. It extracts features like
length and size.

In character recognition of license plate, it is able to identify characters only in few
fonts, with an accuracy of 80%. For future work the extracted feature can likewise be
utilized to prepare neural system for higher precision. In acknowledgment, a variety in
character geometry prompts misclassification. So as to reduce these miscalculations,
classifier should be trained with various textual styles which was detected from indi-
vidual training dataset.

Acknowledgement. The authors are grateful to the Tamkang University, Taiwan (ROC) under
the “2017–2018 TEEP@Asia Plus Program” for the financial support of this work.

References

1. Wang, Y.C., Han, C.C., Hsieh, C.T., Fan, K.C.: Vehicle type classification from surveillance
videos on urban roads. In: Proceedings – 2014 7th International Conference on Ubi-Media
Computing and Workshops, pp. 266–270 (2014)

2. Peng, Y., Jin, J.S., Luo, S., Xu, M., Cui, Y.: Vehicle type classification using PCA with self-
clustering. In: Proceedings – 2012 IEEE International Conference on Multimedia and Expo
Workshops (ICMEW), pp. 384–389 (2012)

Table 2. Confusion matrix for number plate identification

N = 100 Characters on number
plate

Not the characters on number
plate

Characters on number plate 38 11
Not the characters on number
plate

9 42

Development and Optimization of an Intelligent Parking Slot Allotter 275



3. Pechiammal, B., Renjith, J.A.: An efficient approach for automatic license plate recognition
system. In: Proceedings – 2017 Third International Conference on Science and Technology
Engineering & Management (ICONSTEM), pp. 121–129, January 2018

4. Wang, N., Zhu, X., Zhang, J.: License plate segmentation and recognition of Chinese vehicle
based on BPNN. In: Proceedings – 12th International Conference on Computational
Intelligence and Security (CIS), pp. 403–406 (2016)

5. Kanteti, D., Srikar, D.V.S., Ramesh, T.K.: Intelligent smart parking algorithm. IEEE
Transp. Intell. Transp. Syst. 11(4), 942–953 (2017)

6. Liu, J., Mohandes, M., Deriche, M.: A multi-classifier image based vacant parking detection
system. In: Proceedings – IEEE International Conference on Electron Circuits and Systems,
pp. 933–936 (2013)

7. Sawangchote, P., Yooyativong, T.: Automated parking area optimization for garage
construction using geometric algorithm. In: Proceedings – 2nd International Conference on
Digital Arts and Media Technology, pp. 286–290 (2017)

8. Zhang, L., Huang, J., Li, X., Xiong, L.: Vision based parking slot detection: a DCNN based
approach and a large-scale benchmark dataset. IEEE Trans. Image Process. 27(11),
5350–5364 (2018)

276 D. Bhanu Priya and G.-C. Chen



Design and Requirements for a Mobile Robot
for Team Cooperation

Luca Di Nunzio1, Giancarlo Cardarilli1, Marco Ceccarelli2(&),
and Rocco Fazzolari1

1 Department of Electronics Engineering,
University of Roma Tor Vergata, Rome, Italy

{di.nunzio,fazzolari}@ing.uniroma2.it
2 Department of Industrial Engineering,

University of Roma Tor Vergata, Rome, Italy
marco.ceccarelli@uniroma2.it

Abstract. The paper presents requirements and issues for a mobile robot design
that is finalized to work in a swarm with cooperation among several other units
with the same structure and features. A design for a small mobile robot TOR-
VEbot is proposed by considering the requirements for locomotion in cooper-
ation as combined with integrated sensing and motion planning. Preliminary
results are also discussed to highlight problems and targets of the swarm project
under development at the University of Rome Tor Vergata.

Keywords: Service robotics � Surveying robots � Swarm robots � Design

1 Introduction

Swarm Robotics consists of the use of several autonomous robots cooperating each
other to accomplish common tasks. Application fields for robot swarms include search
and rescue, precision agriculture, military surveillance as in general for surveying
activities. In a robot swarm, each robot must be able to take decisions autonomously
considering its state and the external environment [1].

The design of mobile robots can be developed by using different structures and
operation features as depending on the environments and tasks, as for example reported
in [2]. There are a variety of solutions of mobile robots with wheels, crawlers, or legs
that have been developed for operation as single units or team units, even considering
the case to use and/or to adjust the design and/or operation for team/swarm applica-
tions. Examples of wheeled mobile robots that can be used also in cooperative
teams/swarms can be considered as for example in [3–5]. Similarly, legged mobile
robots of references can be considered for example Cassino Hexapode [3] and many
other as in [4]. The swarm design requires e-communication and interaction capabil-
ities, as indicated for example in [5]. This means that also the mechanical design of a
mobile robot will be affected by the swarm application and indeed it is convenient to
consider the mobile robot unit as a platform for the e-comm equipment and interaction
interfaces.
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In this paper, the design of a robot mobile unit is outlined with those peculiarities as
swarm unit that give requirements and solutions for TORVEbot robot with features for
low-cost, easy operation, e-learning path planning, and e-comm interfaces.

2 Design Problems and Targets

A crucial aspect of robots cooperating in a swarm is the capability to adapt themselves
to dynamic environments. Such capability is usually provided to such robots also by
Machine Learning (ML) algorithms. ML refers to the ability of computers to learning
from data [6]. Thanks to ML robots are able to learn “what to do” when analyzing data
coming from sensors and consequently, they are able to “take decisions” and to be
autonomous.

In this paper, the TORVEbot wheeled robot is presented as designed to cooperate in
a swarm and to operate in risky situations. The main features of the proposed mobile
robot are:

• Flexibility: The robot it is able to operate in different environments and to
accomplish different tasks

• Experience sharing: Robot unit can communicate with other robot units in the swarm
and with the internet. The capability to communicate with other robot units allows the
possibility to share experience and speed-up the accomplishing of the task [7]

The flexibility is an ability that can be obtained providing a robot of reconfigurable
electronic devices and of a common interface for all the sensors the robot needs. The
choice of a common interface for all the sensors, allows the possibility to equip the
robot of the appropriate sensors without the necessity to redesign the electronic board
during updates or for different tasks. For example, when a robot has to detect a fire, it
can be equipped with smoke sensors, temperature sensors, etc. Vice-versa when the
robot must reveal the presence of chemical elements it can be equipped with specific
sensors. In this way, the sensors substitution does not require any mechanical and/or
electrical design.

In Fig. 1 a conceptual design of a swarm robot unit is summarized indicating the
main requirements in task, motion, and interaction that will give an integrated design
solution with capabilities in team swarm cooperation, localization, and e-comm (com-
munication). The specific components of a mobile robot unit for a swarm can be listed in

• Sensors for locomotion needs,
• Location identification, and coordination of team interaction;
• Interface equipment for team communication and cooperation in actions performing

the assigned tasks
• Control systems both in hardware and software to regulate and execute the motion

and actions as asked for the task and needed for team cooperation.
• Power unit to ensure the necessary duration of the operation of all the components

in the robot, besides the locomotion energy
• Electronics boards for the e-learning capability and e-comm among the swarm units

and the central supervisor
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A specific feature for TORVEbot design is related to the swarm cooperation that is
also based on quick learning and communication among the swarm units. Therefore,
specific attention is addressed to e-learning with proper hardware and algorithms, like
suggested for example in [8–12].

Figure 1 is aimed to point out that requirements and design solutions for a swarm
robot unit are affected to each other and although each component can be designed or
provided from standard solutions their integration give specific problems and need
specific solutions.

In Fig. 2 such an effect of the component interaction is stressed by considering the
design structure with a platform body where most of those components for the swarm
operation can be installed. This requires a specific shape and design of the platform
body and its connections or extensions for the locomotion system, the e-comm
equipment, team interface devices, and link to the supervisor. The locomotion system
can be conceived with two actuated wheels and one front wheel to ensure a stable
posture on three contact points during motion. The swarm e-comm system is aimed to
permit communication among the swarm units so that the actions of the swarm can be
operated in suitable collaboration of the units using also the interface devices that the
robot units are equipped with for the assigned task. A device of communication with
the supervisor is considered useful both to command and monitor each unit directly and
even the whole swarm as seen from the unit.

The design target is to conceive a mobile robot unit that with a robust mechanical
design is able to perform efficiently the motion planning as assigned by the task and
elaborated by the swarm cooperation even with e-learning capabilities. The design
structure is also characterized by a body that serves as platform for those components
and operation making the designed wheeled mobile robot a unit of a swarm team.

Fig. 1. A scheme for design integration considering problems and requirements for a swarm
mobile unit
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3 Design Solution

In this paper, we present a prototype of the TORVEbot mobile robot with features and
purposes that are discussed in the previous section. The structure of the robot unit has
been built using a 3D printer with PLA material and is equipped with the following
devices:

• HC SR04 ultrasonic sensor with a range of 2 cm to 4 m and 1 cm resolution
• FS 90R servo motor
• An arty board with an Artix FPGA as from [12]
• DHT11 digital temperature and humidity sensor
• GY-BMP280-3.3 pressure sensor
• NRF24L01+ wireless transceiver

In Fig. 3(a) the frontal and the lateral views of the CAD model design are reported
whereas in Fig. 3(b) the corresponding built prototype is shown in its first version, All
the control and the Artificial Intelligence (AI) algorithms of the robot are implemented
on a Digilent Arty Board where the MicroBlaze soft processor has been implemented.
Arty is a low-cost development board equipped with the Xilinx Artix-7 FPGA, [12].

MicroBlaze is a 32-bit Reduced Instruction Set Computer (RISC) soft processor, that
can be used in several application fields such as industrial, medical, automotive, con-
sumer, and communication infrastructure markets among others. MicroBlaze is a highly
configurable and easy to use processor and can be used across FPGAs and All Pro-
grammable (AP) SoC families. This Microprocessor supports more configuration
options. Some of the key configuration options are Instruction/Data Cache, Floating
Point unit, Memory Management Unit, etc. With highly flexible and configurable core,
the user can implement virtually any processor use case, from a very-small-footprint state
machine or microcontroller to a high-performance, compute-intensive microprocessor-
based system running Linux. It is very suitable for the implementation, inside of the

Fig. 2. A scheme for a conceptual design of a swarm mobile unit
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FPGA, of mixed digital systems composed by a Processor and a reconfigurable archi-
tecture. Microblaze supports the integration of custom peripherals that can be designed in
HDLs (Hardware description languages) like VHDL or Verilog and connected with the
Microprocessor using the AXI interface. AXI [13] is part of ARM AMBA, a family of
micro controller buses first introduced in 1996. The first version of AXI was first
included in AMBA 3.0, released in 2003. AMBA 4.0, released in 2010, includes the
second version of AXI, AXI4.

There are three types of AXI4 interfaces, [13]:

• AXI4—for high-performance memory-mapped requirements.
• AXI4-Lite—for simple, low-throughput memory-mapped communication (for

example, to and from control and status registers).
• AXI4-Stream—for high-speed streaming data.

In Fig. 4 a block diagram is shown for the design of the complete control unit that
is composed of the Microprocessor and the custom peripherals. The system includes by
the microprocessor and several custom peripherals that are:

• A Machine Learning Accelerator.
• Two PWM controllers for the wheels.

Fig. 3. The TORVEbot swarm robot unit: (a) views of the CAD design; (b) a built prototype
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• Some Application Specific Sensors Interface ASSC. In our case, we have three
interfaces for the HC SR04, the DHT11 and the GY-BMP280-3.3.

• An e-comm interface for the wireless transceiver (Wireless Interface).

The Wi-Fi interface with a wireless transceiver allows the robot to communicate
with other robots in order to share its experience and with a gateway that is used to
collect data from all the robot swarm. The interface with a wireless transceiver allows a
robot to communicate with a gateway that to collects data from all the robot units of the
swarm and to manage the sharing of the experience. The proposed TORVEbot robot
prototype is provided of the NRF24L01+ Transceiver that is characterized by:

• 2.4 GHz carrier
• Throughput 1 Mb/s
• Range 30 m in open spaces
• GFSK Modulation
• 3.3 V supply range
• 900 nA deep sleep mode
• 11.3 mA Radio TX at 0 dBm
• 13.3 mA Radio RX at 2 Mbps on-air data-rate

The hardware and the software of the control unit as in the design in Fig. 4 can
affect the mechanical design of the TORVEbot robot unit both for the needed room for
the hardware and its good functioning (cooling air and no electro-magnetic interference
with servomotors) and for the operation performance in posture and speed. Figure 5

Fig. 4. A design scheme of the control system for the swarm robot unit in Fig. 3
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shows a solution for the construction of a prototype as mainly focused on a proper
installation of the built electronic board with the design of Fig. 4 as in Fig. 5(a) within
the mechanical design as in Fig. 5(b). Components of the control design in Fig. 4 are
included in the control board in Fig. 5(a) as indicated in the main chip; while the
mechanical design of the robot body has been properly shaped to store the control
board vertically with proper room also for efficient cable connections to other com-
ponents. In the control board in Fig. 5(a) typical components for a control unit are also
included, such as I-O channels for servomotor handling, switches for debug, and RAM
chip for data elaboration.

Main characteristics of the solution in Fig. 5 can be recognized in a compact design
of the electronic board (that can be further miniaturized) and in installing it in the central
body of the mobile robot design in a vertical posture for an easy check/extraction and to
give the possibility of more electronic boards for sensors and other equipment.

4 Sensing Design and Software

The use of reconfigurable electronic devices allows the possibility to reconfigure the
robot for different tasks with fast easy operation with no necessary changes of the
hardware and software as well as the corresponding mechanical design. The proposed
TORVEbot robot is provided with a Field Programmable Gate Array (FPGA). In
addition to the reconfiguration capability, the FPGA offers the possibility to efficiently
execute algorithms that are characterized by a considerable level of parallelism and the

Fig. 5. Mechanical design of the body platform of the TORVEbot prototype in Fig. 3 with the
control board: (a) the control board with designed control chip in Fig. 4; (b) the assembly within
the robot body
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possibility to execute several algorithms in parallel. These features are very useful in
the case of ML algorithms for three reasons, namely:

1 FPGAs are able to execute matrix computation in a very efficient way. ML algo-
rithms as for example CNN, SVM, SOM [8], etc. are characterized by parallel
operations as vector matrix multiplications.

2 The robot can efficiently use Ensemble Machine Learning [9] to improve the
performances.

3 More than one task can be accomplished in parallel, for example, the robot could
detect the presence of smoke and fire and at the same time, it could reconstruct the
unknown environment in which it is operating.

The experience sharing is the capability of the robot to share its experience with the
other robots of the swarm. Swarm robotic operation can be modeled as a multi-agent
learning problem, as for example in [7]. In a reinforcement ML algorithm, like the case
for example of the Q-learning, the learning phase of the entire swarm can be accel-
erated if all the agents (the robots composing swarm) are able to fetch pieces of
information and upgrading the Q-matrix (Qsw) simultaneously. In other words, a single
robot is able to learn by the experience of the other robots by fast communication and
sharing data for the task and status of itself and the whole swarm. The above feature is
due to a data elaboration coming form the sensors in combination with a cognitive
system using the sensed information. In the TORVEbot design great attention has been
addressed to the hardware and software for the experience sharing in the swarm as a
novel aspect influencing the design and sensor equipment of each mobile robot unit.
The sensors that can be considered for the swarm coordinate operation, have been
identified in:

• Proximity sensors that can detect near obstacles and swarm units
• Vision and laser scanners that can be used to identify the environment and to guide

the path planning of each unit in coordination with the near ones
• Sensors for localization of the unit with respect to a reference frame and with

respect ty other swarm units
• Sensor equipment for the assigned task either for the specific unit or for the whole

swarm

The above sensors are installed onboard of each swarm unit by using the room in
the platform body f each unit whereas the corresponding software is loaded in the
control unit mainframe and is run and coordinated by the software of the control unit
that acts also with the communications and e-learning algorithms.

In fact, the size of the mechanical design of TORVEbot robot has been determined
by considering the installation of the above sensors (and some more in the future <)
and equipment near/in conjunction with the electronic board of the control unit that can
include also the electronics for the sensors equipment as per its design. Thus, as shown
in Fig. 5(b) the body shape of TORVEbot is sized with a hemisphere shape of 80 cm
diameter to host everything on board with a protection shell and by using wheels of
4 cm diameter.
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5 Conclusions

This paper presents a TORVEbot wheeled mobile robot for swarm that is designed as a
unit with characteristics for team cooperation and e-communication. The TORVEbot
unit design is presented by referring to requirements for operation in swarm operation
with the aim to identify a platform solution with main features on low-cost, easy-
operation, e-learning capability, and team e-interaction. Design issues and peculiarities
are discussed with preliminary experiences with a first unit prototype.

Acknowledgements. The authors acknowledge thankfully Mr. Mohamed Elarayshi for the help
in the construction of the prototype of TORVEbot within a teaching project of the curriculum
Mechatronics.
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Abstract. Building dialoguing services for robots to provide natural human-
robot interactions and to enhance user experiences is now advocated. With this
type of services, a robot can work as a consultant and provide domain-specific
knowledge to end users. In this study, we adopt a service-oriented framework to
develop emotion-aware dialogues for a service robot. Our work includes several
unique features: it trains classifiers to recognize users’ emotions in conversation,
learns a deep neural model to generate answers in response to users’ questions,
and uses the emotional information to determine the answer sentences produced
by the dialoguing model. A series of experiments are conducted for performance
evaluation. The results are compared with other machine learning methods, and
they show the promise and potential of the presented approach.

Keywords: Service robot � Emotion recognition � Dialogue modeling �
Machine learning

1 Introduction

Researchers and engineers are building service robots that can interact with people and
achieve the given tasks. To deploy practical service robots, two major concerns need to
be considered seriously, including the system architecture for launching the services
and the creation of service functions. Presently, the services are mostly laboring ser-
vices, in which robots take actions in the physical environment to assist people.
However, robots are now expected to play more important roles in providing knowl-
edge services, and communicating with users through a natural way of spoken lan-
guage. It thus becomes increasingly critical to equip social competences to robots, with
which the robot can respond appropriately to users. Following our previous studies that
adopt a service-oriented architecture to develop action-oriented robot services, in this
work we present a trainable framework for modeling emotion-aware human- robot
dialogues to provide knowledge services.

Considering choosing supportive software architecture, several studies have pro-
posed to adopt the cloud-based service-oriented architecture. Among others, the most
representative work is RoboEarth [1], driven by an open-source cloud robotics platform
[2]. With this platform, the robots can distribute highly loaded computation to the cloud
and access the RoboEarth knowledge repository to download required resources. There
are also other platforms developed for cloud robotic systems, in which the robotic
hardware and software resources are connected and available through the web.
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Our previous work implemented a cloud-based system supporting a variety of user-
created services [3]. To ensure its expandability and shareability, we have constructed a
service configuration mechanism and deployed the system on the ROS (Robot Oper-
ating System) computing nodes in practice.

To achieve natural language-based human-robot interaction, the most common way
is to build a dialogue system as a vocal interactive interface. Essentially, the dialogue
system includes a knowledge base with domain questions and the corresponding
answers, and the dialogue service is to design an accurate mapping mechanism that
retrieves correct answers in response to the users’ questions. The system is performed
in a question-answering manner, and most traditional approaches are based on hand-
crafted rules or templates (e.g. [4]). Recently, the deep learning-based methods have
been successfully employed to infer neural models for question and answer sentences.
These neural systems mainly used sequence to sequence (seq2seq) model as a back-
bone, to perform mappings from entire sequences of words or characters to other
sequences, for example [5, 6].

In addition to the dialoguing content, emotion plays an important role in deter-
mining the relevance of the answer to a specific question. By integrating emotion
information into the application, a service system can enable its application services to
automatically adapt to changes in the operational environment, leading to the
enhancement of user experiences. There are works that propose considering emotion
information along with the content of the dialogues. For example, Zhou et al. presented
a model that assumed the emotion category of human utterance was known and taken
as additional input to train a model of responses [7]. Sun et al. adopted a LSTM neural
network for conversation modeling [8], in which an emotional category label was
added to the encoder, regarded emotional information as an additional source to the
conversational model.

In this work, we develop an emotion-aware human-robot dialogue service to enable
the robot to work as a consultant to deliver domain-specific knowledge service.
Specifically, the major focus is on constructing a deep learning model for mapping
question and answer sentences, tracking the human emotion during the process of
human-robot dialoguing, and using this additional information to determine the rele-
vance of the sentences obtained by the model. To verify the presented approach, a
series of experiments are conducted and several methods are implemented for com-
parison. The results show that the presented approach performs the best among dif-
ferent methods.

2 Learning Emotion-Aware Human-Robot Dialogues

2.1 The Service Robot Framework

In this work, we adopt a service-oriented robotic framework that can provide various
services and resources, and develop our emotion-aware dialoguing service on it. This
computing platform includes two parts: the on-board processors mounted on the robot
side (to deal basis functions requiring fast responses, such as those related to perception
and actuation), and the computing nodes located in the cloud side to perform high
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loaded computing services (such as service planning and deep learning). To realize the
proposed design in practice, we configure the framework with ROS to deliver different
types of services. Figure 1 illustrates the system architecture of our robotic system and
its ROS configuration. The module of service planning has been described in our
previous work. Here, we focus on the dialoguing module (i.e., the lower part), in which
the major functional blocks are indicated.

To provide different services on the cloud, we define different types of computing
nodes in the framework. Through the ROS frame protocol, management of data
interchange between nodes, the framework can easily combine different services to
launch new functions. In this work, we focus on a newly developed emotion-aware
dialoguing service, in which the robot can identify users (by face recognition) and their
emotions (by utterance analysis), and then generate suitable responses (by a question-
answering model) accordingly. At present, the functions of user identification and
emotion recognition are constructed independently from the dialoguing model (due to
the lack of a dataset with complete information of human face, utterance emotion and
dialoguing content). The current strategy is that the identified user is assigned to a
certain type of user group and the corresponding model is retrieved to perform dia-
loguing. Then the candidate sentences produced by the model are re-ranked (based on
the recognized emotion) by a set of hand-crafted rules and the sentence with the highest
rank is selected as the robot’s response.

2.2 Emotion Recognition

Before constructing emotion classifiers, we perform several text processing procedures.
The first is to use semantic rules for sentence segmentation. For example, if there is a
disjunctive such as “but” or “although” in the sentence, the emotion of the entire
sentence is usually biased toward the former or the latter clause. To solve such a
problem, we adopt a set of five semantic rules (from [9]) to perform more precise
sentence segmentation. Then, we employ the natural language processing toolkit
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Fig. 1. Our emotion-aware service robot framework.
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NLTK to build a dictionary, of which the most frequently stop words are removed, and
then a procedure of stemming is performed to strip off word endings, and reduce them
to a common core or stem.

Once the word processing is completed, the GloVe method (Global Vectors for
Word Representation, [10]) is employed to map words into vectors. GloVe is a log-
bilinear model with a weighted least-squares objective. This objective is to learn word
vectors such that their dot product equals the logarithm of the words’ probability of co-
occurrence, based on the observation that word-word co-occurrence probabilities have
the potential for encoding some form of meaning. The training process is performed on
aggregated global word-word co-occurrence statistics from a corpus. Through this
mapping method, the words are represented by real numbers and words with similar
meanings can thus have similar representations. GloVe’s model training efficiency is
high, the calculation scale is proportional to the corpus size, and when the corpus is
small or the vector dimension is small, it still achieves good results.

After the text processing procedures, to recognize various classes of emotions in
conversation, we adopt a deep learning network that can achieve excellent performance
in natural language processing through automated feature learning. Figure 2 illustrates
the deep learning model used in this study. As shown, the input of this model are the
dialoguing sentences that have been processed by the steps described and converted to
the vectors by the word embedding method as described above. As the sentences have
different length, to keep a consistent data format without affecting the meaning of the
original sentences, the vectors are expanded with zero values to a maximum length pre-
defined. In this network, three convolutional layers with lengths of 3, 4, and 5, are
arranged to extract the local features of the sentence. Then, the features are combined
and served as the input of the LSTM learning layer.

In this study, we adopt LSTM with ReLU (Rectified Linear Unit) to train a better
model. The ReLU employs rectifier (an activation function defined as the positive part
of its argument) and is able to obtain better training of deeper networks, compared to
other widely used activation functions, such as the logistic sigmoid and the hyperbolic
tangent. The piecewise linear property of ReLU has been proved to be effective in
overcoming the vanishing gradient problem by several studies, and its property of
scale-invariance allows for faster and effective training of deep neural architectures on
large and complex datasets. Also, ReLU has the property of sparse activation, making
the neural network sparse to alleviate the problem of overfitting.

Convolutional
Layers

GloVe
Embedding Concatenate LSTM Softmax

Label 1

Label 2

Label n-1

Label n

.. .

Fig. 2. The deep learning model for emotion recognition.
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In the above learning process, the gradient descent optimization algorithm Adam is
used as an optimizer [11]. Unlike the classical stochastic gradient descent algorithms
that maintain a single and fixed learning rate during the learning process, Adam
maintains a learning rate for each weight and dynamically adjusts the learning rate. The
parameter change at each learning-iteration has a certain range. It means that the
parameter is not dramatically updated along with a large change of gradient; therefore
the parameter values are relatively stable. Empirical results demonstrate that Adam
works well in practice and can efficiently solve practical deep learning problems,
compared to other stochastic optimization methods.

Finally, we use the activation function “Softmax” at the output layer to map the
outputs of neurons into the interval of [0, 1]. From the aspect of probability theory, the
output of the Softmax function can be used to represent a probability distribution over
possible classes. In our application, the node with the highest probability (i.e., the one
with the largest value) is selected as our prediction emotion class. In this work, the
LabelEncoder of sklearn and the categorical_crossentropy loss functions of Keras are
employed to normalize the class label and it is converted into a one-hot code of the
binary matrix to perform the numerical calculation.

Though the machine learning procedure is an efficient method in data modeling, to
ensure the success of this approach, the problem of class imbalance must be overcome.
For an imbalanced dataset, the machine learning method often focuses on reducing the
classification error, and this may case the model biases toward the common categories
with large numbers of data samples. Therefore, we use the cost-sensitive technique to
work with the machine learning method to learn a classifier that takes the costs into
account internally. This is done by re-weighting the instances in a way that reflects the
error costs. It is to define a weight matrix to specify the importance of different data
classes and to adjust the weights to overcome the data imbalance problem.

2.3 Learning Emotion-Aware Dialogues

For the robot’s dialoguing model, a LSTM network with a CNN network is developed
to train the answer selection mechanism to generate the most appropriate sentences (as
outputs) in response to the users’ input sentences. Figure 3 illustrates the model, in
which the LSTM contains memory blocks in the recurrent hidden layer that can store
the temporal state of the network. With this characteristic, this model can better capture
information over longer time steps to meet our goal here.

To train the above deep learning model, the sentences are organized as the question-
answering pairs. The question sentence Q is the input question encoded into an internal
vector form QV by the word embedding procedure. To enhance the performance, we
establish the word2vec weights for the entire corpus, and use them as the pretrained
model of the embedding layer. The output then flows to the LSTM and CNN layers.

In this procedure, a training dataset needs to be organized. In the knowledge base
(i.e., the dataset), for each question Q there is a corresponding positive answer A+ with
a highest probability to be the correct answer among all answers in the dataset (i.e., the
confirmed correct answer). As shown in Fig. 3, after the embedding layer, an output
vector E is obtained and then calculated through the LSTM function to derive a hidden
vector L as the following:
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E ¼ EMBED x1; . . .; xn;Weð Þ ð1Þ

L ¼ LSTM E; WLð Þ ð2Þ

In the above equations, E can be represented as e1; e2; . . .; enf g, E 2 Rn�d in which
n is the maximal sentence length and d is the dimension of embedding. Besides, We is
the weight matrix W 2 Rv�d (v is the number of words in the dictionary), e is the
vector embedded for word x, and WL is the LSTM weight matrix.

Though the LSTM layer described above can extract the features of word
sequences in sentences, in our network we further connect the tensor L (output of
LSTM, Eq. (2)) to a convolutional layer to extract more complicated features for
performance enhancement. As shown in the figure, the “MaxPooling” (a sample-based
discretization process to down-sample an input representation) function is performed,
and the “tanh” function is used to transfer and output the decoding result.

During the model training procedure, the question Q, the correct answer A+, and
the wrong answer A− (sampled from the answer space) are encoded into vector rep-
resentations VQ, VA+ and VA−, respectively, and the similarities between the question
and the two answers are calculated separately. Here, the similarity of two vectors is
defined as:

Similarity VQ;VAð Þ ¼ 1= 1 þ VQ � VA

�� ��� � � 1=½1 þ expð�cðdot VQ;VAð Þ þ cÞÞ� ð3Þ

In the above equation, the parameters c is 1.0 and c is 1. VA is a positive or negative
answer (i.e., VA+ or VA−). Then, the distance between the two similarities is compared
(meaning the difference between an answer and the ground truth) to a pre-defined
margin m. If the distance is less than the margin m, the network parameters are updates;
otherwise another negative example is sampled until the distance is less than m (a
maximum number of steps often used to reduce the running time). The above opera-
tions are to ensure that the similarity distance (to be minimized) can reach a certain
level. The function is defined as:
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Fig. 3. The deep learning model for human-robot dialoguing.
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Loss ¼ max 0;m� Similarity VQ;VAð Þþ Similarity VQ;VA�ð Þ� � ð4Þ

As described previously, in the test phase, this dialogue service calculates the
similarity between a question sentence (asked by the user) and each answer sentence (in
the knowledge base). A set of answers with highest similarity scores are selected, and
they are re-ranked by the pre-defined rules (as illustrated in Fig. 1). The first-rank
sentence is then adopted as the robot’s response.

2.4 Knowledge Expansion

As can be seen, the main knowledge component in the above dialoguing service is a
database (i.e., an indexed knowledge base) with domain questions and the corre-
sponding answers. Here, we consider the conversation as the instance-based dialogue
modeling, in which instances are pairs of question-answer sentences obtained from a
semantically indexed knowledge base. This knowledge base includes the prior
knowledge used to train the robot and it thus limits the ability of the dialoguing model
in utterance generation. Therefore, it is important to exploit more background or
domain knowledge in external knowledge resources to enrich conversation compre-
hension for robots. To provide additional knowledge, we attach an external knowledge
base to the system to deal with the cases when the trained model is not able to provide
responses. As our current focus is to investigate how this strategy can work with the
model (rather than to find the optimal way to exploit the external knowledge), there-
fore, we choose the easiest method: directly attaching DBpedia to our system. This
knowledge base includes rich content extracted from Wikipedia, and it can further
enrich knowledge used for searching answers in the human-machine dialogues.

In our current implementations, we adopted the code available from the “quepy”
website to perform knowledge retrieval. Our system first takes the user’s question and
then uses the dbpedia.get_query to transfer the question to the internal form specified
by the knowledge base. If the answer is available from the external knowledge base, it
is then used as the answer to response to the user’s question, through the analysis of
target and metadata obtained from the knowledge base.

3 Experiments and Results

To evaluate the presented emotion-aware dialoguing service for human-robot interac-
tion, several sets of experimental trials were conducted. As mentioned, due to the lack
of a dataset with complete information of human face, utterance emotion and dia-
loguing content, in the experiments we used three datasets to evaluate these modules
separately. They are described in the following subsections.

3.1 User Identification

In this work, a cloud-based system was built for a service robot, and we configured a
ROS framework on top of Linux OS to connect the sensing camera nodes. Often, a
system built with ROS consists of a number of processes on a set of hosts, which are
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connected at runtime in a peer-to-peer topology. Here, the ROS master was a PC
running roscore and serving as the resource center for all the other ROS nodes con-
nected to the network. The cloud parallel computing virtual machine has 8 CPU and
8 GB memory, and the GPU acceleration virtual machine has 8 CPU, 32 GB memory
and NVIDIA Tesla K80 GPU.

For user identification, experiments were conducted to evaluate the performance of
face recognition. The goal was to train and recognize human faces in a static manner,
and we adopted OpenCV to train the classifiers. An online face dataset ([12]) was used.
It included 90 image sets of different persons, in which each set included face images
taken from different viewpoints, from 90 to −90° (stepping by 5). The results show that
the trained classifiers performed the best in the recognition of front face images. The
faces in the images can be detected correctly with a reasonable rate of accuracy when
the variation of the rotating angle was less than 30°, and the faces can be recognized
with a good accuracy if the view angle was within the range of 10 to −10°.

3.2 Training Classifiers for Emotion Recognition

To assess the performance of emotion recognition module, we adopted the dataset used
in [13], which was derived from the Movie Dialog Corpus. The sentences in this
dataset were categorized into six classes of emotions: fear, disgust, joy, sadness,
anticipation and none (neutral). The deep learning approach described in Sect. 2.2 was
employed to train a model for multi-class emotion recognition. In addition, two popular
learning methods, Random Forest (RF) and Support Vector machine (SVM), were used
for performance comparison.

For RF and SVM, we used the N-gram method to extract more text features from
the original data for building classifiers to enhance their performance, in addition to the
word features extracted from the text processing procedure. N-gram can express the
sequence relationship between words, and the models of unigram, bigram and trigram
(n is 1, 2, and 3, respectively) are often used. After a preliminary test, in this work we
used the above three models to extract more text features, and the combined feature
vectors were used as the input of the above two machine learning (RF and SVM) to
enhance their performance.

Figure 4(a) illustrates the accuracy, precision, recall, and F-score of the three
methods. As can be seen, RF performed the best in all metrics. The main reason could
be that RF is a type of ensemble machine learning algorithm, and the way it handled
(samples) data for the grouped multiple classifiers made it performing better than others
for the imbalance dataset here.

After comparing the aforementioned three methods, we investigated the effects of
two data processing techniques (i.e., data balance and semantic rules), when they were
applied to the dataset. For data balance, we adopted the sklearn package to produce a
set of specific class weights for different types of emotions. The five semantic rules
mentioned in Sect. 2.2 were used to perform more precise sentence segmentation. The
results of accuracy, precision, recall, and F-score are illustrated in Fig. 4(b). Overall,
LSTM obtained the best results on all performance metrics. In addition to the data
balance effect, the reason for performance improvement could be that the semantic
rules can remove the irrelevant words and filter out their effects on the sentence
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emotions. Thus, the learning methods were able to focus on the emotions delivered by
the most related parts of the sentences to be predicted.

Based on the results of single turn emotion classification, we adopted the combined
approach of LSTM method and two enhanced techniques to evaluate the influence of
considering text context for predicting emotions of consecutive dialoguing sentences
grouped from the dataset. The strategy was to use the weighted sum of the sentences
involved in the same group; that was, to predict the emotion for each sentence and then
to sum the emotions up with different weights. The weights of the consecutive sen-
tences were decreased from 1 (current step) stepping by 0.2, in which the time effect
was considered. The results from two sets of experimental trials were compared: one
set with the consideration of the context factor, and the other set without. Table 1
presents the results. As shown, the strategy of taking context into account in the above
way yielded better results in the cases of 4-step and 5-step, but not in the case of 3-step.
After examining the details of the prediction error for the case of 3-step, we noticed that
for the wrongly predicted sentences, the emotion outputs (by LSTM) for the first-rank
and second-rank classes are in fact very close (with a discrepancy less than 0.03). The
reason could be that the context information contained in the three consecutive sen-
tences in this dataset was not strong enough to distinguish the emotions, and this
situation made the prediction sensible in the multi-class prediction task.
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Fig. 4. Results of three methods without (a) and with (b) enhanced techniques.
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3.3 Evaluation of Training a Dialogue Model

The third set of experiments was to examine the system performance of model training
in retrieving (selecting) answers. In this series of experiments, a large dataset was
adopted [14]. It was collected from the Insurance Library website that included 12,889
questions and 21,325 answers, after a data preprocessing procedure was performed.
This procedure was to remove unsuitable data that could not form the proper input
question-answer pairs, to clean the irrelevant terms (such as html tags), and to transfer
the text context into internal identifiers (to form the vectors). In the experiments, the
above dataset was divided into two parts, in which a part of 2,000 questions and 3,308
answers were used for testing. The complete experiments of dialoguing are described in
our work [15], and here we focus on reporting the results most related to the model
training for human-robot interaction.

As described in Sect. 2.3, in the model training phase, for each question sentence, a
positive and a negative answers were needed to constitute a training instance. However,
in a real world application, the correct answer A+ for a question Q can be determined
easily (by the confirmation of the person asking the question), while the wrong answers
are often not explicitly specified. Therefore, in the experiments here, all other answers
in the dataset were considered candidates of wrong answers to Q. To find the most
suitable wrong answer A− for each question in the dataset, we used the above model
training procedure to perform preprocessing of wrong answer selection. Due to the
large amount of answers, in this work we randomly chose ten (instead of all) answers
for each question to perform training to reduce computational time.

In the learning process, the random shuffling strategy was used to combine correct
and wrong answers for each question to work as the training data. The model and
method presented in Sect. 2.3 were used for training. Figure 5(a) illustrates the results
of the two popular performance metrics, accuracy and MRR. Here, the accuracy was in
fact the top-1 precision mentioned in other relevant studies. It means that the model’s
predictive result (i.e., the top score answer) must be exactly the expected one as
recorded in the dataset. As shown, the LSTM model can achieve the best performance
with a correct prediction rate of 0.6, and the MRR is 0.7. In addition to the LSTM
model, a traditional embedding model was also implemented for performance com-
parison. The results are shown in Fig. 5(b). As presented, the accuracy of the
embedding model is 0.12, and the MRR is 0.21. These results indicate that the LSTM
model is more efficient; it obtained a better result within less iterations.

Table 1. Results of emotion prediction for continuous sentences

Weighting 3-step 4-step 5-step

Without 0.76 0.68 0.73
With 0.71 0.72 0.80
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4 Conclusion

This work presented an emotion-aware dialoguing framework for a service robot to
achieve natural human-robot communication. In this type of service, the robot works as
a consultant and delivers domain-specific knowledge to users. To deploy this service,
we adopted a cloud-based service-oriented architecture and developed the emotion
recognition and dialogue modeling modules on it. We employed a deep learning
method to train different neural models to track users’ emotions and to generate
answers in response to the users’ questions. To evaluate our approach, we conducted a
series of experiments, and the results show that the emotion-aware models performed
the best among different methods.

The experiments for learning model for emotion-aware dialogues were conducted
under various restrictions and required that a combined solution be used to collect the
data for verifying the approach developed in this study. To overcome this challenge, we
are attempting to develop a knowledge transfer method to automatically enrich datasets
by identifying questions and retrieving answers from texts, and the acquired knowledge
can be shared by different service domains.

Fig. 5. Performance comparison of the two methods during training.
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Abstract. Recently, soft robotics have been rapidly developed. Different from
the traditional robots, soft robots have the advantages of higher flexibility, safer
operations, lightweight, low manufacturing cost, simple fabrication, etc. Soft
robots have been applied to various applications, such as medical devices, grip-
pers, rehabilitation devices, etc. This paper proposes a printable pneumatic soft
finger with two degrees of freedom (DOF). The developed finger is capable of not
only bending but also twisting. A vision-based experimental setup was used to
observe and measure the complex actuations with respect to two characteristic
variables in the soft finger design. Kriging was used to build the response surfaces
of total movement and twisting angle of the soft finger. The built Kriging models
could help designers or engineers understand how each variable affects the
complex actuations of the proposed printable pneumatic soft finger.

Keywords: Soft pneumatic actuator � 3D printing � Computer vision � Kriging

1 Introduction

Recently, one of the hottest topics in the field of robotics is soft robotics. Soft robotics
is a subclass of the robotics field using flexible and soft materials to make different
parts of the robot such as joints, actuators, fingers, etc. In the last decade, soft robotics
used in many kinds of applications such as artificial organs [1, 2], medical devices
[3–6], grippers [7, 8], soft wearable devices [9], etc. There are different kinds of
research in the field of soft robotics such as materials and methods [10–13], robot
modeling [14, 15], etc. Many new methods, including additive manufacturing tech-
niques [16, 17], soft lithography [18–20] and making composite materials by unified
methods [21–23], were proposed to fabricate some complicated models of soft robots.
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Also, there are many kinds of methods for actuations of soft robotics, such as tradi-
tional variable-length tension cable driving [24, 25], hydraulic, pneumatic and vacuum
actuations [18, 26], electroactive polymer [27], dielectric elastomer actuator [28], etc.
Using different kinds of materials, design and manufacturing methods can make dif-
ferent movement ability for soft robots. Marchese et al. [29] demonstrated a soft robotic
fish powered by an onboard energy source for a case study. Jung et al. [27] designed a
new type of dielectric elastomer actuator (DEA) to mimic annelid motions. Most of the
researches in this field focus on one-dimensional motions like bending or twisting, but
some research did both of them in one soft finger such as the soft robotic glove, that
was designed by Polygerinos et al. [3], for combined assistance and at-home rehabil-
itation with two degrees of freedom (DOF). Shih et al. [30] made a soft hand with three
fingers and added a sensor to control the twisting and bending for different kinds of
objects. In this paper, we designed and fabricated a new model of pneumatic soft finger
made by Fused Deposition Modeling (FDM) technology. Two characteristic design
variables were chosen, i.e. the rib angle and rib distance, and how they affect the soft
finger actuations were studied. Computer vision methods were used to measure the
total movement and twisting angle of the soft finger. Krigng was used to build the
response surfaces of total movement and twisting angle of the soft finger.

2 Design and Testing of the Printable Pneumatic Soft Fingers

This paper focused on designing a pneumatic soft finger that could be manufactured by
3D printing. Figure 1 shows the printable pneumatic soft finger design. Two air
channels were made and separated with a middle wall inside the soft finger. As the left
air inlet is pressured, the air channel on the left-hand side will be inflated causing
actuation at the left-hand side. On the other hand, pressurized air applied to the right air
inlet inflated the right air channel and caused right actuation. Bending occurs as both air
channels are inflated with the same pressure. Twisting happens as the inflation pressure
on each side is different from each other. Our preliminary tests also showed both the rib
angle h and the rib width d, shown in Fig. 1(a), are sensitive to the actuations of
bending and twisting of the soft finger. Therefore, the soft finger with the design of
experiments (DOE) of h 2 ½35; 40; 45; 50� (degrees) and d 2 ½3; 4; 5� (mm) are
investigated. To manufacture the soft finger designs, the 3D printer (FlashForge
Creator Pro) was used with the settings listed in Table 1. The material of the soft finger
thermoplastic polyurethane (TPU, Flex mark 8 made by TREED, Italy).
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Figure 2 shows the experimental setup of the actuations of the 2-DOF pneumatic
soft fingers. A Raspberry Pi board was used to control the relay modules, which were
connected to the solenoid valves. Pressurized air was applied to the pneumatic filter and
then sent to the solenoid valves. The signal from the Raspberry Pi board opened the
solenoid values to apply pressurized air to the left and right air channels in the soft
finger. Two cameras were used to capture the deformation of the soft finger from the
front and the right, respectively.

(a) (b)

Fig. 1. Design variables of the printable pneumatic soft finger: (a) top view; (b) angular view.

Table 1. Parameters for 3D printing of thermoplastic polyurethane (flex, Mark 8).

Parameter Value Unit

Layer height 0.12 mm
First layer height 0.18 mm
Perimeter shells 3
Top solid layers 4
Bottom solid layers 4
Infill fill density 100 %
Infill fill pattern Hexagon
Combined infill Every 2 layers
Print speed 20 mm/s
Travel speed 30 mm/s
Extrude temperature 240 °C
Platform temperature 45 °C
Cooling fan controls Automatch
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(a)

(b)

Fig. 2. Experimental setup for the pneumatic actuation of the 2-DOF soft finger: (a) A picture of
the setup; (b) Details about the connections of air, power and signal.
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3 Vision-Based Measurements of Soft Finger Deformations

Figure 3 illustrates the feature points located at the tip of the 2-DOF soft finger, which
are automatically identified by computer vision and utilized for coordinate measure-
ments. The left-upper and right-upper corner points of the soft finger are identified and
denoted as P1 and P2, respectively. P1 is considered as the origin of the world coor-
dinate so P1 ¼ ½0; 0; 0�T . The x- and y-coordinates of P2 can be determined from the
picture taken from the front, as shown in Fig. 3(a). The z-coordinate of P2 can be
obtained from the picture taken from the right, as shown in Fig. 3(b). The middle point
of P1P2, denoted as M, is then computed by:

M ¼ 1
2
ðP1 þP2Þ ð1Þ

(a) (b)

(c) (d)

Fig. 3. Captured images of the soft finger actuations: (a) Original configuration (front view);
(b) Original configuration (right view); (c) Left actuation (front view); (d) Left actuation (right
view).
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Figure 3(c) and (d) illustrates the front and right views of the 2-DOF soft finger
under right actuation, respectively. The same corner points are captured by computer
vision methods and are denoted as P0

1 and P0
2, respectively. The x- and y-coordinates of

these two corner points can be obtained from the front view, as shown in Fig. 3(c).
However, only the z-coordinate of P0

2 can be determined from the right view shown in
Fig. 3(d). P0

1 may be behind the soft finger geometry at some actuation configurations
when being observed from the right. Therefore, the Eq. (2) is solved to determine the
z-coordinate of P0

1:

P0
1 � P0

2

�� �� ¼ P1 � P2k k ¼ 25 mm ð2Þ

Or,

P0
1z ¼ P0

2z �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
252 � ðP0

1x � P0
2xÞ2 � ðP0

1y � P0
2yÞ2

q
ð3Þ

The middle point between P0
1 and P0

2 is then determined by:

M0 ¼ 1
2
ðP0

1 þP0
2Þ ð4Þ

To investigate the nonlinear and complex deformation of the 2-DOF pneumatic soft
finger, the total movement from M to M0, as shown in Eq. (5), is used to represent how
much the tip of the soft finger reaches.

Total Movement ¼ M0 �Mk k ð5Þ

On the other hand, the angle between the vectors and , as given in Eq. (6),
is used to represent how much the soft finger twists.

ð6Þ

As mentioned earlier, we chose 12 different combinations of design variables, i.e. h
and d. Each design was made by 3D printing with the presented settings in Sect. 2. The
total movement and twisting angle of the soft finger in each design were measured
using the presented experimental setup. The results are listed in Table 2. “Right
actuation” means pressure was only applied to the right air channel shown in Fig. 1(a)
as “right actuation” is for pressure applied to the left air channel only. “Both actuated”
stands for the same pressure was applied to both of the air channels. It can be seen that
the total movements of the right and left actuations were very similar due to symmetric
geometry. For the same reason, the twisting angles of the right and left actuations were
also very similar. When pressure was applied to both air channels, larger movements
were achieved but the twisting angles were close to zero due to pressure balancing.
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4 Study of Soft Finger Actuation Using Kriging Response
Surface

In this paper, the nonlinear Kriging model [31] was used to build the response surfaces
of the total movements and twisting angles with respect to the chosen design variables,
as shown in Fig. 4. First, the Gaussian model in Eq. (7) was used to find the best fit of
the semivariogram c:

cðhÞ ¼ A 1� expð�h2

B2 Þ
� �

ð7Þ

where h is the Euclidean distance between sampling points; A is an asymptotic
parameter; B is a shape parameter. cðhÞ is the squared difference of the responses of two
sampling points that has a distance of h. Based on the determined semivariogram
parameters, the covariance between two sampling points was then given as follows:

Cij � COVðsi; sjÞ ¼ exp
� si � sj
�� ��2

B2

 !
ð8Þ

where si ¼ ½hi; di�T and sj ¼ ½hj; dj�T are the ith and jth sampling points, respectively.
Finally, the Kriging model of each response f was given by:

f ðxÞ ¼ FTC�1CxðxÞ ð9Þ

Table 2. Results of tip movements and twisting angles with various design variables.

h d Total movement (mm) Twisting angle (�)
Right
actuation

Left
actuation

Both
actuated

Right
actuation

Left
actuation

Both
actuated

35 3 13.22 12.73 23.29 15.91 15.46 0.34
35 4 12.94 11.49 25.45 18.89 18.34 0.67
35 5 13.46 12.78 27.04 20.78 21.34 0.28
40 3 14.76 14.38 25.70 21.15 19.97 0.51
40 4 10.33 9.77 19.47 20.85 20.14 0.54
40 5 18.03 14.10 32.77 34.34 29.63 3.06
45 3 15.84 16.27 28.40 27.63 25.41 0.17
45 4 14.11 12.11 23.53 28.36 27.07 1.36
45 5 12.90 11.69 24.91 24.63 24.59 1.15
50 3 14.44 14.60 25.71 31.57 27.88 0.99
50 4 14.17 13.85 22.76 33.64 33.52 1.81
50 5 12.58 11.76 16.84 35.15 34.08 2.26
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where F is a vector of responses listed in Table 2; C � Cijeiej written in Einstein
notation; Cx � Cx;iei is a vector of covariance between the ith sampling point and the
design variable x ¼ ½h; d�T where:

Cx;i � COVðsi; xÞ ¼ exp
� si � xk k2

B2

 !
ð10Þ

(a) (d)

(b) (e)

(c) (f)

Fig. 4. Kriging response surfaces with respect to the design variables: (a) Normalized total
movement of right actuation; (b) Normalized total movement of left actuation; (c) Normalized
total movement of both left and right actuations; (d) Normalized twisting angle of right actuation;
(e) Normalized twisting angle of left actuation; (f) Normalized twisting angle of both left and
right actuations.
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In Fig. 4, the Kriging models are the normalized responses with respect to the
normalized design variables. The normalizations of the rib angle, the rib width, the total
movement, and the twisting angle were determined by ðh� 35Þ=15, ðd � 3Þ=2,
ðmovement � 5Þ=30, and angle=40, respectively. Observed from these results, the
movements and twisting angles nonlinearly behave with respect to the design variables.
As one side of the air channel was actuated, the main deformation modes were twisting,
as shown in Fig. 4(d) and (e). As shown in Fig. 4(c), the main deformation modes were
bending. The studies of the finger actuations with respect to different design variables
and control parameters could be used for the kinematics analyses of the soft finger
designs.

5 Conclusions

In this paper, we presented a new model of printable pneumatic soft finger that has two
DOF of bending and twisting. The finger was made of thermoplastic urethane
(TPU) and manufactured by 3D printer. 12 different models with different rib angles
and rib distances were manufactured. An experimental setup was used to provide 3
different kinds of actuation: left, right and both-side actuations. Two cameras were used
to observe the actuations and measure the tip movement and twist angle in each soft
finger design. The responses of the tip movement and twist angle were then built with
respect to the design variables using Kriging models. The built Kriging models could
help designers or engineers understand how each variable affects the complex actua-
tions of the proposed printable pneumatic soft finger. We plan to analyze the kine-
matics of various soft finger designs based on the results of the actuations with respect
to different design variables and control parameters.
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Abstract. As industry progresses toward intelligent production and develop-
ment, on-site workers that perform repetitive tasks will be replaced by intelligent
machines. Currently, automation applications still have the following problems:
(1) on-site personnel are required to line up the workpieces before a robot arm
can pick it up; (2) the trajectory generated by offline programming software must
be adjusted by on-site personnel in accordance with the processing results; and
(3) because of workpiece positioning errors and tool wear, achieving acceptable
processing results is difficult. This study developed intelligent application
modules that solve the aforementioned automation application problems. These
modules predict processing quality, generate trajectory, enable robot arms to
load and unload randomly positioned workpieces, and automatically calibrate
the system. An automatic gear edge grinding system was developed by inte-
grating each module; the system increases the processing efficiency and solves
the current problem of manual grinding being required after gear processing.

Keywords: Intelligent automation module � Grinding � Calibration

1 Introduction

As technology has progressed and evolved, industrial automation has become the
objective of numerous corporations, with the advantages of reducing workforce sizes
and improving product quality and safety. The usage of robot arms has increased
progressively; according to estimation by the International Federation of Robotics,
3.218 million industrial robots will be used worldwide in 2020 [1]. Because they boost
production and have capability for long working hours, high precision and repeata-
bility, and low error rates, robot arms are crucial in industrial automation.

According to a report from the Gaogong Industry Research Institute, more than
35% of all industrial robots sold in 2017 were bought for use in load and unload, and
this sector has been the most common application for industrial robots for numerous
years [2]. Although the trajectory of robots used for palletizing can be directly designed
through manual teaching, robot arms can also be programmed for automation appli-
cations other than the loading and unloading of products, for example, in advanced
applications such as grinding, soldering, and spraying. In 2017, the market for grinding
robots was approximately CN¥24.2 billion in China; in 2020, it is expected to exceed
CN¥85 billion [2].
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Compared with typical automation applications, advanced automation applications
require more complex processing paths. Because developing advanced automation
applications through manual teaching is difficult, the assistance of offline programing
software is essential [3]. Despite numerous offline programming software programs
existing in the current market, the following problems still occur when using robots for
automated applications: (1) For a robot arm to pick up or process a workpiece, the
workpiece must either be correctly lined up in the collection tray or the workpiece must
have a positioning device; (2) The path produced by the offline programming software
must be adjustable according to the actual processing quality; (3) Finally, due to
workpiece positioning errors and tool wear, planned paths may require manual
adjustment before they are used. To solve these three problems, this study developed
intelligent application modules for integrating kinetic property analysis [4, 5], pro-
cessing quality analysis [6], and automatic calibration technology [7]. The modules can
predict the processing quality, generate paths [8], load and unload randomly placed
workpieces [9], and automatically compensate for errors. By integrating the modules, a
gear edge automatic grinding system was developed that automates the posthobbing
grinding and trimming processes, therefore reducing workforce requirements and
increasing work efficiency and quality. During automation application planning using
the system, the user is required only to input the workpiece model and select the work
method; the system then automatically generates a motion path and displays the pre-
dicted processing quality results, with the user able to adjust the trajectory according to
the predictions. After planning, the user can construct workstations according to the
analysis results. After a workpiece has been randomly placed, the automatic calibration
module guides the robot arm to pick up the workpiece, align its tool with the processing
trajectory, and calibrate the process according to the tool’s wear. After processing, the
module automatically lines up the next workpiece.

2 Intelligent Application Modules

This chapter explains the intelligent application modules developed in this study:

(1) Optimal trajectory generation module: During advanced automation applications,
CAD/CAM analysis is required to generate robot programs. However, the paths
generated by the robot arm path generation software currently in use must be
manually adjusted according to the processing quality. This study developed a
system for quickly analyzing robot kinematics (e.g., singularities, joint limits,
collisions, and grinding processing quality) and producing motion paths, thus
assisting the user in rapid workstation distribution analysis and robot arm path
generation.

(2) Automatic calibration module: During actual processing, the robot arm is easily
influenced by positioning error and tool wear, which can destabilize the software-
generated path. This study developed automatic calibration technology for auto-
matically identifying a workpiece’s position, automatically aligning the tool with
the processing trajectory, and adjusting and compensating for the errors produced
during tool mounting. Additionally, this study established random picking
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technology, which enables the random placing of workpieces; the module employs
visual recognition and positioning to automatically pick up a workpiece and con-
duct error adjustment, ensuring trajectory accuracy and high processing quality.

After inputting a workpiece model into the path generator module for processing,
the system automatically generates a motion path and displays the processing predic-
tions. Users can then make adjustments according to these predictions to generate the
optimal path. In accordance with the analysis results, the user can construct worksta-
tions and use the automatic calibration module to compensate for workpiece posi-
tioning and tool errors, thus enabling the robot arm to pick up randomly placed objects,
line up the tool with the processing trajectory, make adjustments for tool wear, and line
up the workpiece for the next work procedure. The module-based system is illustrated
in Fig. 1.

2.1 Optimal Paths Are Generated Using Processing Quality Predictions

The optimal path generation module developed in this study as follow: (1) Robot arm
kinematic analysis: This includes forward and inverse kinematic analysis of the robot
arm, joint limitation analysis, singularity analysis, stiffness analysis, and path genera-
tion for continuous motion. After selecting the processing type and position distribu-
tion, a processing trajectory is automatically generated; (2) Collision detection: After a
continuous motion processing trajectory for the robot arm is generated, analysis is
required to determine whether a collision may occur between the robot arm, workpiece,
tools, and surrounding hardware equipment or whether the objects are too close to each
other. The module automatically adjusts the path to ensure functional processing;
(3) Prediction of grinding processing quality: After generating a processing trajectory
that has acceptable dexterity but does not have singularities or collisions, the

Fig. 1. Intelligent modules and system

Intelligent Automation Module-Based Gear Edge Grinding System 313



processing quality is analyzed. By predicting grinding quality using the processing tool
and the amount of workpiece interference, the user can predict whether the planned
grinding is insufficient and adjust the path according to the analysis results.

Six-axis articulated robot arms satisfy two conditions namely that the three upper
axes intersect and the second and third axes are parallel. According to inverse kine-
matics analysis, three quadratic polynomials can be used to calculate the inverse
kinematic solution sets of the arm’s eight postures. Additionally, by selecting different
inverse kinematic solution sets, a path can be planned that avoids singularities, axial
displacement constraints, and obstacles. However, if the incorrect inverse kinematic
solution set is selected during path planning, the robot will exhibit a rapid speed change
or make an unpredicted motion.

Figure 2(a) illustrates the two sets of inverse kinematic solutions for a 2-DOF
robot. Ahij and Bhij represent the j

th set of inverse kinematic solutions at points A and B,
respectively. If the robot is commanded to move from A = (Ah11, Ah21) to B, the
inverse kinematic solution sets of the two solution branches would be (Bh11, Bh22) and
(Bh11, Bh22). However, if the robot is commanded to move from (Ah11, Ah21) to (Bh11,
Bh22), the robot must move further and pass through at least one singularity of the two
at h2 ¼ 0� and 180�. By conducting path planning using inverse kinematic solution sets
from the same branch, energy can typically be saved and singularities, joint limit
constraints, and collisions avoided.

(Aθ11,Aθ21)

(Bθ11,Bθ21)

(Bθ12,Bθ22)

θ1

θ2

(Aθ12,Aθ22)

180 360

(a) Axial displacement range

A B

Bθ11

Aθ11

A
B

Aθ11

(b) Workspace

Fig. 2. Two inverse kinematic solution sets for two-DOF robots
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The inverse kinematic solution with the largest singular-free joint space should be
selected when conducting path planning to reduce the number of times the inverse
kinematic solution must be changed. Figure 3(a) shows the joint spaces for the first
three joints of a 6-DOF robot. The four regions indicate the intervals between the
positive and negative solutions of the two discriminants before conducting inverse
kinematic analysis. Figure 3(b) shows the three upper joint space, which is separated
into two ranges by the singularity curve (sinh5 ¼ 0). Figure 4 displays the branches of
the eight inverse kinematic solutions for a 6-DOF robot, with each “+” sign repre-
senting a positive solution in the quadratic polynomial of the discriminant
(�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2i � 4aici

p
). To calculate the approximate value of the joint space for the (+, +, +)

branch, the interval area of (+, +) from Fig. 3(a) should be added to the interval area of
(+) in Fig. 3(b). During path planning, the inverse kinematic branch with the largest
joint space is employed to reduce the number of times the inverse kinematic solution
must be changed. If path planning requires selection of a different set of branch
solution, the inverse kinematic solution set with discriminant value closest to 0 is
selected. When the discriminant value is close to 0, the inverse kinematic solutions of
different sets are close.

(a)                                (b)

Fig. 3. Axial displacement range

Fig. 4. Inverse kinematic solutions of a 6-DOF robot
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For the joint limits, displacement hi is within its joint limits if himax � hið Þ himin�ð
hiÞ\0, where himax and himin representing the maximum and minimum joint limit of ith

axis, respectively. The closeness to joint limits is evaluated by

gi ¼
himax � hið Þ himin � hið Þ

himax � hiaveð Þ himin � hiaveð Þ ð1Þ

where hiave ¼ himax þ himin
2 . Measure gi ¼ 1, gi ¼ 0, and gi\0 indicate hi is in the middle

of himax and himin, reaches its joint limits and exceeds its joint limits, respectively.
The singularity, stiffness, and dexterity of the robot arm can be represented using

Plücker coordinates. Because the three upper axes of the robot arm intersect, the 6 � 6
Jacobian matrix can be simplified into four 3 � 3 affiliated matrices (2) to quickly
analyze the kinematic properties of the robot arm. For example, robot arm rigidity can
be analyzed using the maximum and minimum singularity value of the CTC compli-
ance matrix in (3). In (3), ki is the rigidity coefficient of the ith axis. The proximity to
the singularity can be determined using the determinant of the Jacobian matrix in (4).
The dexterity of the robot arm is analyzed using the ratio between the maximum and
minimum singularity values of the Jacobian matrix JJT , ensuring the kinematic per-
formance of the robot arm.

x6

vp

� �
¼ J _h ¼ ê1 ê2 ê3 ê4 ê5 ê6

r1 � ê1 r2 � ê2 r3 � ê3 r4 � ê4 r5 � ê5 r6 � ê6

� �
_h

¼ J1 J3
J2 0

� �
_q

ð2Þ

C ¼ J@�1JT
� ��1 ð3Þ

Det J½ � ¼ � a3sinh3 � cosh3sina3d4f g½ð�d4sina1sina3sinh3
� a3sina1cosh3 � a2sina1Þ cosh2ð Þ
� ðd4sina1sina3cosh3 � a3sina1sinh3Þ sinh2ð Þ
�a1sina1�sinh5sina4sina5i

ð4Þ

Fig. 5. Detecting potential collisions using the voxel-based method
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For the collision detection, the voxel-based method is employed to conduct colli-
sion analysis. This method divides the models into finite elements and analyzes the
relationship between each element to determine any interference. If interference
between two elements is detected, a collision would occur. In this case, the workpiece
and tool must be reconfigured to generate a new trajectory. The analysis accuracy of the
voxel-based method is related to the size of the elements; employing smaller elements
enables more accurate analysis results but requires more computation time. The linear
distance between the centers of two spherical elements can be used to conduct element
collision analysis. If this linear distance is smaller than the sum of the radii of the
elements, interference will occur between the two elements (Fig. 5):

Oa � Obk k� ðRa þRbÞ ð5Þ

The voxel-based method and workpiece element interference conditions are used to
analyze workpiece–tool contact during processing. The amount of contact is crucial for
analyzing the grinding processing conditions. The amount of grinding that will occur
on a given path is calculated and displayed on the operational interface. The user can
then make adjustments in areas with insufficient or excessive grinding.

2.2 Automatic Calibration Technology

Currently, automation using a robot arm requires an operator to line up workpieces at
the tray or a positioning device; only then can the robot arm perform follow-up
motions. During automation applications, the path generated using programming
software may be unusable or processing quality may be unstable because of workpiece
scale tolerance, relative errors between items, and tool wear. The automatic calibration
module developed in this study includes the following technology: automatic work-
piece position recognition, automatic processing trajectory alignment, and tool center
point (TCP) calibration. Additionally, this study developed technology incorporating
machine vision and positioning, enabling the robot arm to automatically pick up
workpieces with random positions and the system to conduct calibration for ensuring
trajectory preciseness and processing quality.

The technology for automatic workpiece position recognition, pickup and auto-
matic trajectory calibration: (1) establishes the position and orientation relationships
between the coordinates of the image sensor mounted on the loading platform, the
physical workpiece, and the workpiece’s two-dimensional image on the sensor;
(2) establishes a method for calibrating the internal and external variables of the image
sensor; (3) enables the use of workpiece contour alignment technology. After a
deploying physical workstation, the user can employ the workpiece calibration tech-
nology to analyze the positioning error of the workpiece. Subsequently, the user can
adjust the workpiece position or trajectory for reducing this error. A description of
related technology follows.

(1) Automatically picking of randomly positioned workpieces [9]: An image sensor is
set above the loading platform, and the coordinates of the robot arm relative to the
image sensor is calibrated. Visual recognition is employed to determine the
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workpiece’s position. The workpiece coordinates are converted into the coordi-
nates of the robot arm. Finally, the robot arm is controlled to pick up the
workpiece.

(2) Identifying the actual processing trajectory and performing calibration in accor-
dance with the default processing trajectory [10]: When the robot arm picks up a
randomly positioned workpiece from the loading platform, the processing tra-
jectory should be aligned twice to ensure correct grinding of the gear edge. The
proposed method uses the image sensor to capture the grinding trajectory under
default conditions. Automatic calibration technology is then employed to align the
workpiece with the grinding trajectory and adjusts the grinding trajectory errors
determined from both alignment processes. After the error between the processing
position and actual position has been analyzed, processing trajectory correction
methods are used to adjust the processing position for ensuring processing quality.
In gear grinding applications, a gear is picked up by the robot arm and moved to
the image sensor position for image capture. Analyzing the position of the gear
edge yields the offset between the actual and predicted grinding trajectories.

The TCP automatic calibration system is employed by two image sensors (Fig. 6).
The A- and B-axes are defined as the center axes of the field of view for image sensors
1 and 2, respectively. The C-axis is defined as the direction perpendicular to both the
A- and B-axes. Planes 1 and 2 are the planes perpendicular to the A- and B-axes,
respectively. The TCP obtained by image sensors 1 and 2 are located on planes 1 and 2,
respectively [7].

The TCP calibration process has four steps: (1) establishment of the calibration
system, which consists of numerous image sensors and axes that intersect; (2) deter-
mination of the conversion relationship between the robot arm reference coordinate
system and image sensor reference coordination system; the image-sensor-coordinate
motion vectors are converted into robot-arm-coordinate motion vectors; (3) use of the
visual server to control the robot and obtain the calibration reference point; this point
must have the same position as the TCP but a different orientation; and (4) calculation
of the actual TCP position.

Fig. 6. TCP calibration system
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3 Gear Edge Grinding Application System

The common features of manufacturing factories include sultriness, noisiness, and
repetitive operations, which are factors that are unpleasant for workers and thus lead to
the labor gap. The environment in processing factories often causes workers to feel
bored and lose concentration, causing psychological fatigue that leads to adverse
symptoms (e.g., physiological exhaustion). Not only does this endanger worker safety,
it also results in inconsistent product quality. Numerous factories now employ
automation to address this concern. Introducing industrial robots into the parts of the
production process that are dangerous or require repeated performance of a particular
task enables more efficient utilization of human resources.

This chapter explains the integration of the intelligent automation modules and the
development of the gear edge automatic grinding system. Robot arms can be used for
the following automation applications: loading and unloading of workpieces, deburring
and chamfering. Factories can employ the intelligent application modules to achieve
the following:

(1) Intelligent pickup and placement of workpieces: After placing a workpiece in the
loading area, the feedback coordinates obtained through machine vision recog-
nition are transmitted to the robot, enabling it to pick up the workpiece. After
processing has been completed, the actual condition of the unload area is deter-
mined and transmitted to the robot, enabling the robot to place the processed
workpiece at a usable grid position.

(2) Pickup function featuring decentering calibration: Before image capture, the fixed
position of the worm wheel is obtained by the angle of rotation of each gear in the
workpiece. After recording the start of the Trajectory and the center deviation
distance of each gear, sine functions are employed to perform curve fitting and
calculate the possible deviations, and the deviations are compensated to adjust the
tool coordinates and perform verification. The process is repeated until the
deviations are within a predetermined error range.

(3) Automatic alignment of the processing trajectory: According to the set angle
rotation of the workpiece, machine vision is employed to label the displacement of
the teeth grinding starting point near the center of the image. The deviation
between the current teeth grinding starting point and center of the image is cal-
culated. The deviation is added to the tool position of the rotating workpiece, thus
aligning the gear grinding starting point with the center of the image.

(4) Gear edge grinding: The workpiece alignment value is substituted into the work
coordinates configured in each grinding process setting. Grinding then proceeds.

The automatic gear edge grinding system developed in this study employs the ITRI
12A62 robot arm (Fig. 7).

The work process of the automatic tool edge grinding system developed in this
study consists of the following four stages. (1) Initialization: The system can be used on
gears of different sizes. Before grinding processing, automatic machine vision recog-
nition or notification by the user of the appropriate gear code is required to determine
the processing parameters, such as the processing trajectory generated by offline
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software and gear geometry variables. (2) Automatic self-measurement and calibration:
During the first operation of the system and after the system has operated for a certain
amount of time, automatic self-measurement and calibration are required to ensure
standard operation of the system; these processes include using a calibration block to
evaluate the accuracy of the image sensor above the loading platform, calibrating the
relationship between the mounted image sensor and robot arm, and conducting
decentering measurements of the robot arm gears. The proposed detection method uses
the image sensor to identify the size and position of the first gear’s teeth. The gear is
then rotated in place, and its position and size deviation is recorded to estimate the
deviation condition (Fig. 8). (3) Gear grinding processing: After the evaluation has
been completed, gear edge grinding can be performed. The grinding process involves
the pickup of a randomly positioned workpiece, alignment of the processing trajectory,
grinding, and alignment of the processed gear.

The proposed system implements automated production into the gear grinding
process, which was originally conducted only manually. By enabling loading and
unloading of randomly positioned workpieces and performing automatic trajectory
calibration, this system saves the cost of a loading plate and positioning device. The
results obtained using the automatic grinding system are displayed in Fig. 9.

Fig. 7. 12A62 robot arm

Fig. 8. Gear tooth size and position determination
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The system achieved grinding of similar quality to manual grinding while increasing
the processing efficiency by 20%. Furthermore, processing quality can be maintained
using this system even after operation for a long period.

4 Conclusion

This study developed intelligent application modules and integrated the modules into
an automatic gear grinding system, which has the following three features: (1) capable
of generating the optimal path by predicting processing quality; (2) automatic cali-
bration technology for tools and workpieces; and (3) an automatic gear edge grinding
application workstation. The module scales of the automatic gear edge grinding
application workstation are as follows. (1) The automatic path generation technology
produces a processing trajectory without singularities and collisions and with smaller
joint angle changes than the user set value. (2) The success rate of the pickup and
processing trajectory functions exceeded 99%, and actions could be completed in less
than 40 s. (3) The automatic TCP calibration technology completed calibration within
1 min, with errors less than 0.1 mm. (4) The errors in the gear edge grinding width
were within ±0.3 mm, similar processing quality to manual processing and increasing
the work efficiency by 20%. Aside from producing a human–machine interface for
related functions, this study strengthened the automation application, improving the
automation application modules and the technological competitiveness of Taiwan
while reducing the time required for process planning.

At present, automated application module are used in Taiwan mainly in factories of
Japanese firms, such as FANUC, Mujin, and Keyence, which account for 80% of the
Taiwanese market share and thus control the price, delivery date, and profits of Tai-
wanese intelligent applications. Because the technology of advanced intelligent
automation applications is a difficult field of research and development, Taiwan has yet
to release an advanced intelligent application module. By implementing a domestically
developed intelligent module, this study aims to increase the acceptance among Tai-
wanese firms of domestically produced controllers as well as increase the reliance on
these controllers and the confidence in their properties. When purchasing automation
application modules and robot arms, terminal users will hopefully be encouraged to

(a) Pregrinding                                      (b) Postgrinding

Fig. 9. Results of automated grinding of a gear edge
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purchase Taiwan-developed controllers with a higher price–performance ratio rather
than controllers from Japanese and European brands.
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Abstract. In wire arc additive manufacturing, weld beads are deposited
layer-by-layer leading to the final part geometry. The printed geometry of
the weld bead depends on various factors and is therefore hard to predict
and control accurately. These errors will lead to large deviation between
the actual and the expected print layer thickness, deteriorates the print’s
geometry and hinders subsequent print layer. This paper describes an
adaptive system for Hybrid-Wire Arc Additive Manufacturing that is
capable of automatically sensing, correcting and updating the printed
layer behavior to address the above issues. The details of the developed
system and the employed universal framework is described, and experi-
ments were conducted to demonstrate its capabilities and effectiveness.

Keywords: Additive manufacturing · Automation ·
Hybrid manufacturing

1 Introduction

Metal Additive Manufacturing (AM) has gained increasing attention recently
to fabricate complex components for various industries [1]. Compared with the
traditional subtractive manufacturing, AM offers a shorter production time and
requires less human intervention as the process can be completely automated
from a CAD model. It is also more cost-effective due to the low buy-to-fly ratio
through the production of near net-shape components [2]. Based on the feedstock
type, metal AM can be categorized into powder-feed and wire-feed technology.
Although powder-feed process can produce parts with higher accuracy, wire-feed
approach is more practical for fabricating large components due to its higher
deposition rate. The energy source for the deposition in wire-feed AM can be
provided by an electron beam, a laser, or an electric arc [3]. The arc-based
technology, often referred to as Wire Arc Additive Manufacturing (WAAM) [4],
is less costly and has a higher deposition rate than the other two processes.
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In WAAM, the parts are built by depositing overlapping weld beads in the
horizontal (multi-bead) as well as vertical (multi-layer) directions on top of a
substrate. The suitable distance between the beads in both horizontal (stepover
increment) and vertical (layer increment) directions can be calculated from the
geometry of the single weld bead obtained experimentally [5,6]. Despite using the
recommended stepover distance, it is still challenging to obtain a flat surface of
the deposited layer, deteriorating the subsequent layer deposition. As the layers
are built up vertically, the heat transfer conditions also change [7]. For the first
few layers, the heat can quickly dissipate onto the larger substrate acting as a
heat sink. For the subsequent layers, the heat conduction to the substrate is
slower as it needs to pass through the previously deposited layers, leading to
more accumulation of heat near the print. The different temperature conditions
are known to affect the output behaviour of the weld bead. The deposited layer
at the different height level may have different layer thickness due to this varying
cooling rate [8]. This leads to an accumulated error of the predicted cumulative
printed height as represented by the experimental results in [9], thus affecting
the accuracy of the set distance of the layer increment. A short distance between
the welding nozzle and the layer surface increases the chance of collision as well
as spatters sticking onto the nozzle, while a long distance has been known to
influence the shielding gas effect and result in more porosities [10].

In order to solve the aforementioned issues, complex vision and control can
be employed to regulate the welding parameters and the deposition to ensure the
regularity and the accuracy of the printed layer thickness [10]. However, such a
feedback control requires developing a complicated online measurement system,
and a simpler solution would be to face-mill the layer to compensate for the
thickness variation and obtain the surface evenness [11]. This approach has been
implemented by some in the literature and usually termed as Hybrid Layered
Manufacturing (HLM) [5,12]. Nevertheless, those existing systems usually do
not include an integrated sensing system to automatically quantify the surface
roughness and the required milling thickness as well as update the resulting layer
height for the subsequent layer deposition, and these laborious steps most likely
had been performed manually. An effort on developing an automated system was
recently reported [13]. However, the process was specifically developed for and is
thus only applicable for manufacturing thin-walled structures. Incorporating and
automating these routines for printing general shapes would be a step towards
a more intelligent WAAM process requiring very minimal human intervention.

This paper presents the development of an integrated system for adaptive
Hybrid-Wire Arc Additive Manufacturing (H-WAAM) which can automatically
sense, correct and update the print behavior. The system consists of a robot
manipulator equipped with a welding system to perform the additive operation,
and a gantry system with a laser displacement sensor and a milling head assembly
installed to perform the registrative and subtractive function respectively. A
universal framework is proposed and employed to automate the procedures of
depositing, sensing and milling from only the CAD model of the part, which thus
requires very little human intervention and accommodates for any print shape.
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2 System Overview and Workflow

Shown in Fig. 1a, an integrated system for automated and adaptive H-WAAM is
developed in Singapore University of Technology and Design (SUTD). It consists
of a robot manipulator (ABB IRB 1660ID), a welding machine (Fronius TPS
400i) with a welding torch (Fronius WF 25i Robacta Drive), a gantry robot
made up of three linear rails (PMI KM4510) and three servos (SmartMotor
SM34165DT), a 2D laser scanner (Micro-Epsilon scanCONTROL 2910-100), and
a milling head assembly (Proxxon FF500). All of the control commands to the
system are formulated and dispatched by a central master computer which is
connected to the rest of the hardware components through either an ethernet or
an RS232 communication interface.

Robot Manipulator

Welding Torch

Welding
System

Gantry System

Laser Sensor

Milling Assembly

(a) (b)

Fig. 1. (a) Hardware equipments and (b) Workflow of the developed adaptive Hybrid-
Wire Arc Additive Manufacturing (H-WAAM) system.

Figure 1b shows the proposed workflow of the automated adaptive H-WAAM.
The only input required is the 3D CAD model of the part. The CAD model is
first sliced into layers with a resolution depending on the accuracy required, and
the print path for each layer is generated and stored in a library of the part
layers. The automated workflow starts with the robot manipulator printing the
first layer. When the print job is done, the gantry robot moves the 2D laser sensor
to scan and reconstruct the 3D surface of the printed layer, and the maximum
and minimum heights of the layer are obtained. Based on the surface roughness,
it is then decided whether face milling is required to improve the flatness of the
surface. With or without milling, the final height of the current layer is then
fed into the system and the corresponding print path for that particular layer
height is extracted from the library of the part layers. The robot manipulator
then carries out the subsequent layer’s print job on top of the previous layer,
and the workflow repeats until the last layer has been reached.
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3 Automation and Generalization Strategies

To automate the adaptive H-WAAM system consisting of the various hardware
and operations, a universal framework is employed. The individual functional
module, namely the additive, registrative and subtractive unit, can understand
what one another is doing with very little preparation and intervention from
human. The following subsections discuss the universal strategies used in the
developed H-WAAM system with only the CAD model of the part as the input,
which is general enough to be used for printing any part’s shape. The main
automated adaptive function, which is developed in-house, is also described.

3.1 Unified Path Generation

The jobs for the additive, registrative and subtractive functions are to be gen-
erated solely from the CAD model, so that very little pre-processing and prior
preparation by human is required. To achieve this, three different paths are
generated automatically from the sliced CAD model: the additive path, the reg-
istrative path and the subtractive path. The additive path is basically the typical
print pattern employed in AM, and it can take any deposition patterns depend-
ing on the needs. The most common hatching patterns are spiral (contour-based)
and raster (zig-zag) patterns. The layer is hatched into the print path with a
stepover distance specific to the material being deposited.

For the registrative function, it is good for the laser sensor to know the shape
of the layer that was just printed by the additive module so that it does not have
to scan the whole workspace and thus saves on the operational time. To attain
this, unidirectional raster lines are generated from the sliced CAD model with
the required resolution of the 3D scan output as the stepover distance. These
raster lines represent the positions of the 2D laser line across the layer’s shape
and form the registrative path automatically generated from the CAD model
of the part. More details on how the path is used for the sensing and adaptive
function will be discussed in Sect. 3.3 later.

Similar to the additive function, the subtractive task can also be performed
on the layer surface either in a spiral or raster manner. Hence, to construct the
subtractive path automatically, spiral or raster pattern can likewise be generated
from the sliced CAD model, but now with the diameter (full or around 80%)
of the face or end mill tool as the stepover distance. This path then becomes
the route that has to be taken by the subtractive module to mill and flatten the
layer surface according to its shape.

To achieve the proposed unified path generation for the three H-WAAM
functions, a hatching software tool is developed in-house which takes in the
sliced CAD model of the part to be printed. Figure 2 shows the examples of
the three different paths for the additive, registrative and subtractive functions
generated by the software for manufacturing a test coupon part.
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Fig. 2. Unified path generation from the sliced CAD model for the adaptive H-WAAM
system. The additive path represents the deposition path of the part layer hatched
with a stepover distance specific to the material characteristics. The registrative path
represents the positions for the 2D line laser sensor hatched from the part layer with
the required scan resolution as the stepover distance. The subtractive path represents
the route to be taken by the miller hatched from the part layer with a stepover distance
related to the diameter of the face or end mill tool.

3.2 Coordinate Systems

After the unified paths for the three adaptive H-WAAM functions have been
automatically generated from the CAD model, the various hardware components
need to know the position of the printed part relative to each of them so that
they move to the correct location to deposit, scan or mill the part. Figure 3 shows
the coordinate systems of the developed adaptive H-WAAM system, where the
positions of the coordinate frames have been calibrated relative to one another.
The coordinates of the generated unified paths will always be positioned relative
to the table frame T , which is where the part is going to be printed on. Hence,
the coordinates of the unified paths will be generally notated as T PUκ with
κ = {a, r, s} for additive, registrative and subtractive paths respectively, and P
is in the format of [x, y, z] coordinates. To formulate the motions of the robot
manipulator as well as the gantry robot to perform the deposit, scan and mill
operations based on the generated unified paths, the coordinates of the paths
need to be expressed relative to the additive, registrative and subtractive tool
frames respectively.

From the coordinate systems, the motion of the robot manipulator to perform
the additive function can be obtained from

APUa = T PUa + MPT − MPA (1)
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Fig. 3. Coordinate systems of the developed adaptive H-WAAM system.

where MPT and MPA are the calibrated positions of the table frame and the
additive tool frame respectively relative to the robot manipulator frame. The
motion of the gantry robot to carry out the registrative task is formulated as

RPUr = T PUr new + MPT − MPG − GPR (2)

where MPG is the calibrated position of the gantry robot frame relative to the
manipulator frame, GPR is the calibrated position of the registrative tool frame
relative to the gantry robot frame, and T PUr new is the new registrative path
after being processed further, which is discussed in Sect. 3.3. The movement of
the gantry robot to execute the subtractive operation can be obtained as

SPUs = T PUs + MPT − MPG − GPS (3)

where GPS is the calibrated position of the subtractive tool frame relative to the
gantry robot frame. With these coordinate systems and unified paths, the whole
process of the adaptive H-WAAM system can be fully automated from only the
CAD model of the part to be built.

3.3 Sensing and Adaptive Function

This section describes the planning and processing of the laser sensing operation
further derived from the generated registrative path (T PUr) to automatically
perform the main adaptive function of the H-WAAM system. As mentioned in
Sect. 3.1, the generated registrative path only represents the desired positions of
the 2D laser line on the layer’s surface. To achieve this, the motion of the laser
sensor needs to be further formulated.

From the automatically-generated registrative path, the bounding box which
encloses the contour shape of the printed layer is first extracted, as depicted
by the dashed red box in Fig. 4a with the test coupon path as an example.



Development of an Automated and Adaptive System for Robotic H-WAAM 329

(a)

(b)

Fig. 4. (a) Illustration of the path planning for the laser sensing operation derived
from the registrative path and (b) Pseudocode of the automated planning algorithm.

From there, the width of the current printed layer can be obtained. The 2D laser
scanner has a maximum width limit that it can measure at a single instance.
Hence, if the layer width is longer than the laser width, multiple passes of the
scanning will be formulated to cover the full part’s width, as depicted by the sev-
eral overlapping dotted green boxes in Fig. 4a. The path for the 3D scan motion
(purple solid arrows) is then the center of each of the scan passes (dashed-dot
brown lines in Fig. 4a). As the relative positions of the scan passes are known,
the scan output can be easily stitched together to reconstruct the layer’s sur-
face. The pseudocode in Fig. 4b summarizes the algorithm used to automatically
formulate the laser scanning motion from the initial generated unified registra-
tive path. This T PUr new is then fed into Eq. (2) to generate the gantry robot
motion for the registrative operation. The laser sensor is programmed to collect
the 2D scan data at a distance interval following the stepover increment in the
initial generated unified registrative path T PUr.

The original generated registrative path itself will be useful again later on
for processing the laser scan data to perform the automated adaptive function.
As the lines in T PUr represent the 2D laser line strictly on the layer surface,
the output of the 3D scanning, which may include data not belonging to the
printed layer’s surface due to the contour shape of the layer, can then be cropped
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automatically and accordingly following the end coordinates of the lines in T PUr.
Hence, the scan data used for the adaptive function will only include those that
belong to the surface of the layer, as will be described further in Sect. 4.

4 Results and Discussion

To test and demonstrate the capabilities of the developed system, a 5 × 5 ×
5 cm3 block was printed adaptively and each of the printed layers was automat-
ically scanned to compare the actual and the theoretical heights of the layers.
Table 1 summarizes the parameters used in the experiments. A total of 18 layers
were printed and Fig. 5a shows the final printed cube. Figure 5b shows the full
output of the automated scan result of one of the printed layers, which is the 9th

layer (halfway to the print), while Fig. 5c shows the scan result for the printed
surface only after the full scan data has been cropped automatically using the
end coordinates from the lines in the generated unified registrative path T PUr.
After automatically removing the unwanted scan data that do not belong to
the printed layer, the depth data can be fairly processed and the maximum and
minimum heights of the current layer can be obtained. These values are useful
to decide accordingly whether milling is required to increase the flatness of the
top layer surface for subsequent print. Figure 5d shows a sample of a layer that
was automatically milled using the generated unified subtractive path T PUs.

As each of the printed layers was automatically scanned, the actual height
of the layers can be compared with the theoretical values. Figure 5e shows the
plot of the actual average height of each of the printed layers compared with
the theoretical expected height, which is the layer number times the height of
the first layer. As can be seen, the actual layer height increasingly deviates from
the expected height as the layer progresses upwards, similar to [8] where the
thickness of the individual layer decreased as more layers were added. If the
print was not performed adaptively, it would have stopped printing at a certain
layer when the gap between the actual and the expected (set) height is large
enough to impede the arc establishment between the welding electrode tip and
the layer’s top surface.

We also compared our results with Panchagnula and Simhambhatla [9], where
they proposed a model to predict the height of the nth layer which compensated
for the anticipated decrease in the layer thickness. The height calculated based
on the model is plotted on Fig. 5e (dotted yellow line). As can be seen, though
the model predicted the layer’s height more accurately than the rudimentary
expected height, the calculated height still increasingly deviates from the actual
layer height as the print progresses, which is consistent with what the authors
reported. Hence, with the developed automated adaptive H-WAAM system, the
actual layer’s height can be measured and updated on the fly to ensure the
continuation and completion of the print.
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Table 1. Parameters used in the experiments.

Parameters (Unit) Value

Filler material ER316LSi

Torch speed (mm/s) 7

Wire feed rate (m/min) 3

Voltage (V) 14.8

Current (A) 100

Bead height (mm) 2.24

Bead width (mm) 4.1

Stepover rate 0.67

(a) (b) (c)

(d) (e)

Fig. 5. (a) The final printed cube. (b) Sample of the output of the laser scan for one of
the printed layers (9th layer). (c) Cropped scan of the printed layer’s surface only. (d)
Sample of a milled layer. (e) Comparison of the actual (measured) average, expected
and calculated [9] printed height of each layer.
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5 Conclusions

This paper developed and proposed a universal framework for an automated
adaptive Hybrid-Wire Arc Additive Manufacturing (H-WAAM) system. The
only input required to the system is the CAD model of the part to be built,
and the system is able to automatically sense and adapt to the variation of
the print behaviour to ensure the continuation and completion of the print job.
Specifically, the system is able to measure the current print height after each
layer’s print, decide whether subtractive operation is required to improve the
smoothness of the top surface and perform accordingly, and finally update the
actual height for the subsequent layer’s print to obtain a more accurate print
result. The proposed process is general enough for printing any part’s shape
as it only requires the CAD model of the part as the input. Experiments were
conducted to demonstrate the capabilities of the developed system and reported.

Acknowledgements. The authors gratefully acknowledge the support of SUTD Dig-
ital Manufacturing and Design Centre (https://dmand.sutd.edu.sg).
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Abstract. Challenges for using robots in operational centrifuges are robust
structures with low mass, mechanical design for movement at high vibration and
high gravity (gs), orientation of components to avoid deflection, and advanced
controllers to reduce vibration. The importance of centrifuge modelling resides
in the capacity of physical simulation of large scale models with a small scale
model. This paper presents the novel design and development of a flexible
actuation control system (FACS) to control multiple stepper motors that use
robots within an operational centrifuge. The novel design is robust and sym-
metric in order to withstand forces equivalent to 30 times earth’s gravitational
acceleration (30g). Moreover, the FACS and its control software are flexible and
generic in order to serve for different applications. The components of the
system were selected and the components’ layout (location and orientation) was
designed to support 30gs and fit within a box of 42 cm � 34 cm � 22 cm.
A graphical user interface was developed in LabVIEW to control four motors.
Different types of motion control such as judge, jog, synchronized, unsyn-
chronized, absolute and relative positioning were implemented. The FACS was
validated with a cone penetration test (CPT) and the results are discussed. An
actuator was used to perform the CPT whilst the centrifuge was rotating and
achieving 30gs. The case study probed the flexible application of the FACS, its
robustness to g field and its performance.

Keywords: Robotics within centrifuges � Mechatronics �
Motion control systems

1 Introduction

The use of robots is vital for hazardous tasks in dangerous environments or with difficult
access for persons [1–3]. A growing application for actuators and robots is in large scale
civil geotechnical centrifuges (Fig. 1(a)) [4–7]. Centrifuges are used in small scale
physical modeling that simulates real world physical conditions on scaled models
(prepared samples of clay or sand containing sensors, actuators and Cartesian robots).
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When the centrifuge rotates, it creates an artificial gravity field due to the centrifugal
force. Similitude in the performance of the scaled model behavior and prototype is
achieved because the gravity acting on the model increases the self-weight body forces
such that stresses in the small scale model reflect those at full scale. This gravitational
acceleration results in a very challenging environment for robots to operate due to
vibration and deflection of electronic devices and cantilever structures [8, 9].

Challenges for robots in centrifuges are the need for compact size, precision,
repeatability, lightweight but also robust structures and supports for electronics to avoid
deflection. Robots are used to perform real time tasks during centrifuge operation, such
as penetration of instrumented probes, excavation of samples and loading during
testing. Hence, this paper presents a flexible actuation control system (FACS) for plug-
and-play stepper motors. The flexibility resides in its ability to work for several
experimental tests due to its plug-and-play capacity and its control software which just
requires two parameters to configure each actuator (stroke and motor steps). FACS is
the third of its kind to be reported in literature and it was developed for use on the 4 m
diameter centrifuge in the University of Sheffield (Fig. 1) [10]. The novelty of FACS
resides in the generic and scalable design of its control software and motors’ plug-and-
play capability. This flexibility facilitates the connection and disconnection of different
experimental setups.

2 Centrifuge Modelling Background

The development of motion control systems for centrifuges endow the ability to per-
form experimental tests to models such as lateral loading, excavation, multi degree of
freedom (DOF) loading and vertical-horizontal-moment (VHM) loading. Specific
equipment for VHM, excavation and multi-DOF were reported in [11–14]. A linear
actuator was used to apply lateral load to a monopile (emulation of wind and wave
loads on wind turbine tower). The lateral load was produced by an actuator of 10 kN at
a maximum loading rate of 8.3 mm/s. This actuator consisted of the following control
hardware: a controller (National Instruments NI PCI-7390), servomotor driver (Mit-
subishi, MR-J2S-40A), and AC servomotor (Mitsubishi, HCKFS43) [11].

(a) (b)

Fig. 1. Centrifuge (a) 3D view and parts. Reproduced from [10] (b) Side view and control room.
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Two servo motors were used to drive an actuator designed specifically for exca-
vation. The aim was to simulate the excavation of underground infrastructure such as
service tunnels and subways. Thus, the actuator’s design was very robust and sturdy to
cope with dynamics of cyclic loading [12]. In a VHM, three independent actuators load
samples in vertical, horizontal and moment modes. The vertical actuator is limited to
work at 3 mm/s, the horizontal between 0 and 3 mm/s, and the rotation at 1°/s [13].

A multi-DOF was developed for multiplanar loading. The multi-DOF can operate
on either displacement or load control on two horizontal axes, but only on load control
on the vertical axis. Also, it allows rotation about horizontal axes. The multi-DOF was
validated through a cyclic test of large-amplitude lateral movements under low vertical
load [14]. The VHM and multi-DOF systems were controlled by one of the only two
motion control system reported in literature. This motion control system is called
Package Actuator Control System (PACS). The system was capable of controlling up
to four servo motor with PID controllers in cyclic (waveform) or desired sequence
modes. The system offered load or/and displacement control for the four motors [15].

The other reported motion control system is called Scalable Actuator Control
System architecture (SACS). The system uses National Instruments equipment (NI
controller cRIO-9024) [16]. SACS’s first approach was reported for a single motor, but
was scalable in hardware. The SACS software was edited to make use of a second
motor working in displacement control in forward and reverse directions [17]. The use
of motorized equipment is widespread for in-flight operations, but the equipment is not
properly reported. In most of them, motors and their control were specific for each
developed hardware and experimental setup. Instead, FACS is a generic system that
can operate with diverse experimental setups. The use of NI hardware and LabVIEW
for motion control is increasing, however, there are only few systems designed to work
within an operational centrifuge. Thus, the following section describes the hardware
and software development of the scalable and plug-and-play FACS to operate within
centrifuges.

3 Motion Control System Design and Development

Most of the components of the novel flexible actuator control system (FACS) archi-
tecture are from National Instruments (NI). The components are described in the order
of connection. PC in Centrifuge control room, real time PXI controller (NI 8135), a
PXI card (NI 7354), a breakout board (NI UMI-7774) and four stepper motor drives
(ACE-102). The complete architecture is shown in Fig. 2.

3.1 FACS Architecture and Electronics

The breakout board and drives are supplied with two power supply units (PSU) RPS-
400 of 10.5 A nominal, 16.7 A peak at 24 V DC. In specific one PSU supplies the
breakout board and two drives, whilst the second PSU supplies the other two drives.

The PXI card is directed plugged into the PXI controller, whilst the PCI card is
connected to the breakout board through NI cables (SHC68-C68-S, 68-pin VHDCI).
The breakout board consists of several DB type connectors. These connectors are
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mainly DB15 connected to motor drives and DB25 to feedback sensors (i.e. forward
and backward limit switches, home switch and encoders). The DB connectors facilitate
plugging and unplugging the cables. In order to protect encoder’s signal integrity,
bespoke cables to the DB connectors were double insulated (aluminum foil and braid
shield).

The power supply input for the two PSUs is 120 V AC and is supplied through a 3-
pin Amphenol connector (62 GB-16F12-03SN and 62 GB-10F12-03PN). The 120 V
AC Amphenol is connected to the PSUs through DIN rail terminals blocks for ground
and 120 V AC. There is a 32 A fuse in the rail terminals for the 120 V AC connections.
Each PSU has its own on/off button. Each stepper motor drive output has its own 4-pin
Amphenol connector (62 GB-16F08-04PN and 62 GB-12E08-04SN). This allows
plugging and unplugging cables with each experimental setup.

An additional device to increase the flexibility of the FACS is a changeover switch,
which allows supplying power to a single stepper motor driver with an external power
supply. The objective of the switch is to use large voltages (i.e. 80 V) and current of up
to 20 A for a single driver. This external power supply is provided with a 2-pin
Amphenol connector (62 GB-16E12-02SN and 62 GB-10F12-02PN). See Fig. 3 for
the complete electrical wiring diagram.

The layout (location and orientation) of the FACS considers the increased forces
imposed by the artificial gravity field and wiring routes to connect the components
(Fig. 4). The cables are restrained with cable ties and secured to the aluminum box
through cable tie mounts. The orientation of the breakout board, PSUs and stepper motor
drives are parallel to the artificial centrifugal gravity field, so that circuit boards are not
subjected to bending forces. Excessive bending force leads to breakage of the boards.

Fig. 2. Motion control system architecture. (Bi)Directional communication is in black arrows,
transmitted energy is in read arrows.
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3.2 FACS Software

The control interface was developed in NI LabVIEW 2016 and NI Motion Assistant
2016. In specific the visual instrument (VI) library 73xx of Vision and Motion library
was used. The motion assistant software facilitated creating motion subprograms and
LabVIEW was used to create control loops, switch cases and if conditions. In Lab-
VIEW, the software which the user interacts is called front panel whilst the software
which the developer interacts is called block diagram. The block diagram consists of
three loops working in parallel. The loops interaction is controlled by one loop that
transfer configuration data such as moving velocity and acceleration, whilst it enables
the desired movement and disable the other movements. The data is transferred by local
variables that are updated in milliseconds.

The implemented types of moves are absolute, relative, unsynchronized jog, syn-
chronized jog and nudge. See Fig. 5 for code of jog and absolute movement of a single
axis respectively. The nudge movement refers to a very small movement (1 mm), the
jog movement refers to a continuous movement at constant velocity, the absolute/
relative movement refers to a move in absolute/relative coordinates, the synchronized
jog refers to moving all the motors at the same time at the same constant velocity whilst
the unsynchronized job is the same but each motor moves at its own constant velocity.

Fig. 3. Electrical wiring diagram of motion control system.
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The rest of the movements are combinations and variations of the jog and absolute
movements. The user can control desired velocity and distance (in case of absolute and
relative movements). The first loop gets the current position of each axis in steps and
converts it to distance position. The second loop monitors the selection of the movement
and the third loop executes the selected movement at desired velocity. See algorithm for
pseudocode.

(a) (b)

Fig. 5. Movement codes in LabVIEW: (a) Jog (b) Absolute.

(a)

(b)

Fig. 4. Motion control system. (a) Top view (b) Front view.
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Algorithm: Flexible motion control system

do:
capture current step
convert step to current position
while:(Stop is false) 
do:

do not stop
while:(StopMotion is false) 
do:
check movement selection
Case 1: (Absolute movement active) 
at each selected moving axes:
capture current position in steps
convert desired position to steps
0 < calculated steps < maximum available steps
add calculated steps to current position in steps
configure movement (velocity, acceleration)
move calculated steps
end Absolute movement
Case 2: (Jog movement active) 
while:(forward or backward buttons is pressed
or 0 <current step < maximum available steps) 

do:
if: (forward is true)
velocity > 0

if: (backward is true)
velocity < 0

if: (none is true)
velocity = 0

if: (both are true)
velocity = 0

configure movement (velocity, acceleration)
move at desired velocity

end Jog movement
……..
Case N: 
while:(Stop is false) 

The user interface (front panel) consists of a fixed part that shows the current
position of each axis (monitoring) and the axis configuration (input values) (Fig. 6).
Only two parameters are required to configure each axis (stroke and steps per stroke).
Due to this easy configuration, the user interface allows for any stepper motor driven
actuator to be plug and used. See Fig. 7 for front panel of jog and absolute movements.
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In case of screw driven actuators, a rotation of a stepper motor multiplied by a
reduction factor (gears or pulleys) is equivalent to the lead of the screw. The total
number of steps is the total number of steps of the stepper motor multiplied by any
reduction ratio from gears or pulleys. In case of belt driven actuators, the driven
distance depends on the revolutions of the stepper motor and the ratio of the pulleys’
diameters.

Fig. 6. User interface of motion control system. The user can change through types of
movements by clicking the tab. The input values and monitoring sections are fixed.

(a) (b)

Fig. 7. User interface for the FACS (a) Absolute move (b) Jog move.
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4 Validation Case Study: Cone Penetration Test

The FACS was validated with a cone penetration test (CPT) which is a common test in
geotechnics engineering. The CPT consists of driving down a conical ended penetra-
tion probe with a vertical actuator. The CPT is driven down into a model made of sand
to measure penetration resistance (Fig. 8(a)). The objective is to measure sample (sand)
mechanical properties [18].

The CPT consists of an aluminum cylinder that has a cone tip at the bottom
(Fig. 8(b)). The function of the cone tip is to penetrate a sample. Instrumentation
consists of strain gauges inside the cylinder behind the cone tip to measure penetration
resistance and a 5 kN load cell connecting CPT to actuator. The test was made whilst the
centrifuge was working and generating an artificial gravity of 30g. Hence, the FACS
hardware withstand 30g as specified by design. Moreover, a PID controller was
implemented with a laser sensor as distance feedback. The PID controller is synthetized
for each experiment with an autotune with a PID relay technique. The protocol of the
CPT test is:

1. Prepare a model consisting of layers of sand at low and high relative density.
2. Place sand model on centrifuge and connect actuator and CPT probe over model.
3. Implement safety system checks and accelerate centrifuge to 120 RPM, equivalent

to 30g at a radius of 1.85 m.
4. At test gravity (30g), conduct CPT test measuring force and displacement during

penetration over 20 cm stroke. The rate of penetration is 0.08 mm/s. Measure forces
from 5 kN load cell and cone tip strain gauge.

5. Retract CPT probe and decelerate centrifuge.

(a) (b)

Fig. 8. Cone penetration test setup in centrifuge. (a) Complete setup (b) Detail of cone
penetration probe.
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5 Results and Discussion

The application case study demonstrated the FACS operation. The measured force from
the load cell was adjusted with a calibration factor of 2 N/mV. This force captures
clearly the loose and dense layers of sand as the probe advanced through the sand
model with increased resistance observed at layer interfaces (Fig. 9).

It is observed that the loose layers offer lower resistant than dense layers, also that
resistance increases at greater depths. This is attributed to the additional vertical stress
generated by the overburden surcharge stress of overlying layers that provides addi-
tional confinement of the sand. A Matlab curve fitting measured the linearity of the
actuator’s displacement control. The first three layers behave linear but afterwards
nonlinear. The curve fitness coefficients of 1st order and 2nd order are shown in Table 1.
3rd order fitting did not improve significantly. There is an increase in fitness coefficients
as the CPT buries deeper for both the loose and dense layers. The physical meaning is
that as the CPT goes deeper in the sand the load cell force becomes more non linear.

The CPT shows the performance of the FACS and the actuator at high depth
(denser layers). As the probe advanced after layer Loose_4 the mechanical capacity of
the actuator is reached and there is slippage. Overall, the case study demonstrated the
easiness of operation of the FACS and its control software, and the flexibility of the
plug-and-play capacity.

Fig. 9. Forces measured by a 5 kN load cell during CPT. Dense layers (D_x) in green line and
loose layers (L_x) in red line. 1st order curve fitting in black thin line. Highlights in red show
slippage of actuator.
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6 Summary and Future Work

A novel flexible actuation control system (FACS) was presented in this paper. The
flexibility allows to plug-and-play any experimental tests and configure the control
software of each actuator by setting the stroke and motor steps. The electrical design
and system architecture were explained. Also, the control software and user interface
were explained. A validation case study (cone penetration test, CPT) was presented and
discussed. The force measured by the CPT’s load cell captured the alternating layers of
sand with dense and loose density. Future work will focus on the design of a more
robust actuator and expanding the capabilities of the FACS to implement force control
to cope with nonlinearities of the sand. Also, future work will focus on developing
control for multi-axis actuators to perform VHM loading.
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Abstract. The condition monitoring and fault diagnosis is an important func-
tion of the intelligent mechanics. Understanding equipment’s condition helps
engineers avoiding inevitable catastrophe that could cause unplanned downtime
and affect the system reliability and safety. In addition, alleviation of the
machine’s incipient faults helps the machine running efficiently and reduces
energy consumption. This paper presents field case studies of industrial induc-
tion motors including pumps and fans from several facility factories, and uses
electrical data not only to analyze machine’s condition and but also to detect the
faults. Current spectrum analysis is mainly employed to detect the anomaly. In
addition, we propose a ratio of current divided by voltage (C/V) spectrum to
represent the steady gain property of the system. This ratio is expected to
mitigate the effect of Variable-frequency drive’s noise and disturbance on cur-
rent spectrum and to reduce the false alarm caused by Variable-frequency drive
(VFD). The combination of current spectrum and spectrum ratio is beneficial in
the conditional analysis of industrial motors.

Keyword: Fault detection � Current spectrum � Induction motor

1 Introduction

Induction motors are used extensively in industry due to its simplicity of structure, low
price, high reliability and easy to maintain. With the increased operation of the
induction motors, more attention is drawn to fault detection and diagnosis technique
about induction motors and associated rotary machines. Generally, the causes of motor
failure are composed as 42% relative to bearing failure, 37% to stator failure, 10% to
the rotor failure, and 12% to other failure [1]. For instances of squirrel-cage induction
motor, commonly detected faults include bearing fault, stator short turns, broken rotor
bar, air gap eccentricity, and misalignment.

Machine failure due to above faults would usually bring unbalanced inductive
voltage and current, higher fluctuation of torque, decline of torque output, and also
increase of heat. Operation under faulty condition could usually result in extra energy
waste, cease of motor, and even breakdown of production process or accident if attention
is not paid on time. Therefore, motor fault detection and diagnosis is very important in
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preventing failures. Correction of those faults in early stage could avoid unexpected
shutdown failure and also reduce extra energy waste due to operation under anomaly.
Efficiently operating of induction motor can save energy up to around 5%–20% [2].

Conventionally, there are many methods for motor fault diagnosis, such as vibra-
tion analysis, motor current signature analysis (MCSA), electromagnetic field change
detection, temperature distribution measure, noise inspection, and model-based fault
detection. MCSA is a method utilize the motor electrical data for motor condition
monitoring and signature analysis, and the method is documented in ISO 20958
standards [3]. Due to the high magnetic resistance of air, slight change of air gap
between motor stator and rotor causes the overall magnetic flux difference which affects
the current of winding wire and produce fault signatures. Other than detecting bearing
failure, misalignment of coupling and air gap eccentricity, the MCSA method can also
be used to detect broken rotor bar fault, stator short turns and transmission fault, etc.

Because of the noise from supply voltage, current spectrum usually contains some
frequency peaks associated with those noise. This would usually jeopardize the
capability to detect early fault and even cause confusion leading to false judgement in
current spectrum. We propose to use current divided by voltage as a measure not only
to attenuate the effect of voltage noise, but also to enhance the fault signature fre-
quency. In this paper we applied MCSA on field collected cases for analysis and
compare it to the proposed current divided voltage FFT spectrum.

2 Analysis Method

2.1 Fast Fourier Transform Analysis (FFT)

In signal analysis, it is common to use Discrete Fourier Transform (DFT) to convert
discrete time signal into frequency domain representation [4].

Xk ¼
XN�1

n¼0

xn � ½cosð2pkn=NÞ � i sinð2pkn=NÞ� ð1Þ

Xkj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ReðXkÞ2 þ ImðXkÞ2

q
ð2Þ

where

x is original signal
Xkj j is amplitude for frequency component k
N is the number of data
k is frequency component.

However, the computation loss is large in doing this conversion. To resolve this
problem, Fast Fourier Transform (FFT) is employed to rapidly calculate such trans-
formation by factorizing the DFT matrix into a product of sparse factors. Therefore, it
can reduce the data complexity of DFT from the order N2 of to the order of Nlog Nð Þ
[5]. FFT is thus a very suitable way to characterize the stationary signals, but not
suitable for transient signal.

Fault Signature Analysis of Industrial Machines 347



2.2 Current Divided by Voltage Analysis

When applying FFT to analyze field data, current spectrum is inevitably affected by
supplying voltage noise, such as VFD’s noises. Therefore, if the supply voltage con-
dition is not good, there could be lots of noises appearing in the low frequency band.
These noises might overlap with mechanic’s feature frequency. Thus, it is hard to
determine the motor’s condition and to differentiate fault signature from noise. To
attenuate this difficulty, FFT is applied to both current and voltage’s signal and then
voltage spectrum amplitude is divided by the current spectrum amplitude so that to
obtain the gain of motor system

VðjwÞ
IðjwÞ ¼ GðjwÞj j\GðjwÞ ð3Þ

where

GðjwÞj j: gain of the system
\GðjwÞ: phase of the system.

2.3 Fault Feature

In this paper, ISO 20958 standard is followed to find the fault characteristic frequen-
cies. In ISO 20958, several different fault characteristic frequencies are documented,
and these characteristic frequencies are similar in calculation, such as broken rotor bar,
broken bearing, misalignment, air gap eccentricity, stator short turn, etc. The neigh-
borhood band of characteristic frequency is also taken into account to find represen-
tative features to determine the condition of the fault.

There are several characteristic frequencies used in the following analysis.

(1) Bearing Anomaly
This element is the most vulnerable to be damaged during the operation, and
different cause of broken parts has unique characteristic frequency. These char-
acteristic frequencies are generally obtained from the bearing size and its geom-
etry. The bearing characteristic frequency is found to be function of the bearing
specifications as bellow [3, 12, 14]:

Rolling ball defect frequency:

frb ¼ fe þ Dp

Db
fm½1� ðDp

Db
cosðbÞÞ2� ð4Þ

Inner race defect frequency:

fri ¼ fe þ NB

2
fm½1þ Dp

Db
cosðbÞ� ð5Þ
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Outer race defect frequency

fro ¼ fe þ NB

2
fm½1� Dp

Db
cosðbÞ� ð6Þ

In these formulations, frm is the shaft rotation frequency, fe is the supply frequency,
n is the number of the rollers, Db is the roller diameter, Dp is the pitch diameter of the
bearing, and b is the contact angle of the bearing.

(2) Shaft/Coupling Misalignment

fmis ¼ fe þmfr ð7Þ

where fe is the supply frequency, fr is the rotational speed frequency of the rotor, m is
the harmonic number 1, 2, 3….., and fmis is the current component frequency due to
misalignment.

(3) Rotor Cage Defect
A broken rotor would increase rotor side resistance irregularly. This change also
leads to the current variation in the stator side due to the magnetic flux effect.
Hence, its signature frequency can be denoted by as following [9, 15]

frotor ¼ ð1þ 2ksÞfe ð8Þ

where k is 1, 2, 3.. etc., fe is the fundamental supply frequency, and s is the rotor
slip.

(4) Transmission Problem
There are many causes for different transmission problems, such as contaminated
flow, cyclic load, gear failure, clutch failure or mechanical looseness etc. [11–13].
It is usually difficult to know the detail specifications of the transmission com-
ponents for users, and thus it is hard to determine the exact fault frequency band
for transmission problems. However, this could still be assumed that the trans-
mission problem may generally cause low frequency signals since industrial
machine rotating speed usually operates below 30 Hz. In addition, transmission
vibration signal is carried and modulated with the current signal. Therefore, the
characteristic frequencies for transmission related problem are usually appeared as
two symmetry peaks centered at the main power frequency due to FFT mirror
property [7]. Thus, any symmetric peaks appear around the main frequency
indicate potential transmission problems. Moreover, the height of the peaks rep-
resents the seriousness of the fault.

In this paper, the difference from the amplitude of main frequency minus the
amplitude of faulty characteristic frequency is used as the current spectrum feature to
quantify the level of motor’s fault
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Fault Level ¼ XðfeÞj j � XðffailureÞ
�� �� ð9Þ

where fe is electric frequency, ffailure is failure frequency.

(5) Stator Problem
The most common way to analyze inter turn stator fault is park’s vector approach.
Using the alpha-beta transformation transforms the instantaneous line currents of
stator into Park’s vector [8]. An undamaged motor stator shows a perfect circle
theoretically. On the other hand, damaged motor stator generates elliptic shape at
the park’s vector. The park’s vector approach is calculated as following

id ¼
ffiffiffi
2
3

r
ia � 1ffiffiffi

6
p ib � 1ffiffiffi

6
p ic

iq ¼ 1ffiffiffi
2

p ib � 1ffiffiffi
2

p ic

ð10Þ

where ia; ib; ic is electric three-phase current, id; iq current is electric d-q axis
current.

3 Data Analysis

3.1 Equipment Specification

In this paper, voltage and current measurement data from pumps, fans, and air com-
pressors in the industrial fields were collected and analyzed. The data sampling rate is
at 2500 samples per second, and thus has a frequency resolution of 0.3 Hz in FFT
spectrum. There are eight motors with different fault conditions and one of samples is
healthy. Electrical data is used to detect equipment conditions, and for classification. In
addition, different methods are used to indicate fault level in different spectrum reading.
In the current spectrum, principle frequency amplitude minus fault characteristic fre-
quency’s amplitude is used to measure its fault level. In C/V spectrum, fault charac-
teristic frequency’s amplitude minus principle frequency amplitude is used as the
indicator. The general equipment information is as follows in Tables 1 and 2.

3.2 Healthy Motor

Both current spectrum and C/V spectrum of sample 1 appear smooth and show no
obvious peaks in low frequency band except for the main frequency and harmonics (see
Figs. 1 and 2). This indicates both the motor and its VFD are in good condition.
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Table 1. Equipment sheet

Sample 1 Sample 2 Sample 3 Sample 4
Equipment type Pump Fan Pump Fan

Rate power 150 KW 45 KW 30 KW 55 KW
Rate voltage 460 (V) 460 (V) 380 (V) 380 (V)
Rate current 214 (A) 71 (A) 55.7 (A) 103 (A)
Actual voltage 456.6 (V) 481.7 (V) 250.74 (V) 393.99 (V)
Actual current 58.5 (A) 30.7 (A) 34.75 (A) 66.13 (A)

Table 2. Equipment sheet continued

Sample 5 Sample 6 Sample 7 Sample 8
Equipment type Fan Fan Fan Fan

Rate power 55 KW 90 KW 75 KW 55 KW
Rate voltage 440 (V) 480 (V) 440 (V) 380 (V)
Rate current 86 (A) 130.74 (A) 124 (A) 103 (A)
Actual voltage 424.11 (V) 407.91 (V) 423.71 (V) 293.82 (V)
Actual current 60.50 (A) 38.08 (A) 111.66 (A) 53.20 (A)

Fig. 1. Sample 1 current spectrum.

Fig. 2. Sample 1 current/voltage spectrum
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3.3 Misalignment Failure

The current spectrum and the C/V spectrum have peaks which coincide with
misalignment characteristic frequency for sample 2 (see Figs. 3 and 4). Comparing
sample 2 with sample 3 (see Figs. 4 and 6), it is noticed that if the C/V is used rather
than current spectrum, it indicates that sample 3’s condition is more serious than
sample 2. However, if the current spectrum is used (see Figs. 3 and 5), it would appear
that sample 2’s condition is more serious than sample 3. Nonetheless, both method can
be used to detect the misalignment. From system perspective, C/V index represents the
system’s gain and has more physical meaning.

3.4 Transmission Fault

When transmission fault occurs, it causes several low frequency peaks appearing in
symmetry centered at the main frequency. Sample 4 shows a serious case (see Fig. 7)
and Sample 5 also shows the transmission fault (see Fig. 9). In the case of sample 5,
frequency peaks raise as multiple pairs, which indicates potential multiple different
transmission fault problems but not as serious as Sample 4. They also show higher
system gain on fault frequency band (see Figs. 8 and 10). Although frequency peak
energy or gain are not high for Sample 5, its condition should be checked as operation
continued.

3.5 Bearing Fault

It is noticed that several high energy peaks around the characteristic frequency of
bearing rolling element failure for sample 6 (see Fig. 11). C/V spectrum shows higher
system gain on that frequency band (see Fig. 12). Due to the geometry structure and
non-steady operation, bearing fault usually causes spectral peaks around the fault
frequency band. High energy peaks at inner bearing failure frequency are noticed (see
Fig. 13). C/V spectrum also shows higher gain at that particular failure frequency (see
Fig. 14).

Fig. 3. Sample 2 current spectrum
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Fig. 4. Sample 2 current/voltage spectrum

Fig. 5. Sample 3 current spectrum

Fig. 6. Sample 3 current/voltage spectrum

Fig. 7. Sample 4 current spectrum
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Fig. 8. Sample 4 current/voltage spectrum

Fig. 9. Sample 5 current spectrum

Fig. 10. Sample 5 current/voltage spectrum

Fig. 11. Sample 5 current/voltage spectrum
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3.6 Broken Rotor Fault

Sample 8 shows a blunt main frequency peak due to elevated energy in broken rotor
fault frequencies (see Fig. 16), compared to the healthy sample 1 (see Fig. 15). This
feature indicates the broken rotor problem in sample 8. It is also noticed that both
current spectrum and C/V spectrum have energy peaks observed in the symmetry of
main frequency and its harmonics in the case of broken rotor fault (see Figs. 17 and
18). The broken rotor problem is also noticed for sample 9 (see Figs. 19 and 20).
Although it is not as serious as sample 8, similar pattern could still be observed.

Fig. 12. Sample 6 current/voltage spectrum

Fig. 13. Sample 5 current spectrum

Fig. 14. Sample 5 current/voltage spectrum
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Fig. 15. Sample 1 (Health) current spectrum

Fig. 16. Sample 8 (Failure) current spectrum

Fig. 18. Sample 8 current/voltage spectrum

Fig. 17. Sample 8 current spectrum
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3.7 Stator Short Turns Failure

From the current measurement, the stator’s condition is interpreted using park’s vector
and analyzing the circularity of current parks vector. Higher circularity implies
healthier stator. Sample 1 shows the healthy stator (see Fig. 21) and Sample 4 shows
the stator problem (see Fig. 22).

Fig. 19. Sample 7 current spectrum

Fig. 20. Sample 7 current/voltage spectrum

Fig. 21. Sample 1 (Health) parks
vector

Fig. 22. Sample 4 (Faulty) parks
vector

Fault Signature Analysis of Industrial Machines 357



4 Conclusion

This paper presents the result of industrial field case studies, and shows different level
of anomaly condition and different fault signature using FFT on motor current and the
spectrum ratio. Conventionally, current spectrum is employed to detect if any failure
features exist in spectrum. Due to the noise and condition of VFD, the current spectrum
analysis might sometimes be polluted and misleading. To alleviate this problem, a C/V
spectrum ratio is proposed, and represents the gain of input-output relations at different
frequency. This spectrum ratio is expected to mitigate the effect of VFD’s noises and
enhances the magnitude at featured characteristic frequencies associated with machine
faults. Therefore, the combination of current spectrum and C/V spectrum ratio can
provide us more accurate result regarding to motors condition. Furthermore, those
methods were applied to field data for the purpose of emphasizing challenges in the
practical machine condition analysis.

References

1. Motor Reliability Working Group: Report of large motor reliability survey of industrial and
commercial installations, Part I. IEEE Trans. Ind. Appl. 1(4), 865–872 (1985)

2. Sullivan, G.P., Pugh, R., Melendez, A.P., Hunt, W.D.: Operations & Maintenance Best
Practices A Guide to Achieving Operational Efficiency, Release 3.0, Federal Energy
Management Program, U.S. Department of Energy

3. ISO20958 Condition monitoring and diagnostic of machine systems – Electrical signature
analysis of three-phase induction motors Van

4. Mitra, S.K., Kuo, Y.: Digital Signal Processing: A Computer-Based Approach, vol. 2,
pp. 617–641. McGraw-Hill, New York (2006)

5. Loan, C.: Computational Frameworks for the Fast Fourier Transform, vol. 10. SIAM,
Philadelphia (1992)

6. Miljković, D.: Brief review of motor current signature analysis. HDKBR Info Mag. 5(1),
14–26 (2015)

7. Smith, S.W.: The Scientist and Engineer’s Guide to Digital Signal Processing, vol. 35,
chap. 10. California Technical Publishing, San Diego (1997)

8. Cardoso, A.J.M., Cruz, S.M.A., Fonseca, D.S.B.: Inter-turn stator winding fault diagnosis in
three-phase induction motors, by Park’s vector approach. IEEE Trans. Energy Conv. 14(3),
595–598 (1999)

9. Gaeid, K.S., et al.: Fault diagnosis of induction motor using MCSA and FFT. Electr.
Electron. Eng. 1(2), 85–92 (2011)

10. Rai, V.K., Mohanty, A.R.: Condition monitoring techniques for rolling element bearings: an
overview. In: Proceedings of National Conference on Role of NDE in Modern Maintenance
Management, IACR, Rayagada, Orissa (India)

11. Nandi, S., Toliyat, H.A., Li, X.: Condition monitoring and fault diagnosis of electrical
motors—a review. IEEE Trans. Energy Convers. 20(4), 719–729 (2005)

12. Jung, J., et al.: Electrical monitoring of mechanical looseness for induction motors with
sleeve bearings. IEEE Trans. Energy Convers. 31(4), 1377–1386 (2016)

358 W.-T. Hsu et al.



13. Thomson, W.T., Culbert, I.: Current signature Analysis for Condition Monitoring of Cage
Induction Motors: Industrial Application and Case Histories. Wiley, Hoboken (2017)

14. Thomson, W.T., Fenger, M.: Current signature analysis to detect induction motor faults.
IEEE Ind. Appl. Mag. 7(4), 26–34 (2001)

15. Schoen, R.R., et al.: Motor bearing damage detection using stator current monitoring. IEEE
Trans. Ind. Appl. 31(6), 1274–1279 (1995)

Fault Signature Analysis of Industrial Machines 359



Robot-Assisted Double-Pulse Gas Metal Arc
Welding for Wire and Arc
Additive Manufacturing

Jukkapun Greebmalai1, Eakkachai Warinsiriruk1,
and Yin-Tien Wang2(&)

1 Department of Industrial Engineering, Mahidol University, Bangkok, Thailand
2 Mechanical and Electro-Mechanical Engineering,
Tamkang University, New Taipei City 25137, Taiwan

ytwang@mail.tku.edu.tw

Abstract. The study presents the process of double-pulse gas metal arc welding
(DP-GMAW) for wire-and-arc additive manufacturing (WAAM). The robot-
assisted DP-GMAW process built up an aluminum laminate wall using the filler
wire ER5356 of diameter 1.2 mm with industrial argon gas shielding on alu-
minum 5083 substrate material. There are two stages in the study including the
single-pass build-up and the multi-pass build-up. In first stage, the effect of DP-
GMAW parameters on the build-up dimension was investigated, including
current (ampere), voltage (volt), travel speed (centimeters per minute), fre-
quency (Hz), duty cycle (percent) and delta current (ampere). The dimension of
bead width and bead height were used to represent the effect of parameters as
well as the processability of DP-GMAW. The results were sketched in a process
window of current and travel speed for the DP-GMAW single-pass forming. In
the second stage, the experiments focused on the effect of DP-GMAW condi-
tions on a laminate wall dimension. The suitable DP-GMAW condition was
determined for building-up the desired laminate wall.

Keywords: Double-pulse gas metal arc welding (DP-GMAW) �
Aluminum build-up process � Additive manufacturing �
Aluminum wire-and-arc additive manufacturing (WAAM)

1 Introduction

The additive manufacturing (AM) is used as the build-up process for creating or
repairing the metal part of complicated geometry to reduce the cost of material and
investment [1–3]. Especially to create part and prototypes. For reach the demands of
the aerospace, automotive, and rapid tooling industry. The recent focus of AM research
has been shifted to fabricate complex shaped metal components, including titanium and
nickel alloys that cannot be economically produced using conventional methods. The
competitive position of AM for metal components relative to alternative manufacturing
processes is a function of the geometrical complexity and production volume [3–6].

AM is the official industry standard term (ASTM F2792) for all applications of the
technology. It is defined as the process of joining materials to make objects from 3D
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model data, usually layer upon layer, as opposed to subtractive manufacturing
methodologies. To build-up material layer, the thermal process such as welding and
laser melting, especially the wire-and-arc additive manufacturing (WAAM), are suit-
able because they meld the material and continuously form the layer upon layer. In this
study, we focus on the gas metal arc welding (GMAW) process which has high
flexibility because it could select the many characteristics of the current signal to
matching with a working material. By applying the GMAW process on an aluminum
bead forming, a preliminary experiment was studied on the comparison of the direct
current (DC) and double pulse current (DP). Both the DC and DP current waveforms
are shown in Fig. 1. The more detail of the DP current is shown in Fig. 4. The result
showed that the welding using DC has the difficulty for control a uniform of the bead.
On the other hand, for the weld using DP current formed a bead uniformly than direct
current, as shown in Fig. 1. It was concluded that the DP-GMAW process has more
uniform bead than that by DC on low heat condition. Therefore, the DP-GMAW
process was used in this study in forming the laminate wall, especially building-up
aluminum alloy based WAAM.

The study investigated effect of DP-GMAW parameters on bead dimension for
build-up aluminum alloy and determined the build-up process window for single-layer.
For the multi-layer process, the study focused on the effect of heat condition on
laminate wall dimension and determined a suitable process condition for the multilayer
wall.

2 Experimental Setup and Parameter

2.1 Experiment Material and Equipment

In this study, Aluminum alloy wire ER5356 with a diameter of 1.2 mm was used as the
build-up material, the aluminum 5083 with a thickness of 15 mm used as substrate
material, and industrial argon gas (99% purifier) used to shield during process build-up.

Fig. 1. The GMAW current comparison of weld bead appearance
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The laminate thin wall weld continually layer upon layer was chosen as the build-up
geometry to perform the ability of the build-up process.

For the welding process, the experiment set-up shown in Fig. 2 consists of a DP-
GMAW machine Astern 400 ADR made by Megmeet Electric Co. and weld power
source WB-P500L made by OTC Daihen Co.. The DP-GMAW machine had a max-
imum current range at 400–720 A and voltage 50 V maximum adjusting. The power
source WB-P500L had maximum current 400 A and voltage 34 V maximum adjusting.
In this case of the machine parameters were compared by heat input concept to
determine the same heat condition of welding parameters. Welding robotic OTC FD-
V8 was employed to control a precision build-up path for the single-pass and multi-
layer experiment. A process was planned to build from the base layer upon layer with
increasing constant distance or constant layer height. The first starting layer used
15 mm as the contact tip to work distance (CTWD). Figure 3 represented the schematic
of the process with process variables.

Fig. 2. Experimental setup.

Fig. 3. Schematic of the WAAM process
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2.2 Double-Pulse Parameters

In order to investigate the effect of DP parameters, the DP current signal during build-
up was detected to get an actual level of a current pattern. Calibrated current sensing
with a hall sensor (current transformer) was connected through the DAC device by the
sampling rate of 5000 samples per second. The computer was used for converting and
storing the weld signal data. The measured DP current signal collected from OTC WB-
P500L welding machine, as shown in Fig. 4, is a suitable monitoring system this
current pattern using the conditions of current 120 A, voltage 17.8 V, travel speed
100 cm per minute, frequency 5 Hz, duty cycle 50% and delta current 30 A. Moreover,
from the measured current waveform shown in Fig. 4, the parameters including DP-
frequency, DP-duty cycle and delta current were defined.

2.3 Experiment Parameters Study

In the experiment of the single-pass experiment, the effect of DP-GMAW variables
consist of the current range 5 to 80 A, voltage 20 to 27 V, travel speed 20 to 160 cm
per minute, frequency 0.5 to 10 Hz and duty cycle 30 to 70% and delta current 3 to
45 A. The Taguchi’s method (Orthogonal Array Design) was chosen for the design of
the experiment. Set of the first studied variables shown in Table 1.

In the multi-layer build-up experiment, the effect of DP-GMAW variables consist
of 4 conditions of DP parameters with constant DP parameters consist of frequency
5 Hz, duty cycle 50%, delta current 30 A and layer height 1.5 mm. The set of the
multi-layer studied parameters are shown in Table 2.

Fig. 4. Double pulse gas metal arc welding parameters
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2.4 Build-Up Dimension

The dimension of the bead was used to represent the ability and effect of the process
parameters. Figure 5 illustrates the measured dimension of the single-pass bead and
multi-layer bead in the experiment. Moreover, bead width and height for multi-layer
were measured in the minimum dimension defined as the effective dimension. In this
study, the penetration depth was not measured due to the study focusing on bead
effective formation and the penetration depth was not useful for AM process.

Table 2. Multi-layer experiment parameters

Table 1. Single-pass experiment parameters
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3 Experimented Results and Discussion

3.1 Single-Pass

In discussing the effect of current on the experiment, the welding current was set in the
range of 120–210 A, with other parameters kept constant as shown in Table 1. The
spatter occurred at the weld toe when too low current and improper voltage were
applied. The increment of welding current resulted in a welding width and height
increment. Figure 6 showed the weld appearance on current change. When the current
was set in range of 120–210 A, excellent bead formation could be obtained. If lower
current was applied, the lack of fusion might occurred even the travel speed was at low
or high value. Similarly, if higher current was applied, two types of uncontrollable bead
might occurred: overflow bead (high current with low travel speed) and the humping
bead (high current with high travel speed).

In discussing the effect of voltage on the experiment, the arc voltage was set in the
range of 15–27 V, with other parameters fixed as shown in Table 1. If the voltage was
set at a low 15 V, the weld edge resulted in unevenness. If the voltage was set in the
range of 25–27 V, the spatter of the weld toe occurred. The increment of the arc
voltage resulted in an increment on the bead width but the bead height was decreased.
Figure 6 showed the resultant weld appearance when voltage changed.

In discussing the effect of travel speed on the experiment, the travel speed was set
in the range of 20–160 cm per minute with other parameters fixed, as shown in
Table 1. The welding speed at 20 cm per minute resulted in uneven welding bead
overflow because of too slow welding speed. If the welding speed of more than 160 cm
per minute, bead humping (non-uniform bead) occurred due to too fast speed. The
travel speed increment resulted in the decrement of bead width and bead height.
Figure 6 showed the weld appearance depending on the travel speed. The travel speed
is one of the main factors for the process because the speed could control the heat to
form a bead and control the productivity rate.

In discussing the effect of frequency from the experiment, the frequency was set in
1–10 Hz, with other parameters fixed, as shown in Table 1. The increment of frequency

Fig. 5. Single-pass and multi-layer bead geometry
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resulted in an increment in the number of double pulses cycle in one second with a
shorter duration. If the frequency was as low as 1 Hz, the wavy weld edge occurred due
to long difference deposition between pulse and double pulse (interval). The increment
of frequency does not significantly increase the bead width and bead height. Figure 7
showed the weld appearance depending on the frequency change. The penetration
depth would not be affected significantly by increasing the frequency if the input heat
was no changed.

In discussing the effect of the duty cycle from the experiment, the duty cycle was
set in the range of 30–70% with other parameters fixed, as shown in Table 1. If the
duty cycle was increased, the double pulse duration was also increased. The increment
of the duty cycle would not affect the bead width and the bead height significantly.
Figure 7 showed the weld appearance depending on the duty cycle change. The circle
mark indicated the pore (diameters less than 1 mm) occurred on weld toe as a lack of
fusion. The increment of duty cycle would affect the penetration depth.

In discussing the effect of delta current from the experiment, the value of the delta
current was set in the range of 4–45 A with other parameters fixed, as shown in
Table 1. Note that the study did not focus on high delta current because too high delta
current caused the uniform weld bead. For increasing the delta current, the difference of
current between the pulses current and the double pulse current increased. The low
delta current 4 A resulted in exceeding the curved welding toe because of no enough
heat for forming. Moreover, high delta currents could make the bead pattern look like
fish scales. However, the increment of the delta current would not affect the bead width
and bead heights. Figure 7 showed the weld appearance depending on the delta current
change. The circle mark indicated the pore (diameters less than 1 mm) on weld toe as a
lack of fusion. We concluded that if the delta current was increased, the penetration
depth would be increased.

It is observed from the single-pass build-up experiment, the DP-GMAW parameters
significantly affected on the weld bead dimension. The variables include welding
current, arc voltage, and travel speed. Alternatively, the variables that does not affect
the bead geometry significantly consist of the frequency, duty cycle, and delta current.
Figure 8 presents an overall effect of DP-GMAW parameters on the bead dimension.
Therefore, a mapping for setting parameters was created in the study. The process
window was constructed further with current in the range of 60–210 A and travel
speeds in the range of 20–180 cm per minute.

For arc voltage recommend adjusting from the welding machine to maintain the
stability of the arc perform. The results from the experiment can create a process
window for aluminum single-pass build-up as shown in Fig. 9. The plot is divided into
four main areas including lack of fusion area, adequate area, humping bead area, and
overflow bead area. For the multi-layer experiment, the parameters in the adequate area
were chosen as: current in the range of 120 to 140 A with travel speed in the range of
60 to 120 cm per minute.
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Fig. 6. Bead appearance on current, voltage, and travel speed change

Fig. 7. Bead appearance on frequency, duty cycle, and delta current change

Fig. 8. Effect of DP-GMAW parameters on bead dimension
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3.2 Multi-layer Build-Up

The parameters condition consist of current at 140, 120 A and travel speed at 60, 100,
120 cm per minute with constant parameters as frequency 5 Hz, duty cycle 50%, the
delta current of 140 A and layer height 1.5 mm. In the high heat condition 4
(0.2604 kJ/mm), the bead flow occurred and the laminate wall slope caused cumulative
heat on the laminate appearance as shown in the bottom right side of Fig. 10. To avoid
the bead flow, the heat could be reduced by increasing travel speed as condition 3
(0.1562 kJ/mm) or by decreasing current as condition 2 (0.1281 kJ/mm) or applying
both conditions like condition 1 (0.1068 kJ/mm).

The effect of heat condition on laminate dimension are caused by the heat input.
The increment of heat condition would decrease the effective laminate height. Besides,
the height difference between the head and the tail have increased. The high heat
condition had more cumulative temperature effect on the bead formation pattern or
penetration change occurred laminate slope. The relation of heat condition and laminate
dimension is represented in Fig. 11.

The recommendation for the layer height on laminate dimension should follow the
laminate height properly. If the layer height was too low, the contact tip stuck occurred.
If the layer height was too high, the lack of gas shielding might happen and cause the
problem of bead oxidation and uncontrollable of bead formation.

In Fig. 11, the heat condition 1 (0.10 kJ/mm/layer) has the lowest difference height
(2.22 mm) with highest effective height (7.63 mm) was determined in term of the
adequate condition to build-up aluminum alloy. However, this study focused on the
process performance. The study of metallurgy cross-section evaluation and mechanical
properties testing will be discussed on another paper. Moreover, the proposed process
shows the advantage by comparing the cold metal transfer (CMT) on a single bead
dimension [7] under the average heat input between 0.180–0.306 kJ/mm, the DP had
18% larger dimension in bead width and 20% higher dimension in bead height.

Fig. 9. DP-GMAW process parameters area for aluminum single-pass bead forming

368 J. Greebmalai et al.



4 Conclusion

The DP-GMAW parameters were investigated for the effect on build-up bead dimen-
sion for the single-pass build-up and the effect on multi-layer laminate dimension. It
was concluded from the research that:

The main effect of process parameters on the bead dimension included current and
travel speed. The main parameters should be adjusted in a range of 120–210 A and
travel speed 60–140 cm per minute.

The double-pulse variables including frequency, duty cycle and delta current were
not significant effects on bead dimension. However, the DP-variable should be adjusted
on the adequate range to maintain the uniformly of bead dimension and appearance.
The recommend range for frequency is 5–10 Hz, for duty cycle is 30–70%, and for
delta current is 15–40 A.

The increment of heat condition resulted in the decrement of laminate height. The
heat condition was the main effect on a laminate slope. To reduce the laminate slope,
the lowest heat condition should be used for build-up. The adequate process condition
determined in the study including the parameters: 120 A of current, voltage 17.8 V,
travel speed 120 cm per minute, frequency at 5 Hz, duty cycle 50%, delta current 30 A
and layer height 1.5 mm. Figure 12 is a resultant workpiece with uniform dimension
which was built-up using the adequate process condition.

Fig. 10. Laminate wall appearance in each condition

Fig. 11. Heat input condition effect on laminate head and tail difference height
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Abstract. The muscle injuries of manual handling workers, caused by the
repeated motion and heavy load in the daily tasks, strongly influence their
quality of life. To prevent muscle injuries in many occupations, a close-fitting
assistive suit weighing 0.75 [kg] with the passive actuation mechanism and
adjustable structures is proposed to assist not only the back muscle but the arm
muscle of manual handling workers according to the user intention. An
experiment with electromyography for measuring the muscle activities is con-
ducted with six subjects to practically confirm the effectiveness of the suit. The
experimental results revealed and proved that the proposed suit can successfully
and appropriately assist not only the arm but also the back muscle with a lifting-
up motion, simultaneously.

Keywords: Close-fitting assistive suit � Passive actuation mechanism �
Electromyography � Arm assistance � Back assistance

1 Introduction

Muscle injuries, especially lower back pain (LBP), often troubled manual handling
workers in many occupations, such as manufacturing, construction, and nursing care.
Regarding the employees, LBP can influence their quality of life [1]. In contrast,
employers can face an increase of financial loss indirectly due to the lost productivities
of employees who suffer from LBP [2]. It can be prevented by training, practicing and
the proper motions/postures.

Due to the merits of lightweight and compact in size, the assistive suits with the
passive actuation mechanism was proposed to assist the user with the elastic compo-
nent. Imamura et al. [3] proposed a passive power assist supporter, called “Smart Suit
Lite,” which focused on low back assistance and torso stability. Most of the
devices/suits focused on the assistance of low back muscle. In fact, the localized
muscle can influence other muscle groups when localized muscle fatigue. Chen [4]
revealed that an indirect effect of low LBP occurs when the worker’s arm muscle
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experiences localized fatigue. Hence, this research focuses on the development of an
assistive suit to assist not only the back but the arm muscles.

Within these contexts, in our previous research [5], we proposed a concept and
prototype of an assistive suit consisting of rubber and nylon belts to assist user’s arm
and back muscles. The feasibility was verified by the interview in the university
hospital and electromyography measurement with eight muscle groups. However, the
unconcealable belt structure may cause the hazard in daily tasks. To overcome this
difficulty, we proposed a worker-wear assistance suit with the adjustable elastic
structure with concealable belt structure to mainly support the user’s localized arm
muscle [6]. During the development period, the design principles are given: (1) the
adjustable structure can not only overcome the individual difference of the user, but the
adjustment of assistive level for different load weight in daily task; (2) the concealable
belt structure can prevent the hazards and dangers in the daily tasks; (3) according to
prevention of localized muscle fatigue [4], the back and arm muscles should be con-
sidered to be assisted.

2 Close-Fitting Assistive Suit

This study proposed a close-fitting assistive suit. The concealable structure is consid-
ered to prevent the hazard in daily tasks (e.g., the unconcealable structure may catch the
item on hand or external equipment and items). In addition to the concealable belt
structure, the close-fitting design can also prevent the hazard comparing with a loose-
fitting design. The adjustable structure is considered to overcome different body
dimensions of individual users and different working conditions (e.g., the load weight
and the motions). The users can wear their clothes outside of the suit, and the structure
can be hidden under the personal clothes/wears. Furthermore, the suit has approxi-
mately 0.75 [kg] of the total weight. Compared with averaged Japanese body weight,
57.2 [kg] [7], the suit accounted for only 1.3% of the averaged weight. It can avoid the
additional burden while wearing. According to the user’s intention and practical
motions, the belt layout is designed and proposed as described in the following sub-
chapter. The proposed suit mainly consists of two parts, arm and lower-limb assistance
and the back-assist parts, as shown in Fig. 1(a).

2.1 Arm and Lower Limb Assistance

The concept of belt layout for arm and lower limb assistance is illustrated in Fig. 1(b).
By connecting the belt from the arm to back of the knee, the arm assistive belt can be
pulled and extended while bending the knee and leaning trunk motions. It means that
the layout is designed based on the user’s motion, and automatically assists the user’s
arm muscle while he/she intends to lifting/lowing the target load. The arm assistance
belt, called Belt 1, connects with three elastic components, two rubber belts and a
deformable fabric called quadrilateral structure, as shown in Fig. 2(a). According to the
user’s motion, the assistive force can be generated while squatting down without
utilizing the other muscle group (e.g. triceps brachii muscle) to extend the rubber belts.
The proposed belt layout can be extended by the user’s weight, instead of using
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additional muscle. Therefore, assistance can be adequately provided as needed.
According to the woven pattern of quadrilateral structure, its shape cannot be deformed
along the horizontal and vertical direction. While the user turns his/her torso and twists
his/her waist to pick up the target on the side of the user, the belt elongations of right
and left arms are different. For instance, turning torso rightward, Belt 1 on the right arm
is elongated. Meanwhile, the left-hand Belt 1 is diminished. Thanks to the proposed
quadrilateral structure, the structure can deform along the diagonal direction to com-
pensate Belt 1 on the left hand. It implies that the structure can automatically com-
pensate for the shortened belt and keep the assistive force. It can prevent and
compensate the arm assistance belt loosening when the user twisting their waist and
upper trunk.

(a) Quadrilateral structure                           (b) Concept of two-layer structure

Fig. 2. Configuration of assistive belt/fabric

(a) Configuration of proposed suit                   (b) Principle of assistive belt

Fig. 1. Concept of the proposed suit-e.z.UP®
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2.2 Back Assistance

The load on the back and the skin deformation can be increased while the torso bends
forward, simultaneously. Hence, an elastic structure with the changeable spring coef-
ficient should be considered. In our previous study [5], a concept of the rubber belt with
the changeable spring coefficient was proposed. Thereafter, this study designs and
proposes a stiffness changeable structure, called the two-layer structure, as shown in
Fig. 2(b). The structure provides lighter assistance when the user stands straight, which
only the outer layer (k1) is deformed, and the inner layer (k2) is slack. When the user
tends to bend or leaning forward and lift the load, the inner layer is further extended
along the back curve. On the other hand, the two-layer structure can gradually and
automatically increase the assistive force as needed according to the user’s motion.

3 Simulation Evaluation

To evaluate the feasibility of the elastic structure layout of the suit, a human model is
primarily defined based on the averaged body dimensions of Japanese young and
healthy adults and elderlies [7], as shown in Fig. 3. It can be utilized to mimic the
practical user wearing the suit. The averaged lengths of the shank (l1), thigh (l2), trunk
(l3), upper arm (l4) and forearm (l5) are 0.3687 [m], 0.3968 [m], 0.5215 [m],
0.2986 [m] and 0.2373 [m], respectively. The average weight in the human model
(m) is 57.2 [kg]. We assumed each joint has its corresponding radius referring to the
averaged body dimension [7]. The radii of the knee (rk), hip (rh), shoulder (rs) and
elbow (re) joints are 0.0576 [m], 0.1047 [m], 0.0766 [m] and 0.0459 [m], respectively.
The corresponding positions of the center of gravity (COG) of each limb are defined
according to de Leva’s technical note [8]. The locations of each limb COG are defined
in Fig. 3, l1g, l2g, l3g, l4g and l5g, are 0.5541�l1, 0.5905�l2, 0.5514�l3, 0.5772�l4 and
0.4574�l5, respectively. Based on the investigation of Drill et al. [9], the mass of each
limb, m1, m2, m3, m4, and m5, are 0.0878�m, 0.2236�m, 0.5342�m, 0.0648�m and
0.0362�m, respectively.

Fig. 3. Definitions of a human body model
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To define the posture and motion of the human model, the ankle joint (xa, ya) is
defined as the original point (0,0) in the coordination system; the position of knee joint
(xk, yk), hip joint (xh, yh), shoulder joint (xs, ys) and elbow joint (xe, ye) in the sagittal
plane are presented as a vector {xhuman yhuman} 2 R10 and calculated by following
equation:

xhuman
yhuman

� �
¼ C1

S1

� �
l1 l2 l3 l4 l5f gT ð1Þ

where C1 2 R5�5 and S1 2 R5�5 are the lower triangular matrices consisting of cosine
and sine included each joint angle (ha, hk, hh, hs and he), respectively. {l1 l2 l3 l4
l5}

T 2 R5 is the length vector related to each limb length of the model. Based on the
contact points of the suit and the user, the boundary conditions are defined, as shown in
Fig. 4. The corresponding coordination of the contact points is presented as a vector
{x1 x2 x3 x4 x5 x6 x7 x8 y1 y2 y3 y4 y5 y6 y7 y8}

T 2 R16, which can be written as {xbelt
ybelt}

T 2 R16 and calculated as follows:

xbelt
ybelt

� �
¼ B 0

0 B

� �
xhuman
yhuman

� �
þ C2

S2

� �
rk rh rs re lcf gT ð2Þ

where B 2 R8�5 is a logical matrix consisting 0 and 1, C2 and S2 are triangular matrices
consisting of cosine and sine with each joint angle (ha, hk, hh, hs, and he), respectively.
lc can be written as lc = (a2 + b2)0.5. a and b are the torso thickness and the distance
from the hip joint to the navel. To obtain the belts’ length variation, a motion with the
angle variations of each joint was recorded with a practical lifting motion. By sub-
stituting the variation of the angles of each joint into Eqs. (1) and (2), the deformations
of the Belt 1 and Belt 2 shown in Fig. 5(a) and (b), respectively, show the maximum
elongation appearing at the begin of Phase 1. In fact, the begin of a lifting task requires
greater power to generate momentum, which may cause a greater muscle output force.
In other words, the proposed suit can adequately satisfy the requirement at the begin of
a lifting task according to the user’s motion.

(a) Arm assistive belt (Belt 1)                 (b) Lower-limb assistive belt (Belt 2)

Fig. 4. Boundary conditions of arm assistive belt in suit-user model
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4 Experimental Evaluation

An experiment is conducted with four young subjects (age: 23 to 25 years, mass:
71.1 ± 4.5 [kg], height: 1.774 ± 0.079 [m]) and two middle-aged subjects (age: 55
and 58 years, mass: 72.5 ± 3.5 [kg], height: 1.735 ± 2.121 [m]). None of them had
any significant history of low back pain or present illness. All subjects consented for
participation in the study. The experimental protocol with a similar motion in the
simulation part is shown in Fig. 6(a). The period of each phase was defined as 5 [s].
The weight of the load for this experiment is 10 [kg]. Each subject is asked to perform
the same motion three times. The rest time between each set of experiment is 10 min.

To evaluate the effectiveness of the two-layer structure, the activity of the back
muscle must be a part of the measurement. Thoracic paraspinal muscle (PM) is decided
to be measured, which relates to the motion of the back stretching. According to the
simulation results, the elbow joint has an obvious improvement. Therefore, the Biceps
Brachii (BB) muscle is considered as a measured muscle group, which relates to the

(a) Belt 1       (b) Belt 2

Fig. 5. Deformation of the assistive belts

Fig. 6. Experimental conditions
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motion of elbow flexion. Additionally, in our previous study [5], we measured eight
muscle groups. In the previous results, the BB and PM muscles showed obvious
improvement. Therefore, BB and PM muscles are decided to verify the usability of the
proposed suit. The electromyography (EMG) sensors are respectively attached to BB
and PM muscles. The attached locations of EMG sensors are unified as illustrated in
Fig. 6(b).

The maximum voluntary contraction (MVC) of each muscle group is measured in
advance to define the maximum muscle activities of BB and PM muscles of each
subject and further compare the measurement results of each subject. To eliminate the
individual difference, MVC is divided by integrated electromyography (iEMG) as
described in the following equation:

%MVC ¼ iEMG=MVC ð3Þ

The effectiveness while using and without using the proposed suit is evaluated and
calculated by the p-value of t-test analysis with the follows conditions: (1) one-tailed,
which can demonstrate a “significant better” result; and (2) the “paired data,” because
the subject numbers are the same while wearing and without wearing the suit. To judge
the improvement of muscle activities with and without wearing those suits, the p-value
lessening than 0.05 is used. The decreasing ratio (η) was calculated to compare the
efficiency by the following equation:

g ¼ ð%MVCwithout �%MVCwithÞ
%MVCwithout

� 100% ð4Þ

where %MVCwithout and %MVCwith represent the %MVC values with and without
wearing the suit, respectively.

The results of BB and PM muscle of the subjects with and without wearing the
proposed suit are shown in Fig. 7. Comparing the dynamic motions (Phases 1 and 3)
and static motion (Phases 2 and 4), the dynamic motions have higher muscle activities.
It means that the dynamic motions may easily cause muscle injury of both BB and PM
muscles at the same time. According to the results of BB muscle shown in Fig. 7(a), we
can confirm the effectiveness of the proposed suit with above 38% of the improved
ratio. According to the simulation result of Belt 1, the maximum assistive force can
appear in Phase 1 due to the maximum deformation of the belts. However, the
experimental results of BB muscle show the maximum improvement in Phase 3. It may
be caused by the friction of belts and fabrics. In the results of PM muscle (Fig. 7(b)),
the muscle activities can be successfully decreased above 30% in each phase. Through
the experimental results, the effectiveness of the two-layer structure can be confirmed.
It proves that the proposed two-layer structure can gradually and adequately generate
the assistive force based on the user’s motion. According to the influence of the
localized arm muscle fatigue [2], the proposed suit may prevent localized muscle
fatigue, and further prevent the lower back injuries.
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5 Conclusions

A close-fitting assistance suit with the adjustable structure is proposed in this study for
the muscle assistance of manual handling workers in their daily tasks, especially for the
arm and back assistance. This suit is mainly composed with elastic component (rubber
belts and deformable fabrics) and non-deformable component (nylon belts and non-
deformation fabrics). To verify the belt layout of the proposed suit, the simulation is
primarily conducted based on the averaged human body model to observe the belts’
deformation with a lifting motion while wearing the suit. The simulation results proved
that the proposed suit can successfully and adequately assist the user without additional
burden. To practically confirm the feasibility of the suit, an experiment is conducted
with seven subjects (four young and two middle-aged subjects). The results prove that
the proposed suit can successfully decrease the back muscle activities above 30% at
least. Especially, the arm muscle can successfully assist the user around 46%
decreasing on average.
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Abstract. In this paper a prototype of BIT (Beijing Institute of Technology)
astronaut robot with three leg-arm limbs is presented with performance char-
acteristics from a demo test. An experimental demo for basic operation modes is
presented simulating the BIT astronaut robot moving outside an orbital station
with a lab testbed set up for experimental activity of robot characterization.
Results of the demo tests are used to characterize the feasibility of the robot
design and its operation also with experiences at ground gravity.

Keywords: Space robotics � Astronaut robots � Design �
Experimental robotics � Performance analysis

1 Introduction

The space station is the carrier of human development and utilization of space
resources. The use of space stations to complete the full development and utilization of
space resources plays a vital role in the advancement of science and technology,
(Ceccarelli 2012). Astronauts are in great danger every time they leave the cabin to
complete the mission. Therefore, the safety of astronauts can be guaranteed by
replacing the astronauts with robots to complete high-risk missions (King 2001).

The Canadian II Arm is a large space manipulator that can capture large mass
objects and assists astronauts to get out of the capsule (Sallaberger 1998). But it is
awkward and cannot replace the astronauts to complete missions outside the space
capsule. The dual-arm robot Robonaut was developed by NASA to replace the
astronauts to complete part of missions, which reduces the frequency of the astronauts
out of the space capsule, (Bluethmann et al. 2003). However, in a microgravity
environment, it is difficult for the Robonaut to complete the task, and the astronauts are
needed to work together with Robonaut to complete tasks. The Canadian II Arm and
Robonaut are designed with complex structures that can be complicate to be repaired
once a fault occurs. Other interesting astronaut robots are the European ESA EuroBot
and German Justin with similar problems although with improved characteristics as the
above reported astronaut robot examples.
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In this paper the BIT three-limb astronaut robot is presented by an experimental
characterization of a prototype a demo test of basic operation modes in the lab ground
gravity environment.

2 The BIT Astronaut Robot

The BIT astronaut design is shown in Fig. 1 with its peculiar structure with three limbs
of equal design and a central body housing any other equipment, as reported in
(Ceccarelli et al. 2012). Figure 1(a) gives the design features as focused on the limb
design with a 2-d.o.f. shoulder, elbow, wrist, and an end-effector with claw that can
work either as a leg in locomotion operations or as an arm in manipulation tasks.
Figure 1(b) shows a lab prototype at BAICIRS (Beijing Advanced Innovation Center
for Intelligent Robots and Systems) in BIT for testing in a testbed frame reproducing
the outside environment of an orbital station with handles that are used also by
astronauts for moving on its surface. The prototype has been built bulky also because
of the testing in the lab at ground gravity (g = 9.8 m/s2) for investigations on its
feasibility and performance evaluation.

The three-limb robot structure is characterized by the fact that the limbs can be used
indifferently thanks to their common design, that is inspired by the chameleon anatomy
and operation, as reported in (Ceccarelli et al. 2012). In locomotion operations the
three-limb robot can move using two different modes, namely walking with legs or
revolving using the three limbs. In locomotion task the end-effector will act as a foot
once it has grasped the handle with respect which the motion is planned to. In walking
mode two limbs are operated as legs with a human-like movement leaving the third
limb available for manipulation tasks, carrying load, and/or balancing purposes. In the
revolving mode the three limbs are used as fixed legs around which the whole robot
structure rotates in advancing by articulating the legs.

a) b) 

Fig. 1. The BIT astronaut robot: (a) a CAD design; (b) the built prototype
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The central body is designed with a shape and size both to housing equipment for
control units and sensors and to be the frame for the limbs around which they can be
housed in home configuration.

The three-limb BIT astronaut robot is conceived with its peculiar design to perform
locomotion and manipulation tasks outside a space orbital station for maintenance and
repair works of the structures and functions for the efficiency of the orbital station with
a multi-task ability.

The operation of the BIT astronaut robot is controlled by adjusting the angular
displacement of the joints with a PID control law in a closed-loop design. A DC motor
and an angular displacement sensor are installed at each joint of a robot limb. The PID
controlled motion is activated by PWM signals that are generated by hardware con-
troller unit using angular displacement measures by sensors as feedback signals.

3 An Experimental Characterization with a Demo Test

An experimental characterization has been experienced in a lab environment that has
been designed with a structure replicating partially the areas of an orbital station within
which the BIT astronaut robot will operate.

Figure 2 shows this lab lay out with orbital station structure with typical armrest as
handles for EVA (Extra Vehicular Actions) astronaut tasks, the prototype of the BIT
astronaut robot, and computer facilities for testing.

Prototype
Host computer

Slave computer
Armrest

Fig. 2. Lab layout for testing with BIT astronaut robot in Fig. 1
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A demo test has been designed for basic operation motion within the structure of
the orbital station in BAICIRS lab in BIT with ground gravity with the aim to show the
practical feasibility of the BIT astronaut robot and its typical motion performance.

The demo test is shown in the snapshot in Fig. 3 as referring to a walking mode
operation as in (Ceccarelli et al. 2015) in Figs. 3(a) to (c) for changing handle towards a
stationary positioning, and to a revolving motion as in (Ceccarelli et al. 2015) in Figs. 3
(d) to (f) for translating along a handle. In both motion tests at least one limb is free
from the motion operation and available for manipulation tasks or other task, like for
example a visual inspection using a video camera on the end-effort that is moved
pointed properly by suitable arm motion. The demo motion is performed as assisted by
the video cameras on each end-effector of the limbs either by pre-programmed path
planning or by user tele-operation with the characteristics of low-speed operation that is
typical of outdoor space movements and is required by low-energy consumption.

4 Test Results

The demo test has been monitored by tracking the motion in terms of joint angle
displacements and energy consumption in terms of actuator currents, as measures that
are acquired on-line also for motion control purposes.

Examples of those acquisitions ad monitored data are reported in Figs. 4 and 5 as
referring to the three limbs acting as leg-arms during the demo test portion with
revolving mode operation in Figs. 3(d) to (f). In particular, arm 1 is fixed grasping the
handle while the other two arms move with the second one approaching the handle yet.

In Fig. 4 the angular displacements of the joints are reported as acquired by the
encoders on the actuated joints and in Fig. 5 the actuator currents are displayed as
collected from the feeding circuits.

In Fig. 4(a) it is to note that only the first joint of the shoulder is active as con-
tributing to the revolving motion by rotating the central body with a quasi-constant
speed with an initial acceleration and a final deceleration. Correspondingly, in Fig. 5(a)
the current of the first actuator is measured with variation in the accelerated and
decelerated phases and then with a current level maintaining the posture with braking.
In the same time the other joints do not move but the corresponding actuators may need
torque to maintain the arm configuration, as shown by the acquired actuator currents in
the joint plots in Fig. 5(a).

In the arm 2 that moves in the air as mainly for balance purposes, the active joints
are the shoulder and elbow ones with a smooth motion that is characterized by vari-
ations of about 60 deg and 90 deg, respectively, while the other joints do not move
significantly. Correspondingly, in Fig. 5(b) significant changes in actuator current
levels are detected for those moving joints, while in the other joints the actuator
currents are used to provide the proper torques for the static configuration also with
brake activations.

In the arm 3 that moves toward the handle, the active joints are the shoulder, elbow,
and wrist with a smooth motion yet that is characterized by displacements of about
100 deg, 40 deg, and 180 deg, respectively. Correspondingly, in Fig. 5(c) the actuator
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currents are shown with significant values and variations, although also the other joints
experienced the need of currents to ensure torque or braking activation.

Referring to the plots in Fig. 5, it is to note that most of the measured currents are
below 1 A, whereas a maximum of about 3 A is experience only for the shoulder joint
of arm 3.

The demo results, whose examples are reported in Figs. 4 and 5, show that the
prototype of BIT three-limb astronaut robot moves successfully in operating its char-
acteristic locomotion modes for walking and revolving, even with bulky design that has
been developed for testing at ground gravity.

Fig. 3. A snapshot of a demo test with BIT astronaut robot, Fig. 2
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a)

b)

c)

Fig. 4. Acquired joint angles during demo test of revolving motion in Figs. 3(d) to (f): (a) arm
1; (b) arm 2; (c) arm 3.
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a)

b)

c)

Fig. 5. Acquired motor current demo test of revolving motion in Figs. 3(d) to (f): (a) arm 1;
(b) arm 2; (c) arm 3.
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5 Conclusions

The BIT astronaut robot with three limbs is presented with its peculiar design and
characteristic operation modes through a demo test in lab environment at ground
acceleration field. The results characterize successfully the limb operation as leg or arm
with the end-effector acting as foot ore gripper, respectively. The reported demo test
gives a numerical characterization in term of properly controlled motion and energy
consumption. Future work is planned not only with this ground operated prototype for
task improvements but also for a new mass-reduced design to be operated in micro-
gravity filed in the space.
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Abstract. Haptic device manipulators are used for generating haptic
feedback. This feedback is composed of force which is regulated with
respect to motion information. Accurate generation of the feedback
requires exact position acquisition of the end-effector. Due to the com-
pliant bodies of a manipulator, a stiffness model is needed to predict this
position. Previously, Virtual Joint Method was adopted to obtain the
stiffness model of an R-CUBE parallel haptic mechanism. In this paper,
experimental test setup and experimental procedure are described for
validating this stiffness model, its engineering feasibility and soundness
of the proposed model.

Keywords: Virtual Joint Method · Parallel mechanism ·
Experimental stiffness validation

1 Introduction

A haptic device reflects force/motion information to a user to generate haptic
stimuli [1]. This information is generated by making use of the end-effector posi-
tion. It is common to use forward kinematics and joint sensor data (e.g. encoders)
to compute this position. However, joint sensors cannot detect the compliant
displacements of compliant manipulators. Hence, the kinematic model is not
sufficient to compute the actual position. Correspondingly, force/torque infor-
mation to be displayed to the user is generated inaccurately. Since the accuracy
of haptic stimulus is related to the accurate acquisition of position information,
a stiffness model is required to estimate the actual end-effector position.

A stiffness model is an ideal mathematical model. However, the manufac-
tured manipulators may have imperfectness in their geometry, sub-component,
and material. These imperfectnesses causes divergence in compliant deflections
between the model and the manipulator. In order to reduce this divergence, the
stiffness model has to be verified and modified via experiments. A general pro-
cedure is described in [2] to obtain an exact stiffness model. Another procedure
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is proposed in [3] to verify and modify the stiffness model of robotic systems
experimentally. In [4], stiffness model of a parallel manipulator that has sagging
cables was experimentally verified.

In an experiment of stiffness mapping, the manipulator is positioned at sev-
eral poses or followed a pre-defined trajectory with a relatively low speed. Simul-
taneously, an external wrench is applied to the end-effector. Meanwhile, com-
pliant displacements are measured. The measurement instrument type defines
the type of experiment method. Some merits and standards on the measurement
of geometric errors and instrument types are given in [5]. Comparison of posi-
tion measurement sensors are given in [6]. These position sensors may be used
to obtain compliant displacements for stiffness experiments. Also, they may or
may not require contact with the test subject. In addition, some of these sensors
directly measure the end-effector position while other ones measure indirectly.
This indirect measurement requires a model that relates the measured data in
sensor-space to the compliant displacement in task space.

In [7], and [8], a camera is used for contactless and direct measurement app-
roach. In this method, a reference picture is attached to the end-effector. Then,
the pose information of this picture is computed via image processing. Depend-
ing on the change in the pose of the reference image, the compliant displacement
is computed. The accuracy of the results in this technique is dependent on the
lighting conditions, and the resolution of the camera. However, the computation
cost is relatively higher compared to the other methods.

In [9], coordinate measuring machines (CMM) are used to measure the posi-
tion via its probe directly. Hence, CMM needs physical contact. This may expose
additional external wrench on the end-effector. Nevertheless, if this contact force
is relatively smaller than the designated minimum force output, then the wrench
of the probe cannot neglected.

An indirect measurement approach is proposed in [10]. In this study, a cable-
based parallel manipulator called Milli-CaTraSys is coupled with the mobile
platform of CaPaMan parallel manipulator. Then, the change in mobile plat-
form position/orientation is computed by measuring the displacements of cables.
Although this system is highly accurate, it requires precise calibration to begin
the tests.

In [11], and [12] laser distance sensors are used to measure the end-effector
position. This laser sensor demands a reference surface to observe the displace-
ment. One drawback of the laser sensor is that it can only measure the transla-
tional displacements along the axis of the laser beam. Therefore, several of them
must be used to get the translational and rotational deflections. Despite this
drawback, a laser sensor is easy to use, has high resolution, and gives accurate
and precise data.

Virtual Joint Method (VJM) is one of the methods to obtain an analytical
stiffness model. It has a relatively shorter computation time. Therefore, it can
run in a real-time control loop [13]. In this regard, this study is devoted to the
construction of a test setup for the experimental validation of the VJM model
of an R-CUBE mechanism [14]. A laser sensor is used to measure the compliant
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displacements directly from the mobile platform. First, a short description of the
R-CUBE mechanism is given in Sect. 2. In Sect. 3, VJM model of the manipula-
tor is briefly explained. In Sects. 4 and 5, experimental setup and procedure are
described. In Sect. 6 results of experiments are illustrated and in Sect. 7 conclu-
sion is addressed.

2 R-CUBE Mechanism

The R-CUBE manipulator is introduced by [14]. This manipulator comprises
only revolute joints. It has 3 serial chains. Each chain actuates one of the trans-
lational degree of freedom (DOF) of the mobile platform. In Fig. 1 kinematic
model of the manipulator is illustrated.
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Fig. 1. Kinematic sketches and frames of the R-CUBE mechanism: (a) the manipulator,
(b) variables of ith serial chain where i is one of the serial chains.

In Fig. 1(a), initial frames of the serial chains are located on �u
(0)
k orthogonal

unit vectors along kth axis for k = 1, 2, 3. �u
(ij)
k denotes the unit vector belonging

ith serial chain and jth frame as shown in Fig. 1(b). Due the kinematic con-
straints, �u

(0)
k ‖ �u

(p)
k where p is mobile platform frame. Also, �u

(15)
3 , �u

(25)
3 , �u

(35)
3 are

always aligned with �u
(35)
1 , �u

(15)
1 , �u

(25)
1 vectors, respectively. The forward kinemat-

ics of the mechanism is simply given as:

ri = S + l1 sin ϕi1 for i = 1, 2, 3 and r̄ =
[
r1 r2 r3

]T (1)

where S is a constant length between the 0th frame and �u
(i0)
3 axis. r̄ denotes the

column matrix form of position vector with respect to the origin.
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3 Stiffness Model

VJM is a lumped model approach based on the Jacobian matrix mapping and the
virtual work principle. The stiffness information of a link is lumped on virtual
springs defined on the virtual joints at the tip of this link. A lumped model
approach for parallel manipulators is described for the first time in [15]. In
[16], VJM approach is systematized for parallel manipulators, and the effects of
passive joints on stiffness are considered.

In this regard, the compliant kinematic model of R-CUBE mechanism is
obtained through virtual joints. Given in Fig. 2, compliance model of a single
serial kinematic chain of R-CUBE is presented. Each virtual joint has 6 DOF
that are 3 translations and 3 rotations. Kinematics of a virtual joint is defined as:

Hv(θ̄ij) = T 1(θ1ij)T 2(θ2ij)T 3(θ3ij)R1(θ4ij)R2(θ5ij)R3(θ6ij) (2)

where Hv denotes the homogeneous transformation matrix, T k and Rk denote
homogeneous transformation matrices for pure translation along and pure rota-
tion about �uk

th axis for k = 1, 2, 3. θ̄ij is virtual joint variables that includes the
translational and rotational DOF. Superscripts of θij denote element number.
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Fig. 2. Compliant kinematics of the manipulator where AJ is active joint, PJ is passive
joint, VJ is virtual joint, MP is mobile Platform, and B is base.

Stiffness matrix of ith serial chain, KCi, is obtained via the compliant kine-
matics in Fig. 2. This matrix is given in Cartesian space coordinates as derived
in [13]. Then, Cartesian stiffness matrix of the manipulator, KC , is computed
as KC =

∑3
i=1 KCi. Components of KC is given in Eq. 3 for small amount of

deflections. This matrix must be re-computed if external load
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4 Experimental Setup

The test setup is composed of a 3D printed R-CUBE manipulator, a laser range
sensor, a reference plane to reflect the laser light, and a pulley-guide system to
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apply an external wrench to the manipulator. In Fig. 3(a), the constructed test
setup is shown. In Fig. 3(b), a sketch of the CAD model of the test setup is given
denoting some components of the setup.

Fig. 3. Test setup in different. (a) Built setup, (b) CAD model where 1: Laser sensor,
2: Mobile platform, 3: Reference plane, 4: Guide, 5: Weights, 6: Stoppers, 7: Pulley.

The prototype is manufactured with Polylactic acid (PLA) material via a 3D
printer. Each 3D printed part has 15% infill. PLA material results in relatively
larger compliant displacements compared to composite and metals. However, this
behavior of PLA makes it more convenient to be used in stiffness evaluation tests
because it is easier to measure larger compliant displacements (from 0.1 to 1 mm)
with higher accuracy. In this range of displacements, the sensor noise during the
measurements becomes insignificant and thus, it can be neglected. PLA differs
from metals by being thermoplastic material that has visco-elastic properties.
This behavior requires the consideration of the rate of applying the external
wrenches. If there is a quick loading-unloading scenario such as operation in
high frequencies, viscous forces become more dominant than the elastic forces.
Hence, a damping model is also required in addition to stiffness model. However,
the study focuses on structural stiffness. Hence, the measurements are obtained
when the manipulator is in its final position and stabilized, and thus, the viscous
forces are abolished.

M5 screws are used at the joint structures to connect the links. Screw con-
nection increases the static friction in the joints. In the stiffness model, it was
assumed that there was no friction in the passive joints. Accordingly, this fric-
tion induces errors in the stiffness model. Nonetheless, these joints have less joint
clearance compared to a joint structure with bearings. This property minimizes
the level of uncertainty in the manipulator’s pose. The friction force, on the
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other hand, is smaller compared to applied external wrenches. Hence, neglecting
the friction forces do not generate a significant error.

A Nippon brand LAS-5010V model laser range sensor is used for measur-
ing the compliant displacements. Laser range sensor signals are acquired via a
National Instruments data acquisition card. These distances are measured from
the reference plane. This reference plane is located depending on the test poses
of the manipulator.

The intention is to measure the translational compliant displacements along
�u
(p)
k for k = 1, 2, 3. For this purpose, the mobile platform of R-CUBE mecha-

nism is designed to align the laser sensor with motion axes. The orientation of
the mobile platform is changed to measure compliant displacements along the
respective motion axis. That way, compliant translational displacement parallel
to �u

(p)
k for k = 1, 2, 3 axes can be determined, separately. The orientation of the

mobile platform changes due to the weight of the laser range sensor and exter-
nal wrench. However, these orientation changes are assumed to be close to zero.
Hence, orientation effects on the measurements are neglected since a relative
measurement is done for compliant displacements.

Fig. 4. External wrench components and
their application points.

External force vectors are aligned
with �u

(p)
1 , �u

(p)
2 and �u

(p)
3 axes as shown

in Fig. 4. This alignment ensures that
there is no external torque input
to the manipulator. These external
forces are generated by calibrated
weights hung by a cable-pulley sys-
tem. One end of the cable is con-
nected to a mass, and the other end
is connected to last frames of 1st and
2nd serial chains. This cable passes
through a pulley and the 2 holes of the
guide system. Location and the height
of the guide system are adjusted so
that the cable passes through the cen-
ters of these holes, so it is aligned with
the respective motion axis. Guides
allow us to adjust the height so that
this test system can be used for any test pose.

Since hung masses generate the external forces, force vectors along �u
(p)
1 and

�u
(p)
2 are always applied in a positive direction. The external force vector along

�u
(p)
3 is always in the negative direction and aligned with the gravity vector.

These directions of external force vectors do not change during the test proce-
dure. Hence, the validation of stiffness model is conducted only for this force
combination.

The manipulator should be tested throughout its workspace to capture its
stiffness characteristics. These tests are often conducted by following a test tra-
jectory in the workspace with low speeds. However, measurements in such a
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scenario include the stiffness property of the actuator. Since the objective of this
study is to obtain structural stiffness, the mobile platform should be positioned
and locked at several discrete poses in the workspace. Unfortunately, there are
infinitely many discrete poses in the workspace. However, some of these poses
have unique stiffness characteristics. By testing the manipulator at these poses,
desired stiffness properties may be obtained. Therefore, some critical poses are
identified to run the experiment. 27 poses are determined in total depending on
the fully folded, fully expanded, and nominal poses of active links. 10 critical
test poses (TPs) are selected for experiments. These TPs are given in Table 1.
Later, the results at these TPs may be used to generate full stiffness model of
the manipulator via interpolation. The manipulator is positioned to these poses
manually by the help of mechanical limits on the first links and stopper parts.
Stoppers are designed to lock the manipulator when the active joint is located
at 0◦ or ±30◦.

Table 1. Active joint values (AJV) of selected TPs, TP = TP(ϕ11, ϕ21, ϕ31), −30 ⇒
−30◦, +30 ⇒ +30◦, 0 ⇒ 0◦

AJV TP1 TP2 TP3 TP4 TP5 TP6 TP7 TP8 TP9 TP10

ϕ11 −30 0 +30 0 0 0 0 +30 +30 0

ϕ21 −30 0 +30 0 0 +30 −30 −30 −30 −30

ϕ31 −30 0 +30 +30 −30 +30 −30 −30 +30 +30

5 Experimental Procedure

In this section, the experimental procedure is described. First, the experiment
factors are determined to conduct a comprehensive experiment. These factors are
laser range sensor orientation (a), test pose (b), attached mass (c), and recorded
sample (d), where a, b, c, d are their labels. The laser sensor orientation is aligned
with motion axes to measure compliant deflections in these directions. A test pose
is selected from Table 1. In each test pose, the manipulator is locked via stoppers.
Then, the masses are attached to end-effector by using the pulley-guide system
for each motion axis. Different masses enable to observe the effect of different
wrenches on compliant deflections. In each set value of a, b, c, a measurement
is recorded for 3 times and each recording is labeled with d parameter. This
repetitive recording is done to increase confidence on the measured data. Table 2
shows the possible values of these factors and their ranges. These values are
presented with respect to their selection order.

The experimental test procedure starts by setting all factor labels to 1
(a = 1, b = 1, c = 1, d = 1). Hence, the initial test configuration measures the
deflections along �u

(p)
1 axis at TP1 with 285 g forces in all directions. After the

manipulator is stabilized (when the visco-elastic behavior diminishes), the dis-
tance between the laser sensor and reference plane is recorded with label d = 1.
Next, masses are removed, and reattached 2 more times to record the data for
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Table 2. Experiment factors.

Factors Range of labels Values of factors in order

Laser orientation, a 1–3 �u
(0)
1 , �u

(0)
2 , �u

(0)
3

Test pose, b 1–10 TP1–TP10

Attached mass, c 1–4 285 g, 185 g, 85 g, 0 g

Sample number, d 1–3 1, 2, 3

d = 2, and d = 3. This attach-and-remove procedure prevents incorrect data
measurement that might be caused by nonlinear effects at joints such as friction
and joint clearance. Then, 185 g, 85 g, and 0 g masses are attached for c = 2, 3, 4
and 3, and measurements are recorded for d = 1, 2, 3. This higher to lower

Set a = 1, b = 1, c = 1, d = 1

Start

Set laser sensor orientation to a

Position the manipulator at bth TP

Lock the active links via stoppers

Place the reference
plane at a distance

Align the cables
with the motion axes

Set cth Mass Combination

Apply loads

Record data via DAQ
and set file name “abcd”

Is d = 3?
Release load and
set d = d + 1

Is c = 4?
c = c + 1
and d = 1

Is b = 10?

b = b + 1 and
d = 1, c = 1

Is a = 3?
a = a + 1
and d =

1, c = 1, b = 1

End

No

Yes

Yes

Yes

Yes

No

No

No

Fig. 5. Flow chart of experimental procedure.
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loading sequence for c ensures that the mechanism is in its final compliant pose,
and there is no displacement due to joint clearance. Notice that, when c = 4,
there is no mass attached. This measurement determines the distance to the ref-
erence plane for the unloaded case. Hence, this value is used to subtract the offset
value of the sensor data to compute compliant displacement. Then, same pro-
cedure is conducted for TP2 to TP10 for b = 2, 3, ..., 10 and in different motion
axes for a = 2, 3 for measurement at different poses in different directions. A
flow chart of the procedure is described in Fig. 5.

6 Test Results and Comparison with the VJM Model

Obtained raw data (voltage readings) from laser range sensor are recorded in
LabVIEW. Then, they are post-processed in MATLAB for conversion of the raw
data into distance information. The compliant displacements are computed by
subtracting the unloaded distance from loaded distances. The numerical results
are given in Table 3 for deflections along �u1, �u2, and �u3 motion axes, respectively.

Table 3. Absolute values of experimental deflection measurements along �u1, �u2, and
�u3 in mm.

TP1 TP2 TP3 TP4 TP5 TP6 TP7 TP8 TP9 TP10

�u1 85 g 0,23 0,34 0,40 0,51 0,19 0,72 0,18 0,26 0,54 0,92

�u1 185 g 0,34 0,76 0,94 1,02 0,41 1,44 0,46 0,47 1,05 1,70

�u1 285 g 0,51 1,22 1,39 1,64 0,85 2,23 0,87 0,71 1,47 2,46

�u2 85 g 0,37 0,34 0,46 0,47 0,46 0,56 0,13 0,40 0,92 0,77

�u2185 g 0,45 0,58 0,90 0,93 0,83 0,92 0,60 0,82 1,70 1,48

�u2 285 g 0,66 0,85 1,14 1,25 1,23 1,35 0,89 1,30 2,50 2,01

�u3 85 g 0,02 0,63 0,68 0,88 0,38 0,87 0,41 0,17 0,80 0,56

�u3 185 g 0,23 1,66 1,62 1,70 0,81 1,74 0,63 0,51 1,63 1,29

�u3 285 g 0,39 2,34 2,30 2,44 1,33 2,16 0,81 0,77 2,56 2,15

In stiffness modeling, it is assumed that the compliant deflections are lin-
early proportional to applied force/torque. Hence, force to deflection ratio (the
stiffness) is constant for small deflections. If the measured deflections are normal-
ized with respect to their corresponding wrenches, the resultant ratio of different
deflections and forces should be equal in the same test pose. When the compliant
deflection results with 85 g, 185 g, and 285 g of loads are plotted with respect to
test poses, they should overlap on each other in normalized space. In an ideal
case, the VJM model and the experiment measurements should also overlap in
normalized space. However, a perfect overlap should not be expected due to
manufacturing errors, joint clearances, etc. Yet, a correlation is still expected
with minor errors. The normalization of VJM deflections and experimental ones



400 İ. Görgülü et al.

are achieved by dividing each deflection set to their maximum value. Also, over-
all deflections are computed and normalized for comparison. Figure 6 shows the
VJM and experimental results in normalized space. It can be observed that mea-
surements are a close correlation. However, VJM deflections are less correlated
with the experiment results as expected.
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Fig. 6. Normalized VJM and experimental deflections.

The best fit between VJM and experiments are observed for �u1 deflections, as
shown in Fig. 6(a). Except for TP4 and TP10, VJM exhibits identical deflection
behavior with the experiments. The maximum error between VJM and experi-
ment is observed at TP3 and TP10. However, TP1, TP2, TP4, TP5, TP6, and
TP9 results are close to each other.
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�u2 deflections are shown in Fig. 6(b). It has been observed that the experi-
mental and VJM deflection data have a similar trend. In both data set, deflec-
tions increase or decrease about in same TPs. TP1 and TP2 results of VJM
and experiment have the minimum relative error compared to the other TPs.
VJM-experiment deflections in other TPs highly differ from each other.

Figure 6(c) shows deflections along �u3. Experimental results of TP2 highly
differ in terms of general behavior that needs careful attention. Also, TP2, TP4,
TP9, and TP10 have high relative errors between experiment and VJM results.

Finally, overall deflections are illustrated in Fig. 6. In VJM, TP3 has its
highest deflection while experiments show that maximum deflection occurs at
TP9. Besides, TP3 has a lower value for experiments than TP4 while TP3 in
VJM is the most compliant pose. In overall deflections, the dominant axis is �u3.
TP6 for all poses, however, is the best fitting pose with the VJM results.

7 Conclusion

In this study, experimental test setup and procedure are described to measure
the compliant deflections of a mechanism. The results of these test are used for
VJM stiffness model verification that was previously procured.

VJM and experimental results are compared in normalized space to validate
the analytical model. Except for a few test poses, VJM and experimental results
have a similar stiffness behavior. One of the reasons for the discrepancy of the
calculated and measured data is the weight of the laser range sensor, which is not
taken into account in the simulation test with the VJM model. Another reason
is the assumption that the orientation of the mobile platform does not change
during the application of different loads. One last reason is the flexion of the
base of the manipulator since it is not produced from high-strength material.
Nevertheless, the experimental test setup and its procedure are proposed in this
study. The future work includes the addition of an inclinometer to the mobile
platform to measure the orientation change and fix the laser range sensor reading
accordingly, including sensor weight to the VJM model, and carrying out the
experimentation with the actual prototype of the mechanism produced from
aluminum material and carbon composite tubes.
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Abstract. Current treatment method for acne and wrinkles requires medical
staff to operate with medical injection devices, which requires a lot of time and
manpower. In this paper, a method to automate acne and wrinkles treatment
using robotic manipulator with two RGB-D camera system is proposed.
Through experiments with a UNIVERSAL ROBOT UR5 equipped with the
medical injector, it is demonstrated that the proposed approach enables the
camera on UR5 to detect and track acne and wrinkles on the flat head face
mannequin. Using intrinsic and extrinsic matrix of the RGB-D camera, the
coordinates of the targets can be automatically identified with precision. Such
targets can be wrinkles or acne which can be detected by skeletonization or
template matching methods in the camera system. The system will match the
targets and plan the trajectory for the manipulator to follow. The method used in
this research to estimate the normal vector of target is PCA (Principal Com-
ponent Analysis). By trajectory planning, the angles of the manipulator joints
can be determined through UR5 inverse kinematics solutions. With such method
and optimizing the redundancy of freedom to reduce the motion time by Hill
Climbing algorithm, the manipulator is able to move vertically along the skin
and the injector can be controlled to aim to the target with precision. To ensure
safety, the other camera is fixed on table to monitor working area of UR5 to
avoid the manipulator end-effector hitting obstacles. This process enables the
possibility of automated medical treatment.

Keywords: Vision-guided system � Multi-camera � Manipulator

1 Introduction

Automated medical robots are the future robotics development direction. Non-invasive
treatment can be accomplished by a combination of mechanical vision system and a
robotic manipulator. In the coming of an aging society such as Taiwan, the burden on
the medical system can be reduced through automated processes. The purpose of this
automated medical system is to detect abnormalities on the surface of the skin and
guide the manipulator with the medical injector for treatment.

In this article, we aim at acne and wrinkles treatment. With two-camera system, a
robotic manipulator is guided so as to move to the simulated acne and wrinkles located
on face mannequin. The direction of the medical injector should be aligned and
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perpendicular to the skin surface. Another fixed camera is equipped to observe
obstacles near the manipulator, and to detect patient movement and object invasion.
When the manipulator route is blocked, the system will immediately stop the manip-
ulator movement. The face mannequin is used to simulate real conditions in the
treatment before getting into medical trials.

Identification of acne and wrinkles has been previously studied in many articles.
Typical strategy for identifying acne is to use gray scale pre-processing, and to use
binary thresholds to remove underling noise, commonly marking the interested areas
with rectangular boxes [1]. However, this method is susceptible to light. The way to
remove light is divided into two types, one of which is to determine whether the oily
skin in the acne causes light reflection, and use the surrounding pixels to restore the
portion that is reflected by the light [2]. The other method reported in the literature is to
convert to YIQ, I1I2I3 color space for identification [3], compare RGB, rgb, YIQ, and
I1I2I3 color space, in YIQ, I1I2I3 and show robustness against non-uniform illumi-
nation. For wrinkle detection, patient’s face features are first detected and analyzed in
particular in the corner of the eye in a specific area [4–6]. [7] uses the Hessian line to
track wrinkles. As opposed to the methods reported in literature, in this paper, template
matching and skeletonization are adopted to detect the samples of acne and wrinkles.

There are two types of hand-eye systems, eye-on-hand and eye-to-hand, both of
which have a long history of development. The posture of the object can be recognized.
If the manipulator is equipped with gripper and the 3D camera, system can guide
manipulator in an appropriate posture to grip the objects [8–10]. Avoiding the collision
of the manipulator and gripper should be noticed. The depth camera can be used to
predict the obstacle on the path of the manipulator and change the path to avoid
collision [11]. If two kinds of cameras can be integrated, it is possible for vision guided
and avoiding collision at the same time.

This paper explores the coordinate calibration of the camera and the manipulator.
Through the cooperation of two 3D cameras, the manipulator is moved to a specific
coordinate and posture while avoiding the medical injector touching the skin. The
contribution of this paper is to validate the feasibility of automating the exampled non-
invasive medical system in terms of positioning, identification, manipulator trajectory
planning and control. The method that will be discussed in the following sections is
examined with face mannequin. It was suggested in [12] that the manipulator’s end-
effector poses can be optimized by utilizing the redundant degrees of freedom. To
minimize the task competition time, this method is employed and examined because
the medical injector possesses redundant degree of freedom in yaw rotation.

2 Vision-Guided Manipulator

The system as depicted in Fig. 1 is composed of the following five major subsystems:

(1) Eye-on-hand camera: Eye-on-hand camera takes photos from the top of face
mannequin. In addition to color and depth information, position and posture of the
camera on the manipulator hand will be recorded.
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(2) Image processing: This subsystem uses the intake images to identify acne and
wrinkles based on data from 3D depth cameras. The depth information is used to
assist calculation of coordinates and orientation in the base reference frame.

(3) Trajectory planning: This subsystem helps to select the most suitable solution
from the manipulator’s inverse kinematics calculations.

(4) Eye-to-hand camera: The eye-to-hand camera subsystem oversees surrounding
obstacles that may be in the path of the manipulator. If any abnormality is
detected, the arm is then interrupted immediately.

(5) Motion control: This subsystem use PD control method to control the angle of the
manipulator.

2.1 Acne and Wrinkles Identification

The method used for identify acne is the template matching. Several patterns of the
acne sample are prepared to serve as the training set for acne searching. First, the
manipulator moves to the top of the face mannequin and then the eye-on-hand camera
is engaged to capture the image of the face mannequin. Secondly, by using the template
matching method based on the prepared acne samples, the acne marks in the face
mannequin image are searched. Based on the depth information, all of the acne
coordinates to the base frame of the manipulator can be located.

The method for wrinkles identification differs from that used in acne searching. It
first uses hue threshold to remove background and then search dark line on the face. By
skeletonizing contour of the wrinkles, the position of the wrinkle can be converted into
several vectors. The wrinkle’s target normal vector to the skin surface can then be
estimated by using PCA method.

Fig. 1. Flow chart of the system
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2.2 Obstacles Detection and Identification

The eye-to-hand camera can capture and realize the manipulator’s working space. From
the images captured by the eye-to-hand camera, obstacles on the path of the manip-
ulator’s end effector can be detected and identified. The eye-to-hand camera is used to
compensate the shortcomings of field of view from the eye-on-hand camera. The
obstacles are predicted by conversion of the end effector frame to the eye-to-hand
frame. In the camera frame, marking the depth of the manipulator movement path, and
comparing the depth information map of the camera can lead to the determination
whether an object is close to the path or not.

2.3 Manipulator Trajectory Planning and Control

In the literature [13], the process of solving UR5 inverse kinematics was described.
According to this method, one can solve the UR5 inverse kinematics for selected pose
H0

6 in eight different joint-space solutions (h j
1, h
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2, h

j
3, h

j
4, h

j
5, h

j
6). By limiting the sign of

h5 (wrist) and h3 (elbow), eight solutions are limited to two solutions.
In the present work, the injector is attached to the manipulator’s end effector,

leading to expansion to the 7th axis. The transformation matrix between 6th and 7th
axes in such case contains only translation information. The pose of the manipulator
must be limited to avoid collision of the injector. As such, the lower limit of the
distance between the injector and the wrist to avoid interference with each other is set
using the follow equation:
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If there is no interference problem with the injector in the two solutions, the average
motor movement will be the criterion for selecting the solution. Taking the sum of the
motor angles difference

P6
i¼1 hi � hi;now

�
�

�
� as the comparison condition, the solution hi

of with smaller
P6

i¼1 hi � hi;now
�
�

�
� can then be selected (Fig. 2).

Fig. 2. UR5 frame definition and P3
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2.4 Manipulator Pose Optimization

For the medical injector, its yaw rotation angle can be adjusted freely. As shown in
Fig. 3, the pose of the manipulator is limited only by the position and Ẑ. Therefore, the
primary goal is placed on adjusting the yaw rotation angle c of the 7th axis of the robot
so that the manipulator can reach the target point within the shortest amount of time.

As opposed to the approach in [12] in which the maximum, joint angular velocity is
considered, to reach this goal, the cost function is set equal to the required motion time
of the manipulator in this research such that the corresponding maximum angular
acceleration can be also considered. We use HC (Hill Climbing algorithm) to find the
best c to minimum the cost. The advantage of HC is that it requires less computation
time and the local optimal solution can be found in a short time. The flow chart for the
HC search algorithm is shown in Fig. 4. When the local optimal solution is found, the
search will be stopped. By adjusting the HC structure, not only the motion time of the
manipulator can be reduced, but also interference of the medical injector with the
manipulator can be avoided.

Fig. 3. (a) and (b) are still images of the manipulator in operation at two different yaw angles
both representing the injector’s axis of symmetry with the same position and Ẑ vector as
illustrated in (c).
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3 Result and Discussion

Figure 5 shows the results of the identification of the acne and wrinkles on the face
mannequin using the proposed method. The process of eye-to-hand obstacles detection
is shown as Fig. 6.

Fig. 4. Flow of HC search process.

Fig. 5. (a) Acne detection result. (b) Wrinkles detection result.

Fig. 6. The process of the obstacles detection: (a) trajectory projects onto image, (b) depth
information from eye-to-hand camera, (c) depth prediction to camera, and (d) red color shows the
area might cause a collision.
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To validate the effectiveness of the proposed methods, an experiment as shown in
Fig. 7 was conducted. In the experiment as illustrated in Fig. 7, the manipulator is
moved from (0°, −90°, −90°, °90°, 90°, 0°) to the 26 points. The sum of the actual
motion time with the HC algorithm and Yaw = 0° is compared with the cost function
with the results listed in Tables 1 and 2. Based on the cost function, approximately
6.26% of the motion time can be improved from the simulation. After conducting
experiments, it was found that the experimental result, which is 6.54% reduction, is
very close to what simulated by the proposed method. In the present work using the
proposed method, the result including the consideration of maximum velocity and
acceleration (6.26%) is more precise than only considered maximum velocity (11.77%
reduced).

The process of treating acne and wrinkles is shown in Fig. 8. At present, only one
eye-to-hand camera is set up in this system. The field of view of it may be obscured
while observing the path of manipulator movement. However, such issue can be
resolved with more eye-to-hand cameras as filming from all directions can certainly
avoid the obscuration of a single camera, and the judgment of obstacles can be more
precise.

Fig. 7. Manipulator moves to 26 points. Compare the motion time of Yaw = 0 and HC.

Table 1. Comparison of motion time.

Method [12] Cost (only velocity) Cost (acceleration and velocity) Motion time (s)

c (Yaw) = 0 9.26 21.58 29.38
HC 8.17 20.23 27.46

Table 2. Reduced proportion of cost and the motion time.

Method [12] Cost (only
velocity)

Cost (acceleration and
velocity)

Motion
time

Reduced
proportion

11.77% 6.26% 6.54%

Multi-camera Vision-Guided Manipulation 409



4 Conclusion

This paper proposes and implement a combined eye-to-hand and eye-on-hand visual-
guided system for medical treatment. The position of the acne and wrinkles are
automatically recognized from the vision system. With such system, the manipulator
would be guided automatically to move to target points through trajectory planning
based on the required time for completion of the treatment set by medical users.
Multiple cameras, the eye-on-hand and the eye-to-hand cameras are used in this study
to analyze obstacles in the manipulator path of movement, and to avoid collisions
during treatment. This paper validates the possibility of automated medical treatment
for acne and wrinkles. With Hill Climbing algorithm searching for Z-axis rotation angle
of the medical injector to optimize the manipulator pose, it is found the manipulator
movement time can be further reduced by 6% at slow motion. Under the same motor
speed limitation, it is confirmed that using the Hill Climbing algorithm the manipulator
pose is able to complete the movement faster under than traditional motion planning
algorithm.

The process proposed in this work not only can be used for the treatment of acne
and wrinkles, but also for wound debridement. In the common medical practice in
treating the debridement, medical staff would manually clean wounds of the patient’s
ulceration. Such treating operation needs to be in a slow and light manner, otherwise it
will cause pain and discomfort to the patients. Since it is operated manually, the
treatment time is long while the movements are repeated, which is very labor intensive.
In particular, the medical staff who are currently engaged in medical care are seriously
inadequate, and the problem of long-term care is imminent. Therefore, the work pre-
sented in this paper has engineering implications especially for medical treatments that
are repeatable and labor-intensive.

Fig. 8. The process of acne and wrinkles treatment.
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Abstract. Rendering haptic feedback, particularly tactile feedback of various
objects or the environment, extends its usage in a wide variety of applications in
order to provide a realistic experience for the user. Conventional methods for
reproducing tactile sensations involve utilizing piezoelectric, electro-tactile, and
other types of actuators, which do not lend themselves the flexibility to repro-
duce various surface textures in real time. In this paper, we present the design
and development of a novel three Degrees of Freedom (DoF) tactile haptic
device to acquire haptic feedback from a known virtual/remote environment.
The haptic sensations are rendered to the user through a two-DoF spherical
segment of the device consisting of an array of surfaces. The roll and pitch
motion of the spherical segment provides tactile cues like texture and shear.
Additional DoF provides the stiffness and shape variations based on the feed-
back it receives. A semi-compliant four-link mechanism, mounted on a gimbal
setup, provides the necessary stiffness/shape variation effects. A prototype of the
device has been fabricated and tested. The preliminary experimental results
confirm the fidelity of haptic feedback to the user while interacting with the
environment.

Keywords: Kinesthetic and tactile feedback � Haptic devices �
Teleoperated systems

1 Introduction

Recent developments in teleoperated and virtual reality devices are bringing revolu-
tionary changes in fields such as military, entertainment, medical, hazardous material
handling, and space & underwater explorations. Even in the face of these advances, the
experience of the sensation of real-time objects is limited. Haptics is the sense of touch,
which is the combination of two forces, namely kinesthetic and tactile forces. Kines-
thetic forces are associated with the shape, size, weight, and position of the object
sensed by the muscles, tendons, and joints of the body, which are related dynamically
with the force and displacement variations. Tactile forces are associated with the
surface (texture, and smoothness), vibration and stiffness properties of the object sensed
by the mechanoreceptors situated on the inner surface of the body. Most of the haptic
devices designed for the applications mentioned above make use of only the kinesthetic
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force-feedback to date. Nonetheless, the tactile force feedback through the haptic
device is essential in identifying surface properties like texture and roughness, cur-
vature, stiffness, shear, and shape rendering [1]. Reproducing these tactile represen-
tations of an object that is at a distance or in a virtual environment enables the user to
acquire sensations about the tactile properties of the object, thus making the haptic
feedback more transparent. This is particularly important in applications like surgical
tele robotic systems, training medical apprentices, rehabilitation, mobile communica-
tion, and gaming. In the case of surgical applications, tactile sensations play a crucial
role in giving information about the surface textures and stiffness of the tissues [2]. This
information helps the surgeon to assess the healthiness of the tissue, detecting the
tumor, and thus juncture the disease effectively [3]. The abnormalities of many organs
of the body, such as lumps, and cancerous growth can be easily detected either by
feeling the surface or by palpating. Also, in the case of teleoperation systems, the
regular practice of kinesthetic force feedback is problematic because of the issues like
time delay, actuator saturation, force sensing, and model uncertainties that unswerv-
ingly affects stability and transparency. Therefore, kinesthetic feedback can be sub-
stituted by the tactile feedback by eliminating the active devices, thus achieving the
stability and safe maneuvering of the system [4].

The generation of tactile forces compared to kinesthetic forces in the haptic device
or grasper is always challenging. This is because of the complications involved in the
design, construction, and actuation of the tactile haptic devices. In addition, displaying
tactile forces demands strong requirements on the resolution, frequency range, and
dynamic range (amplitude) of the tactile display device. State-of-the-art research in
creating tactile effects focused on reproducing vibration, temperature, stiffness, texture,
slip contact, and its combinations of the environment [1]. Each tactile display uses a
specific actuation technology to make the user perceive the tactile forces through
stimulating mechanoreceptors on the surface of the skin. The commonly used tactile
display technologies are electromagnetic, piezoelectric, electrostatic, and pressurized
air/fluids passing through pneumatic tubes. An ideal design of a tactile display device
should be able to generate widespread sensations to the user, which can replicate the
remote or virtual environments. Therefore, the goal of the design is to provide the
majority of features of the tactile stimulus in order to reinforce the realism about the
environment.

The paper is organized as follows: Sect. 2 gives a brief overview of the recent
works in the tactile display, along with some research gaps. Sections 3 and 4 describe
the design methodology and analysis of the proposed device using various metrics.

2 Background and Related Work

Tactile texture displays are classified into two categories; one is a direct texture display,
where few textures are attached to the surface of the haptic device and the surface is
moved according to the movements taking place in the environment [5]. The other is an
indirect texture display, where the skin is deformed by triggering through various
actuators, and in some cases, symbolic inputs are given to the user according to the
variation of the texture. Indirect texture interfaces cannot simultaneously represent the
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majority of the aforementioned tactile effects. Therefore, these interfaces cannot be
used for the applications in which sense of touch is critical. Some tactile feedback
devices had been developed by researchers based on the actuation techniques like
pneumatic [6, 7], magnetic [8], motor micro actuators [9], piezoelectric and voice coils
[10]. Ohka et al. [11] proposed a haptic display system in which the heights of the pin
matrix are varied to match the pressure distribution of the surfaces, which can provide
large strokes to feel a variety of environments. However, the spatial density of the
actuator limits the display resolution of the tactile cues. Each actuation technique
mentioned here has its own specific tactile property in replicating the feel of the virtual
or remote environment. Representing most of the tactile effects in one haptic device is
not possible without either increasing bulkiness or mechanical complexity. Most of the
research work is focussed on displaying the various combination of tactile effects
amongst slip contact [12], skin stretch [10], vibrations [13, 14], shape and texture [5],
which do not provide the important haptic modality, stiffness. Few proposed devices by
researchers can render stiffness combined with size and shape [15], and stiffness
combined with texture [16, 17] are unable to provide either texture or shape. These
interfaces are limited in their resolution and workspace. Nevertheless, any of these
combinations cannot give the feel of interacting with the natural environment because
of the lack of rendering the proper combination of the haptic stimulus. Tactile display
devices [2, 5], which belong to the category of direct texture display, enables the user to
experience the combinations of tactile effects. Okamoto et al. [14] developed a
vibrotactile display in which the change in roughness and texture is perceived through
the vibrations by an actuator. However, when the variation of texture changes rapidly,
intense vibrations from the actuator subjugates the feel of a real object. Whitmire et al.
[5] developed one degree of freedom haptic revolver which renders touch sensation of
different textures. These textures are realized by interchanging the main contact wheel
with wheels equipped with different textures on its surface to render various envi-
ronments. The limited surface area on the wheel remains as a drawback in rendering
diverse textures. Lederman et al. [18] demonstrated that rendering of stiffness com-
bined with the texture can provide good haptic fidelity for the user. This is because of
the dominating nature of perceptual cues of material properties than geometric
properties.

3 Design and Implementation of the Haptic Device

In this paper, a three Degrees of Freedom (DoF) tactile haptic device is proposed,
wherein two rotations (roll and pitch) adjust the position of a spherical segment
equipped with an array of textures for displaying different surface tactile effects. The
third DoF is to represent the stiffness of the object in the direction of force applied. By
using the same actuator used for reproducing the stiffness, vibrations and shape can
also be stimulated to the user, in order to get the feel of diverse textures and geometric
shapes. Out of the three DoF, two DoF (pitch and roll) give information about the
texture, and shear in two dimensions. The third DoF gives the information related to the
stiffness of the object. All three DoF combined together can provide shape information
about the virtual/remote object.
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3.1 Kinematic Model of the Haptic Device

The kinematic model of the haptic device is shown in Fig. 1. The Ji’s represent the
joints in the kinematic model, wherein J1, J2, and J3 are active joints with three rotary
actuators in which J1 and J2 provide the pitch and roll DoF, and J3 provides the linear
motion using a four-link mechanism. J4, J5, and J6 are passive joints, in which J4 and J5
are rotary joints, and J6 is a prismatic joint. The length of the links between the joints J3
and J4, J4 and J5, J3 and J6 are given by l1, l2, and l3 respectively, as shown in the
kinematic model in Fig. 1.

A Computer Aided Design (CAD) of the haptic device is shown in Fig. 2. The user’s
finger is placed on the spherical segment in order to experience the virtual/remote
environment. An assortment of different textures pasted on top of the hemispherical
surface allows the user to switch between textures on the fly, as and when the texture of
the virtual or remote object varies. This experience of sensations brings about the
perception of different objects textures and consequently immerses the user in the
illusory world. In addition, this device greatly reduces the intervention of human in the
loop (HITL) and thus making the haptic device reliable and simple to operate.

Spherical segment

Fig. 1. Kinematic model of the 3-DoF haptic device
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3.2 System Design

The proposed haptic device is designed to generate tactile feedback in three degrees of
freedom. The device has a spherical segment with several patches of textures attached
to it. The user is meant to place his/her finger over the spherical segment and the
spherical segment is moved relative to the finger. This produces different subsets of
haptic sensations (stiffness and texture, texture and shape, etc.) to the user. The
spherical segment can move in both pitch and roll DoF with the aid of a gimbal
arrangement as shown in Fig. 2. Both the pitch and roll DoF are actuated by two
motors (Dynamixel RX-64 model), namely servomotor 2 and servomotor 3, which are
capable of position control. By design, the gimbal ensures decoupling between the
pitch and roll DoF. The rotation of motors is joint limited to prevent the intersection of
the spherical segment with other components in the assembly. To provide varying
stiffness to the spherical segment the haptic device has a semi-compliant crank slider
mechanism connected to servo motor 1. By varying the impedance of the servomotor 1,
different stiffness can be obtained, when a user exerts a force on the spherical segment.

3.3 Semi-compliant Four-Link Mechanism

An oil-free linear guide (Igus DryLin miniature slide) guides the translatory motion of
the spherical segment. The servomotor 1 driving the translatory motion of the spherical

Roll

Pitch

Spherical segment
with textures

Semi-compliant four barLinear guide

Servo motor 1 Servo motor 2

Gimbal arrangement

Servo motor 3

Force sensor

Fig. 2. A CAD model of the 3-DoF haptic device
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segment is rigidly connected to the linear guide and has a semi-compliant four-link that
converts the rotary motion of the servo to linear motion. The semi-compliant four-link
is designed with a flexure in tension as shown in Fig. 3, which overcomes the limi-
tations of flexures when they are loaded in compression [19]. Because of the way the
flexure is positioned in the four-link assembly, any force that the motor/user exerts on
the spherical segment appears as a tensile load on the flexure as shown in Fig. 3.

Utilizing the flexure on the four-link assembly also has the added advantage of a
backlash-free mechanism with a minimal number of moving components. A large
deflection Finite Element Analysis (FEA) was carried out on the flexure to assess its
performance using standard commercial FEA software. A tensile load of 7 N was
applied at the base of the flexure, which represents the maximum haptic force that the
device can exert on the user’s hand. A displacement input corresponding to the
maximum deflection of the flexure was applied to the flexure as shown in Fig. 4. FEA
results show that von Mises stress was well within the allowable limit of the material of
the prototype. The flexure is contained within an envelope that transfers the haptic
force from the servomotor 1 to the flexure.

A pseudo-rigid-body model [20] is used to model the semi-compliant four-link
mechanism. The flexure of the four-link is replaced by a revolute joint (characteristic
pivot) placed at half of its length and a torsional spring as shown in Fig. 3.

The relationship between the rotary motion h1 of the servo motor1 and the linear
deflection of the guide x are given by Eqs. 1 and 2,

Characteristic pivot

Applied force

Flexure in tension

Fig. 3. Semi-compliant four-link mechanism
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h2 ¼ sin�1 �l1 sinðh1Þ
l2

� �
ð1Þ

x ¼ l1 cos h1ð Þþ l2 cos h2ð Þ � l3 ð2Þ

where l1 =12.5 mm, l2 = 58 mm, l3 =57 mm.

3.4 Working of the Prototype

When a user applies a force, the stiffness and texture corresponding to the
virtual/remote environment are experienced through the haptic device interface. A force
sensor (Honeywell - FSAGPDXX1.5LC5B5 - force range up to 7 N), placed below the
line of action of the applied force, measures the force applied by the user. The ser-
vomotor 1 modulates the position of the spherical segment corresponding to the
stiffness of the environment being simulated based on Eqs. 1 and 2. The rate of change
of the position can also be varied corresponding to the rate of change of the force. The
user realizes the shape of the object either by directly experiencing the irregular surface
texture or by controlling the position provided by the servomotor 1 in order to feel the
variations in the shape equivalent to the virtual/remote environment. The method of
representing the shape by position control of motor requires very high resolution and
precise control over the position, and coordination between all the three servo motors.
This can be further improved in the future designs for realistic haptic (in this case, it is
shape) feedback. Shear haptic feedback is provided by controlling the speed of the
servomotor 2 and servomotor 3. The overall experimental setup of the three DoF haptic
device is shown in Fig. 5.

Fig. 4. Finite element analysis of the flexure in tension

418 V. K. Pediredla et al.



4 Performance Analysis

Preliminary experiments have been carried out on the haptic device to analyze the
performance. The spherical segment is separated into four sections, and each section is
attached with a different texture resembling the four virtual/remote objects or envi-
ronments. It is assumed here that, the location of each environment with respect to
another environment and the stiffness of the environment is known. The stiffness of the
four different linear virtual/remote environments (stiffness varying linearly), k1; k2; k3;
k4 are 2, 1.5, 1, 0.75 N/mm respectively. However, the non-linear virtual/remote
environments (stiffness varying non-linearly) can also be precisely implemented by
using a linear motor in place of the existing four-link mechanism.

4.1 Force Analysis

To analyze the stiffness rendered by the haptic device, a force is applied on each
textural surface affixed to the spherical segment. The input force is gradually varied
from 0 to 7 N, remains constant at 7 N, and again varies from 7 to 0 N as shown in
Fig. 6(a). As a result of applied force, and the predefined stiffness of the section on the
spherical segment, there will be displacement. The displacement of the segment from
its equilibrium position is measured. Figure 6(b) shows the force-displacement curves
of four sections with different stiffness on the spherical segment. Haptic devices
demand a high degree of accuracy in generating feedback to make the user’s interaction
with the environment natural and dynamic. This figure clearly depicts that the proposed
haptic device represents the virtual/remote environments accurately.

Fig. 5. Experimental setup of the 3-DoF haptic device
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5 Results and Discussions

The functioning of the prototype and its results portray the efficacy of using the
proposed haptic device in rendering the virtual/remote environments. The system
design permits the user to experience a range of haptic effects like texture, stiffness,
shape, and shear. This haptic device can be used in many applications; particularly in
teleoperated surgical systems, where the surgeon can feel the properties of the tissues
especially stiffness. This diagnosis assists the surgeon in identifying many diseases.
One of the limitations of the prototype is its bulkiness. However, miniaturizing the
prototype consequently reduces the workspace, and because of the availability of
limited workspace for each texture on the hemispherical segment, experiencing the
texture of the surface is thus limited. The device can be modified by replacing mere
textures with belt mechanism for each texture. This mechanism enables the user to
experience the haptic effects of different surfaces of longer length and simultaneously
making the device portable. This design widens the applications similar to the existing
handheld haptic devices.

Several design concepts were considered for realizing a device that can provide
rapid switching between different textures. Textures that needs to be simulated can be
fixed to a long belt in two different ways as shown in Fig. 7. A long belt that has

Fig. 6. (a) Input force profile (b) Force-displacement curves for different textures

420 V. K. Pediredla et al.



several tracks of different textures can be wound on two cylinders – a supply reel and a
take-up reel. Implementation as shown in Fig. 7(a) provides textures of very long
length but only fewer textures are possible with this design. Implementation as shown
in Fig. 7(b) shows that the belt is discretized in smaller zones enabling many more
textures of smaller lengths. Rapid switching between different textures becomes time
consuming especially switching between textures that are placed at the extreme ends of
the belt since the belt has to physically wind from one side to the other to reach the
other extreme. In addition, providing stiffness to the texture with this kind of imple-
mentation becomes challenging. Further work is in progress to analyze the possibility
of this configuration in the proposed device.

6 Conclusions and Future Work

The proposed design is unique in terms of rendering different tactile effects in two
degrees of freedom using an array of textures that are affixed to a spherical segment that
can pitch and roll, and translate in another degree of freedom to simulate the stiffness of
a virtual/remote environment. Delivering this kind of feedback would enrich the user’s
ability to comprehend different properties of the virtual/remote objects, and thus
enabling the user to sense and manipulate the objects accordingly. This work can be
extended in miniaturizing the prototype and concurrently enhancing the workspace by
belt mechanism to increase its uniformity and fidelity in rendering various environ-
ments. Impedance control algorithms can be implemented to the system to enhance the
accuracy and feel of the virtual or remote objects.
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Abstract. This paper discusses the comparison between three methods used to
solve the Forward Kinematic Model (FKM) of a New Spherical Parallel
Manipulator (New SPM). The three methods are: a classical method (Classical
FKM) using three sensors installed in the base, an improved method (Improved
FKM) using an extra sensor installed on the moving platform and a serial
method (Serial FKM) using three sensors installed on one leg of the parallel
manipulator. Both the accuracy and the calculation time are compared. The
serial approach was chosen, thanks to its simplicity and the fast calculation time,
despite the small error compared to the other methods.

Keywords: Spherical Parallel Manipulator � Forward Kinematic Model �
Minimally Invasive Surgery

1 Introduction

Master devices are systems used to control the motion of virtual objects [1, 2] or real
robots [3, 4]. Many master devices have a parallel architecture thanks to their high
stiffness, their load capability and their low weight. Spherical parallel manipulators
(SPMs) are a class of parallel mechanisms. They offer three degrees of freedom of pure
rotation (3-RRR). Some haptic devices have a parallel spherical structure, such as the
haptic device proposed by [5] and [6] dedicated to control the orientation of a camera,
and the haptic device proposed for use in Minimally Invasive Surgery (MIS) by [7].

A first prototype of the master device (Fig. 1) was proposed in the work of [7] to
control the motion of a surgical slave robot (Fig. 2). This prototype has a spherical
parallel architecture. The geometric parameters of this device were optimized to reach a
MIS prescribed workspace. In this previous work, the self-rotation was not considered
during the optimization process. This led to the presence of the parallel singularity in
the workspace of the SPM. The effects of the parallel singularity are the amplification
of errors in the kinematic transformation from the joint Space to the Cartesian space
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(Forward Kinematic Model (FKM)) and the amplification of the actuated joint torques.
In [8, 9], we proposed the addition of a redundant sensor to eliminate the effect of
parallel singularities on the FKM. By this way, we improved the accuracy of the FKM
within the singular region and we reduced the complexity of the model. In addition, it
makes it possible to run in Real-Time.

Parallel singularities also amplify the required joint torques to values that violate
the torque limits. To cope with this issue, in [10], we proposed the use of a redundant
actuator as well as a specific control scheme. In [10, 11], we chose to replace one
passive joint by an active one. In this case, a minor mechanical design change is
needed. This approach eliminates the effects of parallel singularities for torque control
and guarantees the continuity of the actuated joint torques. Those solutions give
suitable results. However, the additional actuator increases the weight of the moving
platform.

Fig. 1. First prototype of the master device.

Fig. 2. Surgical robots.
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In this paper a new solution is proposed. The kinematic of one leg of the classical
Spherical Parallel Manipulator is changed. The forward kinematic model of the new
master device is solved using three approaches. A comparison like the one made in [12]
for the classic SPM is carried on. The more suitable FKM is chosen and implemented
to control the motion of the surgical slave robot.

The paper is organized as follows: in Sect. 2, the kinematic of the newSPM is studied.
In Sect. 3, the three approaches to solve the Forward Kinematic Model are presented. An
experimental comparison of the three models is carried out in Sect. 4. Finally, Sect. 5
provides a conclusion to the paper.

2 Kinematic of the New Spherical Parallel Manipulator

In order to eliminate the parallel singularity from the workspace of the spherical
parallel manipulator, the kinematic of one leg is changed. One leg with RRR archi-
tecture is replaced by a leg with URU architecture. Two legs are kept the same in order
to maintain the spherical behavior of the device. The New SPM has three degrees of
freedom of pure rotation described by the Euler angles w, h and u. The kinematic of the
new manipulator is presented in Fig. 3. [5] proposed a similar architecture to eliminate
interference between legs for the haptic device.

Fig. 3. New Spherical parallel manipulator.

Fig. 4. New prototype of the haptic device.
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A real master device has been developed (Fig. 4). The prototype was equipped with
sensors and actuators. This prototype is designed to control the motion of the surgical
robot. For this, we need to solve the Forward Kinematic model of the new SPM in
Real-Time. In the next Section, we discuss the resolution of the Forward Kinematic
Model.

3 Forward Kinematic Model Resolution

In this section, we present three methods to solve the Forward Kinematic Model of the
New SPM. The first method is a classic method where three sensors are installed on the
base (Classical FKM), the second method is based on the use of an extra sensor placed
on the moving platform (Improved FKM) and the third method is a serial method
where three sensors are installed on one leg of the parallel manipulator.

3.1 Classical Method to Solve the Forward Kinematic Model

The Forward Kinematic Model express the orientation of the moving platform
described by the Euler angle (w, h, u), using the active joint angles (h1A, h1B, h1C). [13]
proposed a method based on the input/output equations of spherical four-bar mecha-
nisms to solve the forward kinematic model of the classical spherical parallel manip-
ulator. This technique is considered for the new SPM. Only one spherical four-bar
mechanism is considered for this structure (Fig. 5). It is composed of the distal links of
the legs B and C, the moving platform and a fictive link between the joints with axis
Z2B and the axis Z2C. The input/output equation of the spherical four-bar mechanism is:

L1 nð ÞcosrþM1 nð ÞsinrþN1 nð Þ ¼ 0 ð1Þ

To solve the FKM of the new SPM, another equation is required. This equation can
be obtained by expressing Z5A using the forward kinematic of the leg B then by solving
the equation obtained by:

Fig. 5. Considered Four-Bar mechanism.
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Z5A � Y1A ¼ 0 ð2Þ

After arrangement, we get the following expression:

L2 nð ÞcosrþM2 nð ÞsinrþN2 nð Þ ¼ 0 ð3Þ

From Eqs. (1) and (3), we can express cos r and sin r. The square sum of cos r
and sin r gives the following equation where only n is unknown:

N2
2L

2
2 þ 2L1M1L2M2 � 2L1N1L2N2

þ N2
2M

2
1 � L2

2M
2
1 � 2M1N2M2N2 �M2

2L
2
1

� N2
1L

2
2 � N2

1M
2
2 ¼ 0

ð4Þ

All the solutions of r and n are obtained by solving the Eq. (4). The orientation of
the moving platform can be obtained by solving the forward kinematic of the leg B.

3.2 Improved Method to Solve the Forward Kinematic Model

An extra sensor is installed in the joint with the axis Z3B. This sensor gives the angle r.
In this case, only n is unknown. The unique solution of n is solved using the Eqs. (1)
and (3). The orientation of the moving platform can be obtained by solving the forward
kinematic of the leg B, as the previous method.

This method gives a direct and unique solution to the FKM. However, it requires
the use of four sensors instead of three sensors. In the next paragraph, we propose a
serial method to solve the Forward Kinematic Model of the new SPM.

3.3 Serial Method to Solve the Forward Kinematic Model

This method consists in determining the orientation of the moving platform using the
forward model of one leg of the new SPM by using a serial approach. The leg B was
equipped with three sensors Fig. 6.

Fig. 6. Leg B with three sensors.
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The orientation of the moving platform can be expressed using the forward model
of the leg B.

In the next section, we compare experimentally the three methods of solving the
FKM.

4 Experimental Comparison Between the Three Techniques
of Solving the FKM

The three method are implemented using C++ language on a PC with a processor
running at 3.16 GHz. The Table 1 presents the calculation times of the models.

As expected, the serial method has the best calculation time which is 4 times less
than the improved FKM (FKM with four sensors). A study is made in order to compare
the orientation of the moving platform obtained by the three models. The sensors were
calibrated by fixing the moving platform in a reference position. A mechanical part was
designed to block the moving platform (Fig. 7).

After the calibration process, the sensor was connected to a PC based controller via
a National Instrument data acquisition card to measure the angular values of the joints.
In order to compare the accuracy of the three models, we blocked mechanically the
self-rotation by locking the joint with axis Z5A (Fig. 8). In this case, the three models
must give a null value to the self-rotation. The self-rotations given by the three is the
error of the FKMs since it must be zero.

Table 1. Calculation time of the three Forward Kinematic Models

Model Calculation time Description

Classic FKM <90 µs 3 sensors in the base
Improved FKM <60 µs 4 sensors
Serial FKM <15 µs 3 sensors in the leg B

Fig. 7. Calibration process.
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The orientation of the moving platform was varied. The results of the three models
are shown in Fig. 9. We can see that the self-rotation for the three models is equal to
zero. Figure 10 shows the error distributions for the three models. The three models
have a normal distribution. As expected, the serial FKM gives the less accurate
solution. However, we can see that the difference is not flagrant. The Table 2 shows the
parameters of the distribution of each model. The mean value of the distribution
corresponds to the calibration errors and the standard deviation corresponds to sensi-
tivity of the model related to the sensor errors.

The errors of the improved FKM and the classical FKM are very close because
there is no parallel singularity in the workspace of new SPM.

The Table 2 shows the accuracy of the Serial FKM which is acceptable. The
simplicity and the short calculation time of the serial FKM are the most advantages
despite its small error of resolution compared to other models.

Fig. 8. Blocking Z5A joint.

Fig. 9. Orientation of the moving platform using the three models.
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5 Conclusion

In this paper, a new singularity-free spherical parallel manipulator used as a master
device was developed and presented. In order to control the motion of a surgical slave
robot in Real-Time, three methods to solve the Forward Kinematic Model are com-
pared. These models are: a classical approach using three sensors installed on the base,
an improved method using three sensors installed on the base and an extra sensor
installed on the moving platform and a serial approach using sensors installed on one
leg of the Parallel Manipulator. The comparison shows that the serial FKM leads to a
fast calculation time however it has slightly more calculation error. This model was
chosen and implemented to control the motion of the slave robot. Future work will
focus on the implementation of the haptic control.
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Abstract. Some newborn babies require particular cares and are therefore
placed in neonatal incubators. Intracranial ultrasound examinations are regularly
performed in order to monitor the development of their brain. Due to the
repetitivity and uncomfortability associated with this clinical task, the design of
a robotic system capable of performing this task is proposed. The manipulation
of an ultrasound probe inside a neonatal incubator is studied using a motion
capture system. The kinematic specifications associated with this clinical task
are established. A mechanical architecture based on two combined pantographic
linkages is proposed. One pantographic mechanism performs the linear posi-
tioning of the end effector around a center of rotation. The orientation of the
ultrasound probe around another center of rotation is mainly provided by a
second pantographic linkage. The forward and inverse kinematic models are
calculated to study the linear and angular positioning of the mechanism. The
trajectories measured during the motion capture experiments are then tested on
the mechanism to validate its suitability with the intracranial echography on
newborns inside incubators.

Keywords: Intracranial echography � Pantographic mechanism � Kinematics �
Remote center of motion � Motion capture

1 Introduction

Before the age of 9 to 18 months, the skull is composed of several bones. A gap formed
between the cranial bones sections is located in the frontal skull and is call the fontanelle.
These bones are subject to an ossification that progressively closes the skull as illustrated
in Fig. 1(a). The fontanelle is composed of soft tissues that allow the propagation of
ultrasonic waves. In order to perform an examination of the newborn patient’s
intracranial anatomy, particularly the development of the brain, the use of ultrasound is
possible [1, 2]. A specific ultrasound probe can be used like themodel shown in Fig. 1(b).
In Taiwan, intracranial ultrasound is performed on a large number of newborns as a
routine examination. The cost is relatively low and it allows to detect many types of brain
development issues such as brain disease, trauma or tumor [3]. Intracranial Ultrasound
(ICU) is an easily available and time-saving clinical examination for such cases. Some
newborn babies are subject to intensive care and placed into neonatal incubators. ICU
examinations must be regularly performed on these patients. In the current procedure, the
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doctor has to come to an observation room that accommodates around 15–20 babies.
The ICU is performed by inserting the ultrasound in the incubator. The diagnostic is not
performed in real time: a total of 6 ultrasonic section views are recorded or printed out to
be analyzed later. The same procedure and the same gestures are repeated as many as
there are pediatric patient in the room. This makes intra-incubated ICU a highly repetitive
task that could be performed by a tele-operated robotic manipulator. This can suppress
the need for a doctor to move through large premises and allow the monitoring of
pediatric patients in other branches of a large hospital group.

The first robotic tele-echography system MIDSTEP, is an anthropomorphic robot
holding an ultrasound probe. Later, a robotic manipulator has been proposed for tele-
echography using a pantographic architecture [4] to generate a Remote Center of Motion
(RCM). RUDS (Remote Ultrasound Diagnostic System) uses a double arc guiding
architecture for its RCM and has a total of 7 Degrees of Freedom (DoF) [5]. The TER
robot uses pneumatic artificial muscles for linear positioning [6]. A system based on a
double pantographic architecture has been designed by the University of Monitoba [7].
Another parallel architecture has been developed based on two 5-bar vertical linkages
[8]. A hybrid structure based on the same concept has been also proposed [9]. An
unsymmetrical parallel robot of three legs has been designed to manipulate an ultra-
sound probe [10]. The robotic system WTA-2R has been developed based on a hybrid
structure composed of a 6-DoF serial pantographic positioning device and a 6-DoF
parallel manipulator [11]. Although the tele-echography has attracted both medical
experts and robotic researchers, no case of robotized tele-echography performed on
pediatric patients has been reported yet. The intracranial examination is performed
regularly on newborn patients that are gathered in observation rooms. This requires the
doctor to come to the room, which is time consuming since hospitals have large and
complex premises. The insertion of an ultrasound probe into the neonatal incubation

Fig. 1. Location of the fontanelle on a newborn patient (a). Specific ultrasound probe used for
newborn intracranial examination (b).
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brings the doctor in an uncomfortable pose that alters his/her dexterity during the
examination. The objective of the present work is to propose a mechanism for a tele-
echography robot capable of performing ICU examination on intra-incubated pediatric
patients. The kinematic associated with the present medical application and the motion
capture experiment protocol and results will be presented in the next Section. Section 3
will introduce the mechanical architecture concept and its kinematic analysis. Section 4
will present the kinematic simulations that validated the suitability of the mechanism
with the clinical task. The last Section is dedicated to conclusion.

2 Specification Analysis

This medical application presents a major challenge in terms of kinematics. An
ultrasound probe of small size must be held and manipulated safely and accurately
toward a newborn patient. The mechanical architecture that provides this task must be
defined to reply to specific kinematic requirement.

2.1 Motion Capture Experiments

A series of experimentation have been carried out with the assistance of our medical
collaborator from CGMH, Linkou branch. The objective is to investigate the kinematic
behavior of the ultrasound probe during the ICU examination. The motion capture
system has been used to measure the motion of the ultrasound probe during this
medical. A motion tracker has been attached to the ultrasound probe and the optronic
system NDI Polaris Vicra has recorded the motion of the probe by tracking the position
and orientation the motion tracker attached to it. A newborn model used for doctor
training has been placed in a neonatal incubator Dager Isolette 8000 (the model used by
CGMH). A doctor has used the ultrasound probe to simulate an ICU examination while
the optronic system recorded the position of the motion tracker (Fig. 2).

Fig. 2. Optronic motion tracker attached to an ultrasound probe (a). Intra-incubated newborn
model used for preliminary experiments (b).
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The NDI camera was placed on the side of the neonatal incubator. The doctor who
participated to the experiment was sitting on the other of the incubator and performed a
simulated ICU through the access panel. As for a standard routine ICU examination,
these simulated ICU was performed by scanning the model head in two different
directions: one horizontal rotation and one vertical rotation. In total, six simulated ICU
have been recorded: three on horizontal rotation and three in vertical rotations. For all
these motions, both the position and orientation of the ultrasound probe are considered
for analysis. It is intended to measure:

• The 3-D volume of space that the doctor need to reach to cover to the newborn
patient’s fontanel zone;

• The range of angular motion required to scan the entire newborn patient’s brain
through the fontanel.

To fulfill these objective, motion capture system detects and locates the position of
the reflective markers installed on the motion tracker. A reference frame associated
with the motion tracker is then calculated. The system calculates in real time the
transformation matrix that locates the motion in the reference frame of the camera.
Based on that matrix, the position and orientation of the ultrasound probe can be
calculated as long as at least three markers are detected. It is known that the probe is
rotated around its tip that is considered as the center of rotation of the RCM. So the
probe must be located by the position of this tip. Therefore, the system is configured to
locate the center of the reference frame associated with the probe to its tip. The Euler
angles are used to measure the orientation of the ultrasound probe. Its motion is
describe as one rotation of angle w around the z axis, one rotation of angle h around the
y axis and one rotation of angle u around the z axis.

2.2 Kinematic Requirements of Intra-incubated Echography

During a series of simulated ICU examinations, the motion capture system has
recorded the motion of the ultrasound probe inside the neonatal incubator. Before
representing the identified kinematic data, the reference frame associated with the
camera and the probe have been re-oriented in order to obtain a visualization that is
more suitable with the reality. The x axis is now directed to the front of the camera and
the z axis is oriented toward the vertical direction as shown in Fig. 3(a). The trajec-
tories have been displayed in green for the vertical scanning and in red for the hori-
zontal scanning. Based on the collected data, the ultrasound tip position has a range of
motion of around 35 mm along all x, y and z components. According to the medical
expert involved in the experiment, this corresponds to the average size of a newborn’s
fontanel.

The orientation of the ultrasound has also been recorded during the simulated ICU.
The evolution its Euler angles are displayed in Fig. 4. The motions associated with the
horizontal and vertical scanning are represented by the curves in green and red
respectively. According to the graphics, the following angular ranges of motion can be
can be identified: w ε [−135; 53], h ε [11; 108] and u ε [−33; 125].
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Based on the doctors’ description and our preliminary observation, it can antici-
pated the kinematic of the task has the following characteristics:

• The ultrasound probe is oriented as an 3-DoF Remote Center of Motion;
• The center of rotation of the RCM is the contact point between the ultrasound probe

and the patient’s fontanelle;
• The center of rotation is displaced in a 3-D linear motion to target the fontanelle

location;
• Two of the angular DoF require a large range to “scan” the all the brain through the

fontanelle;
• The third angular DoF requires only two approximate positions: one for scanning

along the 1st angular DoF and one for the 2nd DoF.

Fig. 3. Evolution of the ultrasound probe linear position during the simulation ICU examina-
tions. (b) Frontal view, (c) longitudinal view, (d) transversal view (camera view).

Fig. 4. Evolution of the ultrasound probe angular motion during the simulated ICU
examination.
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In terms of design, the part of the manipulator that passes though the incubator
access panel must as thin as possible to allow the insertion of the probe inside. The
manipulator must remain as less invasive as possible: mechatronic instruments (motors,
sensors, etc.) shall be then located outside as much as possible.

3 Kinematic Analysis of the Double Pantographic
Mechanism

The kinematic models of this novel mechanism are studied. The mechanism is made of
two pantographic linkages providing a specific kinematic task each.

3.1 Definition of the Mechanical Architecture

In order to respond to these characteristics stated above, a specific mechanical archi-
tecture is proposed. This concept is composed of two pantographic mechanisms as
illustrated in Fig. 4. The first one is a proximal mechanism (in red) dedicated to the
linear positioning of the distal RCM. The second one is a distal mechanism (in green)
that provides the angular DoF of the distal RCM. The proximal pantographic mech-
anism is modified to allow an additional degree of mobility. Traditionally, the base
linkage of pantographic manipulators remains immobile. The linkage that constitutes
the base can rotate around its longitudinal axis in order to generate a second angular
DoF. Such an architecture will then provide an RCM of two DoF. As for any standard
pantographic mechanism, the configuration of the proximal mechanism is controlled by
active joints rotating the linkage AB around its longitudinal axis and the linkages AE
around a transversal axis passing through point A. By rotating AE around A, linkage
FH will follow a similar rotation around the proximal RCM point H. If the linkage FH
is extended by HK, the distal RCM point K will have circular trajectory around the
point H. By this method, two angular DoF are provided by the angles h1 and h2 as
shown in Fig. 4(a) and (b). In the present concept, an additional degree of mobility is
provided by controlling the orientation of the base linkage AB as shown on Fig. 4(c).
The linkage AB is rotated around the point A by an additional active joint controlling
the angle h3. The effect is the rotation of the segment AH around point A. As result, the
proximal RCM point H is displaced with a circular trajectory around the point A. The
distal RCM point K will then follow the same trajectory. At the end, the three active
joints coordinates h1, h2 and h2 can control the linear positioning of the point K using
curvilinear trajectories.

When adapted to the present clinical application, the first pantographic mechanism
provides the linear motion of the manipulator end effector inside the incubator via an
RCM that is approximatively located at the access panel (in blue on Fig. 5). Another
important characteristic of the mechanism is the safety it can provide by choosing this
architecture concept and by locating its base above the neonatal incubator. In the case
of a power supply failure, the parallelogram linkage DEFG will be pulled down by
gravity. In consequence, the distal pantographic linkage will automatically rotate
around the RCM point H, which will lift the end effector point K away from the
patient’s head.
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It is necessary to add 3 additional DoF to this mechanism in order to obtain the 6
DoF required for the present medical application. The 3 angular DoF are provided by
the distal mechanism (in green on Fig. 6) the same way of any classic pantographic
architecture. As the proximal mechanism controls the position of the linkage FG, it is
used as the base for the distal mechanism. It first angular DoF rotates the mechanism
around the longitudinal axis of the same linkage with the angle h4. The second one
rotates the end effector of an angle h5 around the transversal axis of the mechanism.
The last one is the spinning rotation h6 of the end effector around its longitudinal axis.

3.2 Kinematic Model of the Mechanism

The distal pantographic mechanism has no effect on the linear positioning of the point
K. So the linear part of the forward kinematic model is found by studying the proximal
mechanism only. The linear forward kinematic model can be written as follow:

xK ¼ h sin h3 þ k cos h2ð Þ cos h1
yK ¼ h sin h3 þ k cos h2ð Þ sin h1
zK ¼ �h cos h3 � k sin h2

8<
: ; ð1Þ

Fig. 5. Kinematic associated with the proximal pantographic linkage.

Fig. 6. Kinematic associated with the distal pantographic linkage.
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With h and k, the length of linkages AH and HK respectively. The angular part of
the forward kinematic model is calculated using algebraic method. The different
rotational motion of the end effector are identified in an intrinsic configuration as
followed:

R06 ¼ Rz h1ð Þ � Rx h2ð Þ � Ry h4ð Þ � Rx h5ð Þ � Rz h6ð Þ: ð2Þ

Where RU(c) is a 3 � 3 rotation matrix of angle c around the axis u (with u: x, y or
z) and Ri, a reference frame (with i = 1 to 6). The input coordinate h4 of the proximal
mechanism does not affect the angular position of the end effector. In the present
kinematic model, the angle h4 is set to directly transform R2 into R4 to avoid confusion.
The full rotation is determined by multiplying all rotation matrices mentioned above.
On the other hand, the Euler angles have been chosen to represent the angular position
of the end effector. Using the Euler and the mechanism full rotation matrices, the
angular kinematic model can be found by writing:

R06 ¼ REuler ¼
CwCu� SwChSu �CwSu� SwChCu SwSh
SwCu� CwChSu �SwSuþCwChCu �CwSh

ShSu ShCu Ch

2
4

3
5; ð3Þ

With C(c) = cos(c) and S(c) = sin(c). The angular position of the mechanism end
effector can be then calculated as followed:

h ¼ cos�1 Ch2Ch4Ch5 � Sh2Sh5ð Þ
w ¼ ATAN2 Ch5 Sh1Sh2Ch4 þ Sh1Sh4ð Þþ Sh1Ch2Sh5

Sh ; Ch5 Ch1Sh2Ch4�Sh1Sh4ð ÞþCh1Ch2Sh5
Sh

� �
u ¼ ATAN2 Sh6 Ch2Ch4Sh5 þ Sh2Ch5ð Þ�Ch2Sh4Ch5

Sh ; Ch6 Ch2Ch4Sh5 þ Sh2Ch5ð ÞþCh2Sh4Sh6
Sh

� �
8>><
>>: : ð4Þ

For the linear positioning of the end effector, the inverse kinematic model is cal-
culated by using a geometric method. The first mechanism is modelled as a parallel-
ogram linkage. The segments [AH] and [HK] are considered in this regards. By using
geometric formula associated with parallelogram, the inverse linear kinematic model
can be written as followed:

h1 ¼ tan�1 xK=yKð Þ
h2 ¼ ATAN2 z�h cos h3

k ;

ffiffiffiffiffiffiffiffiffiffi
x2k þ y2k

p
�h sin h3
k

� �

h3 ¼ ATAN2
ffiffiffiffiffiffiffiffiffiffi
x2k þ y2k

p ffiffi
c

p ; zkffiffi
c

p
� �

þATAN2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2h2 þ 2k2�c

p
h ;

ffiffi
c

p
2h

� �

8>>>><
>>>>:

; ð5Þ

With c = xK
2 + yK

2 + zK
2 . The angular part of the inverse kinematic model is

establish using the algebraic method. The first and second input variables of the distal
mechanism h4 and h5 are identified first. It is assumed that the rotations of the entire
mechanism from h1 to h5 (excluding h3), named R05, and the rotations of the Euler
angles w and h, named Rwh, will both generate the same end effector longitudinal axis.
This yields to the following equation:
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R05 �
0
0
1

2
4

3
5 ¼ Rwh �

0
0
1

2
4

3
5: ð6Þ

By developing Eq. (6) and isolating the rotation matrices associated with the input
variables h4 and h5, it can be written as:

Ry h4ð Þ � Rx h5ð Þ �
0
0
1

2
4

3
5 ¼ Rz h1ð Þ � Rx h2ð Þð Þ�1�

Cw �SwCh SwSh
Sw CwCh �CwSh
0 Sh Ch

2
4

3
5�

0
0
1

2
4

3
5: ð7Þ

The two first input variables of the distal mechanism h4 and h5 can be therefore
calculated as followed:

h4 ¼ ATAN2 � sin h sin h1�wð Þ
cos h5

; cos h cos h2 þ cos h1�wð Þ sin h sin h2
cos h5

� �
h5 ¼ sin�1 cos h1 cos h2 cosw sin h� cos h sin h2 þ cos h2 sin h sin h1 sinwð Þ

(
: ð8Þ

The last input variable of the distal mechanism is calculated by considering the
spinning deviation around the end effector longitudinal axis between the two rotations
sequences described above. The last input variables h6 is calculated as the sum of the
spinning deviation uD and spinning output variable u.

h6 ¼ uD þu: ð9Þ

The spinning deviation is identified by calculating the angle between the x axes of
the reference frames given by the rotation matrix R05 and Rwh. It is written as below:

cosuD ¼ R05 �
1
0
0

2
4

3
5

2
4

3
5: Rwh �

1
0
0

2
4

3
5

2
4

3
5: ð10Þ

Equation (9) is then developed as followed:

uD ¼ cos�1 a coswþ b sinwð Þ; ð11Þ

With a = cosh1cosh4 − sinh4sinh2sinh4 and b = cosh4sinh1+ cos h1sinh2sinh4.

4 Simulations

In order to verify the ability of the mechanism to perform ICU examination in incu-
bators, kinematic simulations have been performed based on the trajectories presented
in Sect. 2.2. The mechanism inverse kinematic model is implemented into a Matlab
program. A function is written to calculate for each ultrasound probe coordinates (x, y,
z, w, h, u), the corresponding mechanism input variables (h1, h2, h3, h4, h5, h6). This
function is called by the algorithm for each point of the trajectories.
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For these simulations, the mechanism design variable have been set as: h = 400 and
k = 250. These dimensions have been adjusted to insure several requirements:

• The mechanism proximal RCM point is located at the incubator entrance in its
origin configuration;

• The mechanism distal RCM point is located in the sagittal center of the incubator in
its origin configuration;

• The mechanism workspace is large enough to cover all possible position of the
patient’s fontanel.

For each ultrasound probe trajectory, the position (x, y, z) and orientation (w, h, u)
are both given. The linear position of the ultrasound probe is managed only by the
mechanism proximal pantograph, so the evolution of the three first input variables
(h1, h2, h3) can be calculated based on (x, y, z) coordinated. They are displayed on
Fig. 7. This first set of simulations has revealed the linear positioning associated with
the adjustment of the distal RCM point only require a very limited range of motion
from the proximal pantograph. The range of the proximal input variables are identified
as: h1 ε [−3°; 7°], h2 ε [−5°; −2°] and h3 ε [−13°; −4°].

The angular positioning of the ultrasound probe is mainly carried out by the distal
pantograph after the tip of the ultrasound is positioned on the patient’s fontanel by the
proximal pantograph. But the linear position adjustment observed during these rota-
tions will necessarily affect the evolution of the distal input variables (h4, h5, h6).
Therefore, the calculation of these variables requires the prior calculation of the
proximal variables (h1, h2, h3). The evolution of the distal input variables are calculated
for all horizontal and vertical scanning trajectories and are displayed in Fig. 8.
The distal input variable ranges of values required to perform ICU examination appear
much larger than the proximal ones. They can be measured as: h4 ε [−70°; 60°], h5 ε
[−25°; 60°] and h3 ε [−140°; 20°].

Fig. 7. Evolution of the proximal mechanism input variables (h1, h2, h3) during horizontal
(a) and vertical (b) scanning trajectories.

Kinematic Design of a Double Pantographic Mechanism 441



According to the kinematic simulations presented above, it can be predicted that the
distal pantographic mechanism will be much more solicited in term of motion than the
proximal pantograph. However, the proximal pantograph will need to support the
weight of the rest of the mechanism, which will require more torque but less amplitude
of motion at the proximal joints. The use of reducers in the proximal joints is therefore
recommended for the design of a robotic manipulator based on this mechanism. At the
same time, the charge supported by the distal joints remains limited. A CAD prototype
of the mechanism based on these design requirement is shown on Fig. 9. It can be
noted that due to the specific mechanical architecture, all motors remains outside of the
incubator. The sixth joint is not included in this prototype as the design of its trans-
mission system will be addressed in a more advanced version.

Fig. 8. Evolution of the distal mechanism input variables (h4, h5, h6) during horizontal (a) and
vertical (b) scanning trajectories.

Fig. 9. CAD view of the double pantographic mechanism for ICU examination.
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5 Conclusion

A tele-operated manipulator dedicated to the examination of intra-incubated newborn’s
fontanelle has never been proposed. Based on the results of motion capture experi-
ments, a concept of mechanical architecture has been proposed as a response to this
mechanical challenge. A novel mechanism is based on a combination of a proximal and
distal pantographic linkages. The proximal pantographic provides the 3-DoF linear
positioning allowed by an architectural improvement. The distal one manages the
angular positioning of the end effector. It generates a RCM around a point which
position is controlled by the proximal linkage. Geometric and algebraic methods are
used to calculate the linear and angular kinematic model respectively. A series of
simulation have been carried out to investigate the aptitude of the mechanism to
perform intracranial echography in incubators.
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Abstract. In orthopedic surgery, bone reduction surgery consists in relocating
the broken bones to their initial position while insuring a correct alignment. In the
traditional method, orthopedic surgeons have to manually manipulate the fixator
to re-position the fragments. With the advancements of robotics in the medical
field in the last few years, robots have also been applied to the field of precision
fracture reduction surgery. It assists orthopedic surgeons in re-positioning the
broken bones back into their proper place. In this paper, a 3-RRPS parallel robot
is proposed to perform bone reduction surgery. The kinematic analysis and
velocity model are presented in this paper. A series of simulation on Adams and
Matlab have been carried out to validate the kinematic and velocity model of the
mechanism. A simulated bone reduction procedure using the 3-RRPS parallel
robot is also performed in Adams software. The simulated result shows the
suitability of the present mechanism with bone reduction surgery.

Keywords: Parallel robot � Tripod mechanism � Bone reduction � Kinematic �
Simulation

1 Introduction

Robotic-assisted surgery is a new and emerging technology that helps the surgeons to
carry out a variety of complex operations with more comfort and precision than the
traditional surgeon. In orthopedic surgery, fracture reduction plays an important role in
the treatment of broken bones and bone deformities. With advances in robotic tech-
nology, robots have also been useful in the field of precision fracture reduction surgery.
It assists orthopedic surgeons in re-positioning the broken bones back into their proper
place and help them heal. Using robot for fracture reduction can also help to reduce the
radiation exposure to the physicians and to the patient during surgery.

In the past few decades, many different techniques and well-designed devices have
been developed for performing bone reduction such as the traction table, unilateral
external fixators, circular external fixator or hybrid architecture. The most common
fixators used are unilateral fixators and circular external fixator. Unilateral external
fixator as seen in Fig. 1(a) is usually designed as a series of linkages connected with
lockable universal joints to allow surgeons to manipulate the fixator in fracture
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reduction. Two well-known commercial unilateral fixation devices are Orthofix fixator
and Dynafix fixator. Unilateral fixators are advantageous for applying some simple
fracture deformities. However, it is not easy to predict the configuration of unilateral
fixators in bi-planar for correcting the complex fracture. Therefore, in the correction of
complex multi-planar deformities, the circular frames usually are used. The circular
external fixator shown in Fig. 1(b) is commonly composed of two important compo-
nents, rings, and connecting rods. The ring could be a full ring, partial ring or an arch.
This fixator type has the cylindrical shape so it is evaluated more versatile than uni-
lateral fixator for simultaneously controlling in three-dimension.

In conventional operation, surgeons must perform high force for adjusting mech-
anism as well as the influence of excessive x-ray exposure to both patient and surgeons
in the theatre during the procedure. Therefore, robot-assisted fracture reduction has
attracted much attention from many scholars. Numerous papers on the use of robots in
fracture reduction have been reported. Bubak et al. [3] developed the serial robot based
on unilateral Dynafix fixator with a computer graphic model. Actuators were added to
the fixator joints. In 1993, Viceconti et al. [4] proposed an automatic mechanism for the
reduction of fractures. This device is similar to Ilizarov external fixator but the con-
necting rods between rings are equipped three stepper motors for controlling relative
motion between the rings. Füchtmeier et al. [5] presented the modification of an
industrial serial manipulator model RX130 from Stäubli Co. Ltd, with six Degrees of
Freedom (DoF) for the long bone reduction in vivo. In their research, the end-effector
has been equipped with a pneumatic gripper for holding and manipulating fixator
clamps. Another group from Germany, Westphal et al. [6] developed a telemanipulated
robot using joystick control and integrated with an intra-operative 3D fracture image
interface for assisting femoral fracture reduction. In this experiment, they also used a
serial industrial manipulator model RX 90 from Stäubli Co. Ltd. In 2004, Seide et al.
[7] from Hamburg, Germany developed a motorized hexapod external fixator which is
based upon the Steward Platform kinematics. It consists of two rings connected by six
electrical linear actuators equipped with force sensors and spherical joints at both ends,
called distractor in clinic terms. Hence it can provide 6-DoF spatial movement by

Fig. 1. External fixators: (a) Unilateral external fixators [1], (b) Circular external fixator [2].

Kinematic Design of a Six-Degrees of Freedom 3-RRPS Parallel Mechanism 445



adjusting the length of distractors. Recently, in 2017, Mohammad et al. [8] proposed a
new 6-DoF parallel robot with three legs for long-bone fracture reduction. Each leg is
equipped with one prismatic actuator and one rotary actuator. In their publication, this
architecture has a much larger dexterous and rotational workspace in comparison to the
well-known six prismatic legs Stewart platform. They fabricated a prototype for ver-
ifying the performance of the robot in fracture reduction maneuvers. The results
indicate this prototype was sufficient and potential for fracture alignment. In this study,
a 3-RRPS parallel robot is proposed to use in longitudinal bones reduction. The paper
is organized as followed: the next Section will explain the architecture of the mecha-
nism as well as its kinematic analysis. Then, the third Section will present the velocity
model of 3-RRPS parallel robot. In the fourth Section, kinematic simulations are
carried out to validate the mechanism kinematic and velocity models. A bone reduction
surgery simulation also is shown in this Section. The conclusion of the present study is
provided in the last Section.

2 Mechanical Architecture and Kinematic Analysis

The 3-RRPS parallel robot presented in this paper has been defined by Alizade in 1994.
A illustration is shown in Fig. 2(a). It is composed of two platforms: one is fixed that is
considered as the base and one is a moving platform. The moving platform is con-
nected to the base via three identical closed loop chains. Each chain is a classical RPS
mechanism that is found on most tripod mechanism. The prismatic joint is active while
the revolute and spherical joints remain passive. But unlike the standard tripod
mechanism, the position of the revolute joint is not fixed as each RPS arm is here
mounted on a slider that moves along a circular rail. It is kinematically represented as a
virtual linkage that connects a virtual active revolute joint located at the fixed ring
center to the slider. Each mechanism arm is therefore referred to as RRPS. The
kinematic schematic of the 3-RRPS parallel robot is shown in Fig. 2(b). The reference
frame attached to the base and the moving platform are respectively denotes as {Oxyz}
and {O1x1y1z1}.

Fig. 2. (a) The 3-RRPS parallel robot; (b) The schematic representation of 3-RRPS parallel
robot and (c) The schematic for determining the order of sliders.
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The origin O of the fixed reference frame is located at the center of the circular rail
and another origin O1 is located at the center of the circumcircle of the equilateral
triangle B1B2B3 of moving platform. The motion of ith sliders on the circular rail
associated with the ith revolute joints (for i = 1, 2, 3) is defined by actuator variables ui

that represents the relative angle between Ox and OAi about the z-axis. The notation
used to describe the length of the ith active prismatic actuators, the distance between
revolute joints Ai and spherical joints Bi is Li. The linear position O1 of moving
platform respect to the global reference frame {Oxyz} is defined by the vector O1 = [x1
y1 z1]. And the orientation of the moving platform can be expressed by three Euler
angles c; b; a which are angles rotated about z, y, x axes of the fixed reference. This
yields the following rotation matrix associated with the mobile circular ring:

R ¼
cbcc sasbcc� casc casbccþ sasc
cbsc sasbscþ cacc casbsc� sacc
�sb sacb cacb

0
@

1
A; ð1Þ

Where s(.) and c(.) are respectively equal to sin(.) and cos(.).
Assuming that ra, rb are the radius of the base circular rail and the moving platform

respectively, the position vector of the sliders A1, A2, and A3 are expressed in the
global coordinate system {Oxyz} as followed:

Oai ¼ racui rasui 0½ �T i ¼ 1; 2; 3ð Þ ð2Þ

The position vector of the active spherical joint Bi with respect to the reference
frame {O1x1y1z1} can be computed as:

O1bi ¼ ½ rbcubi rbsubi 0 �T ; ð3Þ

With ubi ¼ � p
6 ;

p
2 ;

7p
6 .

From the geometry, it is obvious that the position vector of the spherical joint Bi
would be expressed in the global frame {Oxyz} as followed:

Obi ¼ O1 þR O1bi ð4Þ

Therefore, the length of the prismatic actuators could be determined by

Li ¼ AiBik k ¼ ½ xABi yABi zABi �T
�� �� ¼ O1 þR O1bi � Oai

�� �� ð5Þ

Let si1 and si2 be unit vectors of the reference frame at the passive revolute joints
Ai, where si1 points in the same direction as vectors OAi and si2 is along the rotation
axis of the revolute joints as shown in Fig. 2(b). This yields:

si1 ¼ ½ cos uið Þ sin uið Þ 0 �T ð6Þ

si2 ¼ ½� sin uið Þ cos uið Þ 0 �T ð7Þ
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The prismatic actuators are only able to rotate about the axis of revolute joints Ai.
Hence the unit vectors si2 will be perpendicular to vector AiBi that can be expressed as
the following constraint equations:

AiBT
i :si2 ¼ 0 ð8Þ

By substituting Eq. (5) into Eq. (8), the rotation angles ui of the active revolute
joints could be obtained by:

ui ¼ arctanðyAiBi

xAiBi

Þ ð9Þ

This result shows that each slider could have two positions. In other words, it is
possible to find a total of eight configurations of the robot to archeive the desired
position and orientation. All the mechanism configurations for a given position of the
moving platform are illustrated in Fig. 3. In this example, the chosen coordinates are:
x1 = −0.03 m, y1 = 0.04 m, z1 = 0.250 m and a = 10°, b = −5°, c = − 20° where
ra = 0.175 m and rb = 0.125 m. However, some solutions are not suitable the physical
constraints such as prismatic joint motion range, the order of sliders, and allowable
working angle of spherical joints.

Fig. 3. Kinematic representation of the mechanism in eight different configuration correspond-
ing to the same end effector position.
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Therefore, the solution of inverse kinematic would be determined by checking the
following constraints:

• The limited prismatic actuator lengths (1)
• The order of sliders (2)
• The collision of sliders (3)
• The limited spherical joints (4)

All these constraints shall be formulated.
(1) The length values of actuators calculated by Eq. (5) are checked to make sure

that they remain within the stroke range limits that can be written as:

Limin\Li\Limaxfor i ¼ 1; 2; 3; ð10Þ

Where Limin and Limax are respectively the maximum and minimum lengths of the ith

prismatic actuators.
(2) In order to determine the order of sliders, a vector A1M is assumed to be on the

tangent line (d1) at the point A1 of the circular rail so that the vector A1M directs in the
counter-clockwise as illustrated in Fig. 2(c). The angle between two vectors A1M and
A1A2 and the angle between two vectors A1M and A1A3 could be determined by:

w1 ¼ ATAN2ð A1M� A1A2k k;A1MTA1A2Þ ð11Þ

w2 ¼ ATAN2ð A1M� A1A3k k;A1MTA1A3Þ ð12Þ

Then, the constraint equations related to the order of sliders can be expressed as:

w1\w2 ð13Þ

(3) Let n1, n2 and n3 be respectively the angle between sliders (A1, A2), (A2, A3)
and (A3, A1) as shown in Fig. 3(c). They can be calculated as:

n1 ¼ ATAN2ð Oa1 � Oa2
�� ��; OaT1 Oa2Þ ð14Þ

n2 ¼ ATAN2ð Oa2 � Oa3
�� ��; OaT2 Oa3Þ ð15Þ

n3 ¼ ATAN2ð Oa3 � Oa1
�� ��; OaT3 Oa1Þ ð16Þ

Then, the constraint equations for the sliders do not collide:

nmin\ nij j; ð17Þ

Where nmin is the minimum angle between the sliders.
(4) Let ni be the unit vectors along the symmetrical axis of the spherical joints at Bi.

Then, the constraint equations of the spherical joint can be formulated as

#min\ATAN2 AiBi � Rni;AiBT
i Rni

� �
\#max; ð18Þ

Where hmin, hmax are respectively the maximum and minimum allowable angle of
the ith spherical joints.
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3 Mechanism Velocity Model

In this section, the velocity analysis of the mechanism is be described. The actuator
velocity vector is denoted by a vector _q = [ _L1 _L2 _L3 _u1 _u2 _u3]. The end effector
velocity with respect to the global frame {Oxyz} can be written as a vector _v = [ vx vy
vz xx xy xz]

T. The relationship between the actuator velocity _q and the end effector
velocity _v is derived as:

JA _q ¼ JB _v; ð19Þ

Where JA and JB are two Jacobian matrices of the mechanism. In order to find the
Jacobian matrices, the Eq. (5) can be rewritten as:

L2i ¼ AiBT
i AiBi ð20Þ

Then, differentiating the Eq. (20) with the time, yields:

Li _Li þAiBT
i
O _Ai ¼ AiBT

i
_O1 þfRO1Bi � AiBigTx; ð21Þ

Where x is the angular velocity vectors of the moving platform, _O1 is the linear
velocity of the end effector O1,

_Li is the linear velocity of prismatic actuators and O _Ai is
the linear velocity of sliders.

Similarly, differentiating the constraint Eq. (8), yields:

sTi2
O _Ai � AiBi

T _si2 ¼ sTi2 _O1 þfRO1B1 � si2gTx ð22Þ

The Jacobian matrices are determined by re-arranging Eqs. (21) and (22)

JA ¼ diagðLiÞ diagðAiBT
i :

dAi
dui

Þ
O diagðsTi2: dAi

dui
� AiBT

i
dsi2
dui

Þ

 !
6�6

ð23Þ

And

JB ¼ AiBT
i R:O1Bi � AiBi
� �T

sTi2 R:O1Bi � si2
� �T

 !
6�6

ð24Þ

4 Simulation on the Mechanism and Bone Reduction

In order to verify the inverse kinematics and velocity models of the mechanism, a series
of simulations have been carried out. The inverse kinematic and velocity models are
verified by generating a 6 DoF motion of the mechanism end effector given by the
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Eq. (25) and obtaining the corresponding evolution of the actuator variables q = [L1 L2
L3 u1 u2 u3] and the actuator velocity _q = [ _L1 _L2 _L3 _u1 _u2 _u3]

T.

x tð Þ ¼ 0:02sin ð p45 tÞ
y tð Þ ¼ �0:03cos ð p90 tÞ
z tð Þ ¼ 0:05sin ð p

180 tÞ
a tð Þ ¼ p

18 cos ð p45 tÞ
b tð Þ ¼ p

12 cos ð p90 tÞ
c tð Þ ¼ p

9 cos ð p
180 tÞ

8>>>>>><
>>>>>>:

ð25Þ

With t, the time variable in second.
The simulations are performed on two software: Matlab and Adams. On one hand,

the evolution of the mechanism input variables are obtained by programming the
mechanism kinematic and velocity models on the numerical simulation software
Matlab. On the other hand a graphic model of the mechanism is implemented into the
kinematic simulation software Adams. The input variables resulting from both software
are then compared, as illustrated in Figs. 4 and 5. According the graphic, no error can
be found. Indeed, in both studies (positions and velocities), the curves showing the
mechanism joint positions and velocities issued from Matlab and Adams have the exact
same evolutions.

Fig. 4. Comparison of the mechanism input variables resulting from Adams and Matlab.
(a) Input coordinates u1;u2;u3; (b) Input coordinates L1; L2, L3.

Fig. 5. Comparison of the mechanism input velocities resulting from Adams and Matlab.
(a) Input velocities _L1; _L2; _L3 (b) Input velocities _u1; _u2; _u3.
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To verify the feasibility of performing the fractured bone reduction using the
mechanism introduced in Sect. 2, a simulated bone reduction has been conducted on
Adams. A 3D model of two fragments is imported into the 3D simulation Adams. One
fragment is fixed to the mechanism base and the other is attached to the mechanism
moving platform. As results, the robotic bone reduction simulation on the 3D visual-
ization tool has revealed that the mechanism can successfully reproduce the motion
required to perform such a surgery. The different steps of motion performed by the
mechanism to successfully reposition the two femur fragments are illustrated in Figs. 6
and 7.

Fig. 6. Simulation of robotic-assisted bone reduction surgery. Repositioning in XZ view (a) to
(d). YZ view (e) to (h).

Fig. 7. Simulation of robotic-assisted bone reduction surgery in Iso view.
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5 Conclusion

In the present study, the kinematic design of mechanical architecture is proposed for
bone reduction surgery. It is based on a 3-RRPS parallel mechanism. The kinematic
and velocity models of the mechanism is provided. A series of kinematic simulations
has allowed the validation of the mechanism kinematic and velocity models. A suc-
cessful bone reduction simulation using 3-RRPS robot has also been demonstrated on a
3D simulation software. Which shows that the mechanism is a good candidate for
performing the bone reduction surgery.
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Abstract. The practice of neurosurgery sometime requires to open a large
space through the skull. The drilling operation is called craniotomy. The neu-
rosurgeon needs to use specific surgical drill to perform this task. The high
dexterity required for this operation has justified the development of robotic
system for the manipulation of craniotomy instruments. A series of motion
capture and force experimentation on Human cadavers have been carried out to
collect kinematic and force data for the definition of a mechanical architecture
specification. A 3-RRR Spherical Parallel Mechanism is proposed for the
manipulation of the neurosurgical drill. This mechanism is modified by adding a
variable parameter that changes the configuration of its base. Three pantographic
mechanisms are integrated to control this variable parameter. The mechanism is
optimized to generate the highest kinematic performance and the lowest motor
torque to generate the minimum required drilling force. A series of kinematic
simulation reveals that the introduction of the new reconfiguration parameter can
improve both the dexterity and the force transmission of the mechanism.

Keywords: Spherical parallel mechanism � Reconfigurable mechanism �
Craniotomy � Motion capture � Optimization

1 Introduction

In open neurosurgery, a physical access to the patient’s brain is required. However, it is
protected by the most solid bone of Human anatomy, the skull. The neurosurgeon
therefore need to provide an opening in order to insert specific neurosurgical instru-
ments. A surgical technique called craniotomy can be performed to allow that physical
access to the brain. It consists in using specific instruments to drill into the skull
material [1]. For the most complicated cases, a very specific type of drill called “rosen
burr” drill is required. The tip of this drill has the shape of a ball and it allows drilling
both radially and axially as show in Fig. 1. Although this instrument provides more
freedom of motion and flexibility than classical drills, only highly experienced neu-
rosurgeons are allowed to operate it, due to the high level of dexterity that is required
for to manipulate it.

© Springer Nature Switzerland AG 2020
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The use of robotic manipulator for the control of the neurosurgical drill is justified
by the high level of dexterity required for the manipulation of “rosen burr” drill.
Robotics applications have been therefore continuously addressed since the end of the
nineties. Indeed, the quality of craniotomy is significantly improved by the positioning
accuracy provided by robots. Also, the use of robotic manipulators increases the sta-
bility of the motion. Due to the effort required to drill the skull, the neurosurgeon’s
hand will have a brutal residual motion when the bone is completely drilled. Robotic
manipulators do not suffer from such dangerous reactions. For these reasons, several
cases of robotic assisted craniotomy have been reported. The first use of a robot to
perform craniofacial surgery has been reported in 1998. It was an industrial manipu-
lator PUMA 260 [3]. Since then, several anthropomorphic manipulators has been
reprogrammed for craniotomy: “Neurobot” in 2001 [4], a Staubli RX-130 [5] and a
CASPAR [5] both in 2003 [6], a PA-10 in 2006 [7]. Non-anthropomorphic architec-
tures have then appeared in craniotomy: a Steward platform in 2007 [8], a mechanism
that decouples position and orientation the same year [9], the “CRANIO” hexapod in
2010 [10], a reconfigurable hexapod in 2012 [11]. The recent literature highlights a
new approach based on mechanism design, such as the optimization of a serial
spherical mechanism in 2015 [12], the design of a decoupled hybrid mechanical
architecture in 2016 [13] and the development of a parallel mechanism in 2018 [14].

The present work proposes to follow the recent tendency in robotic craniotomy by
focusing on the mechanism design aspect. The multi-objective optimization of a
spherical parallel mechanism adapted to craniotomy is proposed. The next Sec-
tion presents the experiments that have permitted the kinematic and force specification
analysis. The kinematic analysis of the mechanical architecture is studied in Sect. 3.
The multi-objective optimization method and result are provided in Sect. 5. The last
Section is dedicated to conclusion.

2 Specification Analysis

In order to collect the kinematic and force data associated to the practice of craniotomy,
a series of medical experimentations have been carried out. The results will allow
defining the specifications of a mechanism for this application.

Fig. 1. “Rosen burr” type surgical drill for craniotomy.
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2.1 Experimental Protocol

The development of robotic systems for craniotomy needs important design require-
ments: the motion and workspace of the surgical drill required to cut and remove the
bone flap and the force interaction between the drill and the skull. Each aspect has been
studied using to different experimental protocols. For the kinematic analysis, an
experienced neurosurgeon was asked to perform this task on a training station (using
3D printed skull model) and in real situation (on cadaver), as shown in Fig. 1, in order
to analyze the motion and the technique he uses. Meanwhile, a Qualysis optronic
capture system was recording his motion of the drill. The system uses a set of high-
resolution cameras to detect reflective markers placed on subject and the surgical
drilling (Fig. 2).

In order to record the efforts exerted by the drilling tool on the skull, a method based
on a tele-operated robot has been used. It is composed of a 3-DoF control device (Novint
Falcon) that can control a 7-DoF robot (Franka Emika). The surgeon controls the
translational movements of the surgical drill held by the robot by operating the Novint
Falcon. The control of angular motions is provided by pressing buttons on the device
ball grip. Each joint of the Franka robot is equipped with a torque sensor that measures
the external torques generated by the contact with the skull. Theses external torques
sext 2 <7 are projected to the Cartesian space to obtain the contact forces/torques Fext 2
<6 between the tool and the skull, through the following relationship:

Fext ¼ JT
� �þ

sext; ð1Þ

Where J 2 <6�7 is the Jacobian matrix which denotes the relationship between the
joint space and the end effector Cartesian space. A ROS-based framework is used to
allow the data exchanges between the master and the slave system. Figure 3 shows the
bloc diagram of the platform.

Fig. 2. Motion capture experimental setup: (a) Craniotomy training on 3D printed skull model -
(b) Actual craniotomy on Human cadavers - (c) 3D reconstruction of the surgeon motion.
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2.2 Motion and Force Data Analysis

The neurosurgeon has performed several craniotomy operations on in real situation (on
Human cadaver) in the same conditions as in a surgical room. Several locations of the
skull has been targeted: left frontal, hole frontal and temporal. During those operations,
the software recorded the position of markers at frequency of 100 Hz. Then, the
position of markers was used by the software in order to define the motion of different
solids (drilling tool, segments of surgeon body). Marker coordinates are exported and
processed under Matlab. The workspace swept by the surgical drill is described by a
cone. This simple geometric form is given by a half-apex angle and tilt angle of the
principal axis, namely h and w respectively. These angles are the Euler angles defined
in Fig. 4. The maximal range obtained through motion capture computation are equal
to Dh = 20° and Dw = 18°.

Fig. 3. Tele-operation platform with force feedback.

Fig. 4. Kinematic of the surgical drill in craniotomy.
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In order to identify the order of magnitude of the interaction forces generated
during a craniotomy, the neurosurgeon used the tele-operation platform presented in
Fig. 3 to perform different craniotomy tasks on cadavers. The tele-operated robot has
recorded forces for linear drilling trajectories executed on the frontal bone of the skull.
Other similar trajectories were executed, obtaining the same order of magnitude for the
tangential force, i.e. around 13 N as shown in one example illustrated in Fig. 5. The
identification of this order of magnitude will be useful for the optimization of the
mechanism to insure it is capable of supplying the same amount of force.

3 Reconfigurable Spherical Parallel Mechanism

A 3-RRR Spherical Parallel Mechanism (SPM) is proposed to manipulate the surgical
drill. The kinematic and force aspect of this mechanism are studied.

3.1 Mechanical Architecture

The 3-RRR SPM can be found in several references in the mechanism literature review
[15, 16]. The choice of a spherical architecture is justified by the kinematic of the
surgical drill that has been identified in the previous Section. It is also known that the
use of a parallel architecture can increase the kinematic performance. In the present
study, the SPM is improved by the integration of a variable parameter that modifies the
mechanism behavior. The variable parameter changes the configuration of the mech-
anism base by re-orienting the first revolute joint axis of the legs z1K (K = A, B, C).
However, these axes must remain directed to the mechanism center of rotation. To
insure that characteristic, three pantograph linkages are used to manipulate the z1K axes
as shown on Fig. 5. The center of rotation of each pantographic linkage is located at the
SPM center of rotation. Therefore, the value of the variable x is directly controlled by
the configuration of the pantographic linkages. When x = 0, the base of the SPM will
have a trihedral form (Fig. 6).

Fig. 5. Interaction forces recorded between the drilling tool and the skull during the execution of
a tangential trajectory.
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3.2 Inverse Kinematic Model

The inverse kinematic model (IKM) of the 3-RRR SPM has been already addressed in
[16]. The resolution method consists in finding, for each RRR leg, the input coordinate
h1k that places the second joint z2k at an angle of b from the third joint z3k which is
located by the end effector. This can be described as followed:

z2k � z3k ¼ cos b; ð2Þ

With k = A, B or C, referring to the mechanism RRR legs. For each leg, the input
coordinate allowing the end effector to reach the orientation (w, h, u) is given by the
following equation:

h1k ¼ cos�1 Nk=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2k þM2

k

q� �
þ atan2 Mk; Lkð Þ; ð3Þ

With Lk, Mk and Nk, functions of the mechanism geometric parameters a, b and c,
and the end effector orientation angles w, h and u.

The IKM of the 3-RRR SPM can be resolved by finding the solution of Eq. (2). For
each arm, the coordinates of the joint axes z3k are calculated using the rotation matrix
RE and additional ones that include the angle c. The axis z2k is calculated by the angle
a, the input coordinate h1K and the angle x that gives the orientation of the base located
by z1k. The SPM base axes coordinates are now obtained as follows:

z1A ¼ Rx p=4ð Þ:Rz xð Þ:x
z1B ¼ Ry p=4ð Þ:Rx xð Þ:y
z1C ¼ Rz p=4ð Þ:Ry xð Þ:z

8<
: : ð4Þ

Fig. 6. Conceptual CAD of the 3-RRR reconfigurable spherical parallel mechanism.
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Each base axis of the SPM is specifically oriented from one-unit vector of the origin
reference frame (x, y or z). The first rotation matrix allows the axis to spin so that of its
x-inclination is oriented toward the center of the reference frame. The axis z2K of each
arm is then calculated as shown below:

z2A ¼ Rx h1Að Þ:Rz að Þ:z1A
z2B ¼ Ry h1Bð Þ:Rx að Þ:z1B
z2C ¼ Rz h1Cð Þ:Ry að Þ:z1C

8<
: : ð5Þ

For each arm, the IKM leads to the same solution as given by Eq. (3). The dif-
ference is that the parametric functions Lk,Mk and Nk now include the variable x. It can
be consequently anticipated that the variable has an impact on the SPM behavior
(workspace, kinematic performance, etc.).

4 Effort Model of the Mechanism

The velocity model of spherical parallel mechanism, that gives the relationship between
the mechanism input velocities _q and its end effector angular velocities x, can be
written in the following matrix form:

B _q ¼ Ax; ð6Þ

With A and B the parallel and serial Jacobian matrices. In the present case,

_q ¼ _h1A _h1B _h1C
h i

. When applied to the present 3-RRR SPM, the IKM given in Eq. (2),

is differentiated with the time and written in a matrix form. The expression of the
parallel and serial Jacobian matrices are found:

A ¼
z2A � z3Að ÞT
z2B � z3Bð ÞT
z2C � z3Cð ÞT

2
4

3
5;B ¼

z1A � z2A:z3A 0 0
0 z1B � z2B:z3B 0
0 0 z1C � z2C:z3C

2
4

3
5: ð7Þ

Therefore, the Jacobian matrix J of the SPM is given by:

J ¼ A�1:B: ð8Þ

As result, the relationship between the mechanism input torques sA, sB, sC and the
force applied by the end effector is written as:

sA
sB
sC

2
4

3
5 ¼ J�1:

fx
fy
fz

2
4

3
5; ð9Þ

With fx, fy and fz the components of the force exerted at the mechanism end effector.
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5 Multi-objective Optimization

The 3-RRR RSPM is subject to an optimization for the practice of robotic craniotomy.
The objective is to identify the dimensions that generates the highest performances.

5.1 Optimization Criteria and Formulation

A total of three indexes shall be calculated to process a population of RSPM indi-
viduals. An optimum mechanism must be able to cover the entire prescribed workspace
identify in Sect. 2.2. A minimum prescribed workspace is therefore considered as a
constraint. It is calculated by checking if the IKM has a non-complex solution all
possible end effector orientations on that workspace. A solution to the IKM given by
Eq. (3) can be written as followed:

Ck1 w; hð Þ ¼ L2k þM2
k � N2

k [ 0
Ck2 w; hð Þ ¼ L2k þM2

k � 1 ¼ 0

�
: ð10Þ

With k = A, B or C. A function Pk is created to indicate if one RRR leg of the
mechanism satisfies the conditions Ck1 and Ck2 for an orientation of its end effector:

Pk w; hð Þ ¼ 0 if Ck1 [ 0 andCk2 ¼ 0
1 otherwise

�
: ð11Þ

The minimum prescribed workspace index is then written and followed:

W Ið Þ ¼
Xi

w¼0

Xj

h¼0
P w; hð Þ; ð12Þ

Where P = PA + PB + PC and I is the design vector that contains the mechanism
design parameters. The index W(I) counts the number of orientations that are not
reachable by the mechanism. This index must be equal to zero for mechanism to be
considered as a potential solution and to be evaluated with the optimization criteria.

Two criteria must be implemented in the present optimization: the global dexterity
and the required motor torques. The mechanism local dexterity is calculated as the
inverse of the Jacobian matrix conditioning number [17]. For each end effector ori-
entation, this local index is calculated for several possible angle x. The maximum
value given by the following equation is then considered as the local index.

g w; hð Þ ¼ max
x

1� 1=j Jð Þð Þð Þ: ð13Þ

The maximum local dexterity η is calculated for all orientation of the prescribed
workspace and the mechanism global dexterity K(I) is the average value of these
indexes:

K Ið Þ ¼
Xi

w¼0

Xj

h¼0
g w; hð Þ: ð14Þ
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The implementation of the mechanism required torques as a criteria has two
functions: (1) to insure that the mechanism is capable of supplying the minimum
required drilling force identified in Sect. 2.2 and (2) to minimize the motor torques
required to supply this force.

For a given set of force components [fx fy fz]
T, the mechanism motor torques are

found using Eq. (9). For each end effector orientation, these torques are calculated for
all possible drilling tangential directions given by the angle u. The force components
are calculated as followed:

fx
fy
fz

2
4

3
5 ¼ Rz wð Þ:Rx hð Þ:Rz uð Þ:

0
0
fT

2
4

3
5; ð15Þ

Where fT is the value of the tangential force measured in Sect. 2.2 at 13 N. For an
orientation of the end effector (w, h), the mechanism motor torques sA, sB, sC is
calculated for all possible tangential directions and the maximum torque is collected.

s w; hð Þ ¼ maxu sA uð Þ; sB uð Þ; sC uð Þð Þ; ð16Þ

The maximum value of the local index given by Eq. (16) over the workspace is
collected as the global index.

T Ið Þ ¼ max w;hð Þ s w; hð Þð Þ: ð17Þ

The optimization problem is formulated and implemented into a Genetic Algorithm
(GA) to identify the most suitable mechanism design parameters. An optimization
problem can be therefore written as followed:

Minimize F Ið Þð Þ
Subjet toW Ið Þ ¼ 0
I ¼ a b c½ �

xi 2 I; xi 2 ximin ; ximax½ �

8>><
>>:

9>>=
>>;
; ð18Þ

Where F(I) is the fitness function calculated for the mechanism individual I.

5.2 Results and Simulations

As a preliminary study, the GA has been executed to optimize the mechanism in term
of kinematic performance and in term of force transmission using the fitness functions
K(I) and T(I) by merging the two criteria in to a multi-objective fitness function. The
algorithm now seeks to minimize the following function:

F Ið Þ ¼ 1� K Ið Þð Þ � T Ið Þ ð20Þ

The GA has been executed with a population of 100 individuals and a termination
convergence criterion of 10−6. At the XXth generation, an optimum population has
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been identified. The kinematic optimization has resulted an optimum mechanism Iopt
that generates a global dexterity of 0.89 and its local dexterity goes from 0.74 to 0.99
for an angle omega that varies from −78 to −50 as shown in Fig. 7-(a). Its design
parameters are given as followed:

Iopt ¼ 85:72 85:72 35:27½ � ð21Þ

Additional simulation have shown that if the parameter x was fixed to zero, the
mechanism has dexterity that varies from 0.007 to 0.99. This shows that this parameter
prevent the dexterity to drastically drop when the mechanism end effector moves away
from its workspace center. It also revealed that by modifying the parameter x from −12
to 19, its motor torques vary from 0.07 to 4.44 Nm.

6 Conclusion

In the present study, a 3-RRR SPM has been proposed to perform craniotomy. A new
parameter that can be used as to reconfiguration variable is used to optimize its dex-
terity and force transmission while manipulating the surgical drill. The mechanical
method to control its value consists in using three pantographic linkages. A series of
motion capture experiments have allowed to measure the motion of a surgical drill
during craniotomy on Human cadavers. The data collected have allowed the kinematic
optimization of the proposed RSPM. This represents an improvement in terms of safety
would this mechanism be used for a robotic assisted craniotomy.

Fig. 7. Evolution of the dexterity over the prescribed workspace for the RSPM with variable
base parameter (a) and for the classical SPM with fixe trihedral base (b).
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Abstract. In this paper we present an autonomous camera holder robotic system
for minimally invasive surgery (MIS). The proposed system is composed of a 7-
DoF collaborative robot, i.e. Franka robot, holding the surgical camera and a
motion capture system, i.e. Qualisys system, tracking online the surgical tools
movements. The robot adapts its movements to continuously monitor the surgical
gestures, based on the tools tips coordinates provided by the Qualisys system.
The surgical camera is inserted into the patient’s body through a surgical device,
i.e. trocar, generating a kinematic constraint commonly known as Remote Center
of Motion (RCM) constraint. In order to preserve the patient safety, the RCM
constraint is guaranteed by the control approach. Moreover, a compliance control
law is implemented to smooth the robot movements as well as to reduce the
efforts generated by the human-robot interactions. Robot Operating System
(ROS) framework has been used to establish the communication between the
robot and Qualisys, using the UDP protocol for data exchange.

Keywords: Robot-assisted minimally-invasive surgery � Collaborative robot �
Motion capture

1 Introduction

The use of robotized assistant systems for medical applications is growing rapidly in
recent years [1]. In the context of minimally invasive surgery (MIS), researchers and
companies are developing new robotic systems to join in the supply market, among
others, the well-known Da Vinci surgical system [2].

Besides the functionalities provided by a fully teleoperated system, such as the Da
Vinci system or other recently proposed systems [3], other different needs are evi-
denced by surgeons, where a robotic assistant could also provide a solution. For
instance, in classical minimally invasive surgical procedures, the surgeon usually uses
both hands to manipulate the surgical instruments (scissors, forceps, needle holders, …
etc.) during the task execution. These instruments are inserted into the patient’s body
through trocar devices placed at the desired incision points. In order to obtain a visual
feedback of the surgical gestures, an endoscopy camera is also inserted into the
patient’s body and is held by a medical staff assistant or a medical student [4]. During
the procedure, the surgeon continuously gives orders to the assistant to correctly move
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the camera so that it correctly follows the surgical tips instruments. However, this
method doesn’t filter assistant hand’s tremor, it generates a lack of precision, time
delays in the surgical task execution as well as an increase of the stress suffered by the
surgeon. Moreover, these difficulties can be significantly aggravated due to the lack of
the assistant expertise. To overcome this problem, robotic solutions have been pro-
posed over the past years. The Automated Endoscopic System for Optimal Positioning
(AESOP) was a robotic camera holder developed by Computer Motion [5]. This robot
provided different modes to be controlled, i.e. manual motion, joystick/foot pedal
control, or voice control [6] and was tested in different laparoscopic surgeries [7].
Another proposed solution to replace the assistant is the EndoAssist camera holder
robotic device, whose movements are directly controlled by the head movements of the
surgeon, using an infrared device attached to his head [8]. It is worth mentioning that
both the AESOP and the EndoAssist systems were discontinued due to a lack of
commercial interest. Similarly, FreeHand is a lightweight robotic camera holder sys-
tem, designed with ergonomic features. The direction of the camera movements is
chosen by the surgeon through a head movement (using a headset) and the movement
is activated using a footswitch [9]. More recently, EndoControl company produced
ViKY, a 3-DoF robotized camera holder [10]. The robot is manually positioned over
the trocar and fixed through a poly-articulated support. Surgeon can control the camera
movements either by voice commands or through a footprint. In [11], a 7-DoF com-
mercial robot is proposed as a camera holder, where gaze gestures of the surgeon are
used to control the camera movements.

Although the solutions presented above replace the human assistant, surgeon is
always requested to continuously send commands to the robot according to the desired
camera movements. To cope with, an autonomous robot-assistant camera holder sys-
tem for MIS is proposed in this paper, using a 7-DoF collaborative robot as the camera
holder. Due to the kinematic constraint generated by the trocar device, creating a
Remote Center of Motion (RCM) constraint [12], robot orientates the camera around
the RCM point according to the instruments tips movements. Most of the studies
carried out about the automatic instruments position identification concern the use of
image recognition algorithms [13–16]. Unlike these methods, the presented work
proposes to use a Motion Capture (MoCap) system composed of a set of 8 high
resolution cameras, i.e. Qualisys system (https://www.qualisys.com), for the online
pose instruments identification.

Several approaches have been proposed to consider the RCM constraint in the
control approach of serial redundant robots, for instance, by exploiting the robot’s null-
space [17] or by defining the task-space coordinates in terms of the RCM coordinates
[18]. In this work, a cartesian compliance control approach has been implemented [19],
where the origin of the task-space coordinates is defined along the camera axis, so that
it delimits the segment of the camera that will be inserted into the patient’s body. Thus,
a fixed desired position is defined in such a way that it coincides with the RCM
constraint, whereas the desired orientation is automatically calculated to focus the
camera towards the instrument tips. The zoom functionality is directly managed
through the camera system. The main advantage of using a compliance control
approach is to provide smooth robot movements, avoiding sudden changes of velocity,
and to reduce the contact forces generated along the trocar.
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This paper is organized as follows. The description of the robot-assistant platform is
presented in Sect. 2. Then, the overall control approach allowing to determine the
desired instrument tips position related to the robot reference frame as well as the
torque control approach implemented in the robot are presented in Sect. 3. The last
section presents the conclusions of the presented work.

2 Robot-Assistant Platform

The proposed robot-assistant platform is mainly composed of a 7-DoF Franka Emika
robot and a MoCap Qualisys system. The proposed platform is presented in Fig. 1, in a
surgical training environment. A potential surgeon executes training tasks with a pelvic
trainer, whereas a 7-DoF collaborative robot, i.e. Franka Emika, holds and orientates
the camera according to the instrument movements. During the task execution, the
surgeon receives a visual feedback from the surgical camera, allowing him to keep
visible his task execution.

The MoCap system is composed of 8 high resolution IR cameras allowing to
identify the position of 4 markers fixed on each surgical instrument. The identification
of these markers allowed to reconstruct the overall position and orientation of each
instrument as a rigid-body, with respect to the Qualisys reference frame fixed to the
base of the robot. Knowing the relative distances between the markers and the tip on
each instrument, it is possible to identify in real time the position coordinates of each
instrument tip. Figure 2 shows a screenshot of the instruments bodies reconstructed on
real time by the MoCap system, where the relative reference frame for each instrument
has been placed at its tip.

Fig. 1. Robot-assistant platform for camera holder assistant during MIS
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3 Control Approach

Communication between the Qualisys system and the Franka robot has been estab-
lished using the Robot Operating System (ROS) framework, using the User Datagram
Protocol (UDP) for data exchange, where the Franka controller and the Qualisys laptop
run at 1 kHz and 0.1 kHz, respectively.

In the following, the mapping between the MoCap and Franka coordinates is
described. Then, the compliance control approach implemented to guarantee smooth
movements is depicted.

3.1 Coordinates Transformation

Figure 3 shows the reference frames fixed to each component of the platform. Con-
cerning the camera holder robot, Ff g has been defined as the fixed reference frame
attached to the base of the robot. Reference frame Cf g is fixed to the camera and its
origin is located along the camera axis. Before starting the surgical procedure, a gravity
compensation law is activated in the robot controller in order to allow a member of the
medical staff to manually move the robot until the trocar and insert the camera into the
patient’s body (represented by the pelvic trainer in Fig. 1), ensuring that the origin of
Cf g, coincides with the RCM generated by the trocar. In the next section, a cartesian

Fig. 2. Screenshot of the Qualisys system 3D reconstruction
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control law for the robot is defined, where the task-space coordinates are related to the
fixed reference frame Ff g, and defined by the position coordinates of the origin of Cf g
and its orientation.

The reference frame of the MoCap system, denoted by Qf g, has been fixed to the
base of the robot. The homogeneous transformation matrix of Qf g with respect to Ff g
is defined as follows,

TF
Q ¼ I3�3 PF

Q

01�3 1

� �
ð1Þ

where PF
Q is the constant position coordinates of the origin of Qf g with respect to Ff g.

The reference frames Rf g and Lf g are attached to the right-handed and left-handed
instruments, respectively, with the origin located at each instrument tip. In order to
simultaneously focus the camera towards the two instruments tips, a virtual focus target
point PQ

T has been calculated as the middle coordinate point between the two tips with
respect to Qf g,

PQ
T ¼ PQ

R þPQ
L

2
ð2Þ

Fig. 3. Representation of the transformation between the reference frames defined for each
element of the platform
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where PQ
R and PQ

L are the position coordinates of the origin of Rf g and Lf g with respect
to Qf g, respectively. Then, the target point can be mapped to the robot reference frame
Ff g through the transformation matrix TF

Q ,

PF
T ¼ TF

QP
Q
T ð3Þ

The desired camera orientation is such that the z-axis of Cf g is oriented towards the
target point PF

T . Defining the target unit vector V̂F
T ¼ PF

T�PF
C

PF
T�PF

Ck k, the error between the

current and the actual camera orientation can be represented as an angle error he
measured around an axis eFaxis, based on the axis-angle representation. Thus, the ori-
entation error eFo 2 <3 can be written as follows,

eFo ¼ he � eF0axis ¼ cos�1 V̂F
T � ẐF

C

� � � V̂F
T � ẐF

C

� � ð4Þ

where ẑFC is the unit vector of the z-axis in Cf g, with respect to Ff g.
Finally, the position error eFP 2 <3 can be defined as the difference between the

origin position of Cf g with respect to Ff g, PF
C, and the RCM position PF

RCM generated
by the trocar,

eFp ¼ PF
C � PF

RCM ð5Þ

3.2 Robot Control

The proposed camera holder robot, i.e. Franka Emika, is a 7-DoF (n ¼ 7) collaborative
robot conceived to coexist and share a common workspace with human. Since the robot
has torque-controlled features, a compliant control strategy [19] can be implemented.
As explained before, the compliance feature allows to smooth robot movements,
avoiding sudden gestures, as well as to reduce the intensity of the interaction forces at
the insertion position of the camera into the patient’s body, i.e. trocar position. Thus, it
is possible to define the torque control input Ti as follows:

Ti ¼ JT KpxeX � Kdx
_Xc

� �þ Ĉ qc; _qcð Þþ ĝ qcð Þ ð6Þ

The cartesian error eX 2 <6 is composed of the orientation and position errors

defined in (5) and (6), i.e. eX ¼ eFp eFo
� �T

. The current cartesian velocity is repre-

sented by _Xc 2 <6. The torque input compensates the inertial and dynamic effects by
including an estimation of the Coriolis and Centrifugal torques Ĉ qc; _qcð Þ 2 <n, as well
as the gravity compensation torques ĝ qcð Þ 2 <n, calculated according to the current
joint position vector qc 2 <n.

The degree of compliance is regulated along each axis (in position and orientation)
by the choice of the cartesian stiffness diagonal matrix Kpx and the cartesian damping
diagonal matrix Kdx .
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Preliminary experimentations have been achieved in a pelvic trainer during simple
exercises of pick and place, where the practicing had to move and insert the objects into
a metallic stem. Some screenshot of the proposed tasks are provided in Fig. 4. As it can
be observed, robot continuously orientates the camera so that the two instrument tips
could always be focused.

4 Conclusion

In this paper, an autonomous Robot-Assistant Camera Holder for Minimally Invasive
Surgery was presented. The proposed system is based on real time tracking of the
surgical tool movements avoiding the continuous request of surgeon instructions,
contrary to existing systems. An additional advantage yields on the use of a collabo-
rative robot allowing the smooth motion given by the implemented compliant control.
The presented innovative solution has been preliminary validated through experimental
tests performed under pelvic trainer during simple exercises of pick and place. Future
work will be focused on the validation of autonomous robot-assistant camera holder
during a real suturing tasks on cadavers.
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Abstract. This paper deals with the design and application of a low-cost master
device with six degrees of freedom (6-DoF), with haptic feedback along the
three translational axes. The proposed device has been developed using the
association of a Novint Falcon, a commercial 3-DoF translational haptic inter-
face, and of a spherical wrist integrating an inertial measurement unit to fully
control the orientation. The main focus of this paper is the practical issues
related to the use of such a master device for robotic teleoperation and its
capabilities to be used in medical applications, namely for robot-assisted Dop-
pler sonography. Experimentations in a tele-operation platform using a slave
collaborative robot demonstrate the usefulness of the proposed 6-DoF device.

Keywords: 6-DoF master device � Doppler sonography � Teleoperation �
Haptic feedback

1 Introduction

Haptic technology has been applied in many different applications, in particular, virtual
reality simulation, surgery, training, rehabilitation, manufacturing and design. In the
medical field, haptics enhances skill acquisition [1] and interaction with tools [2]. As
well, haptic sensation has been used in rehabilitation robots for enabling more efficient
and effective training. In general, haptic devices are based on mechanical interfaces that
relate tactile information between a human and the device.

Several haptic devices have been developed and built on serial, parallel or hybrid
architectures. In general, serial devices, as the PHANToM 6DoF [3] and the Freedom-7
[4], suffer from inertia, rigidity, and positioning accuracy issues. To cope with these
drawbacks, devices with parallel architectures have been proposed with double-chain
legs and a novel configurable platform [5], for instance. But parallel architectures in
turn suffer from limited workspace and singular configurations inside the workspace.
As a consequence and in order to take advantage from each architecture specifications,
hybrid architectures have been explored by some researchers. For instance, one can cite
the commercial devices Sigma.7 from Force Dimension, the compact 6-DOF device
from Tsumaki et al. [6], or the Delta-R [7] combining a Delta robot [8] for translational
motions and a serial wrist for rotational motions.
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These hybrid devices present acceptable performances and are suitable for haptic
applications. They benefit from additional improvements in rigidity and inertia due to
the parallel architecture section as well as of an enlarged workspace given by the serial
architecture section. In general, additional improvements are always needed.

In the context of teleoperation systems, several applications require a master device
allowing to control a 6-DoF Cartesian task executed by the slave robot. Nevertheless,
most of the 6-DoF commercial haptic interfaces are usually too expensive, such as the
ones aforementioned. Otherwise, a few cheaper solutions can be found but against a
loss of DoF and performance. In addition, it is common that commercial interfaces are
not easily adapted to specific situations and applications. In some cases, such as in
robot-assisted Doppler Sonography [9, 10] where a sonographer tele-operates a robot
holding an ultrasound probe over the patient’s body, the Cartesian task has to be fully
controlled (6-DoF), whereas only force feedback along the translation coordinates (3-
DoF) is required.

For a moderate investment, an optimal solution fulfilling the requirements of this
type of applications is presented in this paper. The proposed device associates a 3-DoF
commercial haptic device for the translational control and haptic feedback, i.e. Novint
Falcon interface, and a spherical wrist coupled to its end-effector. In order to obtain the
orientation of the spherical wrist, an inertial measurement unit (IMU) has been inte-
grated. Although the Novint Falcon is an inexpensive haptic device, several studies
have proved its excellent quality-price ratio for diverse applications [11–13]. Due to the
parallel architecture of the Novint Falcon, the proposed device keeps all the mentioned
advantages of a hybrid architecture, with position/orientation directions fully
decoupled.

The paper is organized as follows. Section 2 depicts the architecture of the pro-
posed 6-DoF master device. The master device is integrated in a teleoperation platform
using a slave collaborative robot, as described in Sect. 3. Experimental results allowing
to validate the usefulness of the master device in the teleoperation platform is presented
in Sect. 4. Conclusions of the presented work are provided in the last section.

2 The 6-DoF Master Device

The Novint Falcon is a 3-DoF haptic device allowing only translational motions (see
Fig. 1). Its kinematics is based on a 3-DoF variant of the parallel delta-robot config-
uration, similar to the one proposed by Tsai [14], whereby the spherical joints of
Clavel’s design [15] are replaced by single DoF rotary joints. The workspace is
characterized by a 3D displacement of 10.16 cm along each direction, and a maximum
force feedback of around 9 N.
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The proposed device augments the available DoF of the Falcon interface by
attaching a spherical wrist to its end-effector, as shown in Fig. 2. The remaining end-
effector linked to the wrist has been designed in the form of a virtual probe, called
holder, including an inertial measurement unit. This association allows to create a 6-
DoF device with haptic feedback along the translational axes.

A first issue addressed in the design of this association was to obtain the largest
orientation workspace. In the context of Doppler sonography, the required workspace
was investigated in [9]. Furthermore, the same kinematics can also be used for robo-
tized craniotomy applications [16]. The results of experimentations have highlighted
that the tele-ultrasound system as well as the tele-craniotomy system are be able to
perform the requested motions. The probe as well as the drilling tool, respectively, are
able to make a spherical wrist (three DoF of rotation) and translations along their three
axes (for translational motion). The design of the holder has the same shape of real
probe for the case of echo Doppler examination, and it can also be assimilated to a real
drilling tool for craniotomy. This reduces the learning period.

Fig. 1. 3-DoF Novint FalconTM haptic device [taken from www.vrs.org.uk].

Fig. 2. Low cost 6-DoF master device architecture.
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The ADIS 16470 IMU sensor from Analog Devices has been used to measure the
holder’s attitude (Roll, Pitch and Yaw angles), through the given triaxial gyroscopes
and accelerometers. These angles can be obtained from u1, u2 and u3 which represent
respectively the angles around the X, Y and Z-axis of the holder as illustrated in Fig. 3.

3 Control Architecture for Robotic Teleoperation

3.1 Teleoperation Platform

The robotics team of Pprime Institute develops teleoperation platforms based on col-
laborative robots. These platforms are mainly developed for medical applications, such
as Doppler sonography or surgery applications. On this context, we propose a new
teleoperation platform using the master device with 6-DoF and a 7-DoF Franka Emika
robot. ROS-based framework is used to establish the data exchanges between the
master device and the robot. Figure 4 shows a bloc diagram of the proposed platform.

Z
Zh

Xh

Yh

Y

X

Roll
Pitch

Yaw

φ1

φ2

φ3

Fig. 3. Reference frame and axis of the holder

Slave system

[Franka, Emika

Master system

[6-Dof master device]

Visual feedback

ROS middleware

®]

Fig. 4. Teleoperation platform using a 6 DoF master device and a collaborative robot.
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Franka Emika is a 7-DoF (n ¼ 7) torque-controlled robot useful to coexist with
human in a shared common workspace. We can then implement a compliant strategy to
guarantee a safe physical human-robot interaction. Thus, the torque control input T is
defined as follows:

T ¼ JT Kpx Xd � Xcð Þ � Kdx
_Xc

� �þN qcð Þnþ Ĉ qc; _qcð Þþ ĝ qcð Þ ð1Þ

The master device provides the desired pose vector Xd 2 <m of dimension m ¼ 6,
where Xd is composed of the desired position vector, Xdp , and the desired orientation

vector, Xdo , i.e. Xd ¼ Xdp Xdo

� �T
. The current pose is represented by Xc 2 <m. The

torque input compensates the inertial and dynamic effects by including an estimation of
the Coriolis Ĉ qc; _qcð Þ 2 <n and gravity ĝ qcð Þ 2 <n torques, calculated according to the
current joint position vector qc 2 <n. The transpose of the Jacobian matrix J 2 <m�n

allows a projection between the Cartesian and the joint space. Moreover, redundancy of
the robot can be exploited by performing additional tasks through the vector n 2 <n

projected to the null-space by a projector N qcð Þ. The compliance law is regulated by
the constants Kpx and Kdx .

3.2 Kinematics and Translation/Orientation Relationships

The kinematics of the Novint Falcon, being equivalent to the general Delta robot,
allows to tele-operate the translation of the Franka slave robot along the three axes. In
order to synchronize the Franka and the falcon movements, the desired position vector
Xdp can be defined as follows,

Xdp ¼ Xip þDXFalconp ð2Þ

where Xip represents the initial position of the Franka’s end-effector and DXFalconp is the
falcon displacement. A button has been adapted in the device to allow largest move-
ments, assigning Xip to the current position.

Let redefine the pose error eX ¼ Xd � Xc in (1), including both the position and
orientation errors, i.e. eX ¼ ep eo½ �T . Concerning the position error, it can be cal-
culated as,

ep ¼ Xdp � Xcp ð3Þ

with Xcp as the current franka Cartesian position.
The orientation control has been developed based on quaternion representation.

First, the current probe orientation can be represented through a quaternion, i.e.
Qcprobe ¼ f u1;u2;u3ð Þ. Once the tele-operation task is activated (through an user but-
ton), the initial difference between the probe orientation and the slave orientation is
measured through the quaternion Qdelta. The desired tool orientation is the calculated as,

Qd ¼ Qdelta � Qcprobe ð4Þ
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The quaternion error between the current and desired orientation is given by,

Qe ¼ Qc � Q�1
d ð5Þ

This error can also be expressed in terms of the equivalent axis-angle representa-
tion, i.e. Qe � eoaxis ; eoangle

� �
, in order to obtain an available 3-dimension error to

complete the pose error eX ,

eo ¼ eoaxis � eoangle ð6Þ

4 Teleoperation Task and Experiments

In order to verify the effectiveness of the proposed master device, a simple teleoper-
ation task has been performed, using the teleoperation platform presented in Sect. 3.
The task consisted on execution translational and rotational movements along the three
axis with the proposed device. The compliance parameters were chosen as: Kpx ¼
diag 6000; 6000; 6000; 800; 800; 800f g N/m and Kdx ¼ diag 300; 300; 300; 40; 40; 40f g
Ns/m, respectively. The objective function (null-space) was used to stabilize the
internal motion by minimizing the joint velocities, as follows: n ¼ �0:1 _qi. Figures 5
and 6 show the obtained results, where a comparison between de desired pose given by
the user through the master device and the trajectory executed by the Franka robot.

It is worth mentioning that the time offset between the master and slave trajectories
is not given by a communication delay, it is actually the natural effect of the com-
pliance control law applied to the robot, where higher values of Kpx , tuning the virtual
stiffness, generate minor time offset values.

Fig. 5. Position trajectories of the master and slave devices.
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5 Conclusion

The paper has described the design and implementation of a low-cost master device
with six degrees of freedom (6-DoF). The aim of this work is not to provide the haptic
community with a new interface but instead to demonstrate that it is possible to design
and build a simple one, based on the association of one Novint Falcon and an inertial
measurement unit. The proposed interface is validated through a teleoperation scheme
of a collaborative robot and specifically during the Doppler sonography teleoperation.
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Abstract. One of the museum’s missions is education. Based on the orientation
of the National Science and Technology Museum, science and technology
knowledge is essential. The exhibition of science and technology is the basis of
the museum to promote the activity of science and technology education. In
2018, the National Science and Technology Museum built the exhibit of
industrial robots at the smart manufacturing experience zone of power and
machines gallery per the 4-year project of the Ministry of Education for achieving
a smart museum. The purpose of the exhibit is to deliver the concepts of smart
manufacturing and industry 4.0 and to promote innovative technology education.
The design concept of the exhibition is an in-depth experience for the knowledge
of industrial robots. Through techniques of digital media and interactive appli-
cations, the professional subject can be much enjoyable, attractive, and under-
standable for the public. The exhibit of industrial robots consists of five sections:
the definition of robots, the historical development of industrial robots, the
mechanical structure, and applications of industrial robots. In this exhibit, thir-
teen industrial robots, including the types of 6-DOF series robots, SCARA and
wafer robot, are applied for the display of products and miniatures, demonstration
for various processes as well as experience of interactive devices. In a word, the
exhibit is not only the material of technology education but also a successful
example for the cooperation between the museum and industrial companies.

Keywords: Industrial robots � Museum exhibition � Technology education

1 Introduction

Museums have different types of presentations according to different collections, and
various kinds of museums follow their respective missions and objectives to perform
diverse functions [1]. In terms of their tasks, museums can be generally divided into four
essential services, including display, collection, research, and education. Further, the
museums cover information dissemination and leisure recreation [2]. Since the 19th
century, education gradually became one of the museums’ core functions. The educa-
tional concepts of museums are the inevitable results from history, culture, and society.
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With the development of social history, many tendencies of social movements and
thoughts have influenced the emergence and types of museums to promote the forming
and change of their educational concepts [3, 4]. Therefore, it is necessary to understand
museum education from the level of explaining human culture and its living environ-
ment. As time goes by, museum education has increasingly emphasized the negotiation
of concept with the public. Through the active participation and feedback of the people,
the museum shaped the narrative with mutual consensus and constructed a more
meaningful interpretation of material culture [5]. Since museum education is non-formal
education. There is no fixed form, teaching materials, regardless of age, grade, and free
choice of educational opportunities. By the exhibition of the museum, visitors can
understand the development of technology, human history, and digital information, and
can stimulate their learning motivations, i.e., the exhibition has a profound educational
function [6]. Therefore, the museum’s display and educational activities can be used for
planning teaching activities at all levels of schools. Regardless of any museum, the
mission of education is based on its display and collection. Consequently, the exhibition
of technology museum can deliver the knowledge of technology for the public to
achieve the purpose of lifelong learning.

The “Twelve Construction Projects” approved by the Executive Yuan in 1979
listed museums as part of the central government’s cultural infrastructure development
policy. The National Science and Technology Museum (NSTM in short) was estab-
lished to become the first museum for applied sciences in Taiwan and also the first
national science education organization in southern Taiwan. The missions of the
museum are to collect and study technological artifacts, host technology-related
exhibits, promote technology education, and provide citizens with a place for leisure
and lifelong learning. Now there are 16 exhibit halls in the museum. Since 2017, the
Ministry of Education promoted a 4-year project (2017–2020) about the services of
innovative technology on ten social educations organizations (six national museums,
three national libraries, and one educational radio), and NSTM is included. The pro-
ject’s objective of NSTM is to build a smart museum with innovative services and
applications, cloud services for recording the visiting process, interdisciplinary content
of exhibit, cultural and creative development, the cooperation of industrial companies
as well as international communications. NSTM concluded six subjects in this project,
consisting of the Internet of Things (IoT), driverless cars, industrial robots, smart
agriculture, advanced materials for clothing, intelligent medical equipment and ser-
vices, and food safety in turns. IoT is a special exhibition held in 2017, shown in
Fig. 1. Since 2018, other subjects are the yearly update works corresponding to regular
exhibition galleries. And, an experience zone called “Smart Manufacturing” involved
various exhibition galleries that can be built for developing a smart museum.

“Driverless cars” and “industrial robots” are the update subjects at power and
machines exhibition gallery and finished in 2018. The exhibit of industrial robots gets
numerous resources of professional information, professional engineers, equipment and
products from several companies, such as robots, actuators and motors from HIWIN,
RV reducers from TSUNTIEN, and harmonic gearbox from HARMONIC DRIVE
SYSTEMS. In general, it is believed that smart manufacturing exhibit is a successful
example of technology exhibit connecting museum and industry. Therefore, we
introduce the building process and design concepts of robots’ exhibition based on the
promotion of science education in this paper.
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2 Design Concepts of Exhibit

Design concepts of an exhibit are critical points. The ideas can determine the direction
and orientation of an exhibition, including its storyline, style of the technique of
presentation, planning of content, application of digital media, and space design.
Following the design concepts, the subject of the exhibit can be systematically dis-
played to transmit its knowledge with a much clear and understandable way for the
public or the subjected targets.

“Industrial robot” is a professional subject with automatic control, mechatronic,
mechanism design, etc., and is very difficult for the public. The targets for the exhibit of
industrial robots include elementary school students. Therefore, the exhibition focused
on introducing their basic knowledge, historical development, research results, and
possible applications by simple descriptions, bright illustrations, and real objects.
Numerous interactive experience devices with the technology of digital media are built
to explain such a hard subject and to provide the feelings of wisdom and innovation for
visitors. The exhibit of industrial robots is the display of situation, technology, and
experience. It is conveyed that the process and achievements of industrial transfor-
mation and upgrading by applying big data and cloud technologies. The entire exhibit
creates a situation of smart manufacturing.

An exhibition of the smart museum emphasized the in-depth experience. The
exhibit of smart manufacturing experience zone customizes an APP to start the oper-
ation of interactive experience devices and record the experience process of visitors, as
shown in Fig. 2. There are several nodes in the content of these devices. And, the nodes
are designed to distinguish the learning levels of visitors. Collecting the learning

Fig. 1. A special exhibit “IoT” of NSTM in 2017
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records of visitors are the application of big data. The museum can analyze the data to
conclude the advantages, disadvantages, and learning effects of exhibit content as a
reference for the update work in the future.

In summary, the exhibit of industrial robots uses multiple digital techniques to
represent smart manufacturing. The advanced visiting method satisfies the requirement
of intelligent museums. For audiences, the storyline of the exhibit is to describe the
interaction of robots and humanity and to deliver the concept of industry 4.0. And, they
can get an in-depth experience and learning by the method of playing games.

3 Industrial Robots of Smart Manufacturing Exhibit

“Power and Machines,” is one of the earliest exhibition galleries at NSTM, and is the
most appropriate place for industrial robots. By the above design concepts of the
exhibit, the topic of industrial robots has five sections: the definition of robots, the
historical development of industrial robots, the mechanical structure, and applications
of industrial robots [7–10]. Several emerging technologies like augmented reality (AR),
virtual reality (VR) and motion-sensitive interactive devices are applied, except for the
real objects from the cooperation of industry. In what follows, the exhibit content of the
industrial robot unit is introduced in detail.

3.1 Definition of Robot

In the traditional impressions of ordinary people, especially for primary school stu-
dents, a robot is a machine that looks like a human being and performs various complex
acts. This kind of device is a humanoid robot, and their ability of automatic control
systems is not as deft as expected. In the viewpoint of engineering, an industrial robot
is broadly defined that a mechanism or device can accomplish complicated and
repeatable motions by automatic control systems. Some robots are classified based on
their applications, like service robots and medical robots.

(a) QR code                (b) Introduction      (c) Experience Record (d) Products of store 

Fig. 2. APP interface for smart manufacturing
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In this section, robots are clearly defined for ordinary people at first. The term
“robot” has existed in several Slavic languages for a long time and originally meant
repetitive, dull work or slave labor. In 1942, Russian Issac Asimov proposed the well-
known four laws of robotics. The exhibit of this section is merely in words, but the
essential elements of robots could be understood.

3.2 Historical Development of Industrial Robots

Robots developed numerous types for various applications. Here, the exhibit about the
historical development of robots focused on industrial robots. We talk about the history
of robots based on global trends and present the representative events and products of
different ages. The world’s first industrial robot invented by George Devol, Unimate
robots, Stanford arm in the 1960s, PUMA in 1970s, six-axis robot and SCARA robot in
1980s, the famous industrial robots companies in the world including Switzerland’s
ABB, Germany’s KUKA as well as Japan’s FANUC and YASKAWA are introduced.
The developments of industrial robots in Taiwan are presented further. Taiwan’s
industrial robots were developed on the Industrial Technology Research Institute and
academia before 1997. Until 2007, owing to the urgent demand for products with short
life cycles, low costs, high efficiency, and high productivity, the manufacturing
industry apply robots on the automated production line. It directly motivated Taiwan’s
industrial robot manufacturers. Except for the descriptions in words, figures, and
physical miniature models for representative types of industrial robots are displayed, as
shown in Fig. 3. The visitors can know the necessary information about the internal
and international historical development of industrial robots and the detailed image for
representative robots.

3.3 Mechanical Structure

Following the visiting line of the exhibit, visitors should know the definition of robots,
the historical development of industrial robots at home and abroad as well as the overall
image for industrial robots in turns. Next, it is essential to understand the mechanical
structure of industrial robots for visitors, including the classification of mechanisms and
the mechanical elements. The section is to identify the robots based on Mechanisms
and introduce what mechanical components or mechanisms are covered in the shell of
machines. The professional information seems to be difficult and tedious for ordinary
people without the background of mechanical engineering. The content much depends
on the multiple designs and techniques of an exhibit to attract visitors’ attention to
achieve the execution of science and technology education, such as the explosion
version of a real industrial robot, a representation of dissembled mechanisms, a
dynamic or static show of real objects, and figures.

The common forms of robotic arms are divided into two types: series and parallel.
The information is presented at the beginning of the section “Mechanical structure.”
Delta, Stewart platform, articulated robot, Cartesian coordinate robot, cylindrical robot,
and SCARA are included in the exposition. Two simulation devices respectively for the
production line of cookies by SCARA and wafer process by wafer robots are built, as
shown in Fig. 4. It is necessary to present links and joints, two fundamental
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components for mechanisms, in the exposition. Except for large-sized operational
models and illustrations, a six DOF robot is displayed by the explosion drawing style,
as shown in Fig. 5, and the essential components, including motors and reducers are
visible. Also, these critical components are disassembled in the exhibit. The visitors can
understand the internal structure of RV reducers and harmonic reducers even though
they cannot figure out the professional knowledge included in these devices. Fur-
thermore, several end effectors and a screw spline device are exhibited by action
simulations to explain the three action types based on the motor control for various
applications, as shown in Fig. 6.

3.4 Applications of Industrial Robots

The most common tasks of industrial robots are picking up, placing, welding, spray
coating, assembly, service, and the motions for a particular process. They are widely
used in industry, but not constrained for the automation production lines. In order to
deliver various applications of industrial robots with attractive methods, five interactive
experience exhibit devices are built in the section, including drawing, chess playing,
service of store seller, stamping and Jenga playing, as shown in Fig. 7.

These interactive experience devices are operated through the customized APP
“smart manufacturing.” The robots are used in a wide variety of ways in entertainment.
The apparatus of Jenga playing, the experiencer’s hand is synchronized with the robot
to pick up the blocks. For the device of drawing, the picture of experiences is trans-
mitted to the SCARA by a cloud server. The apparatus of “Tic Tac Toe” uses robot
arms, combining image sensors, to discern the position of the pieces by a challenger
against a robot on a chessboard. This device is to simulate the process of playing chess
with a computer with artificial intelligence to present the image of AI robots. The
apparatus of a robot seller is to introduce the concept of unmanned sales service
including logistics, warehouse, and payment. In a word, these interactive experience
devices deliver their technology knowledge and possible applications related to
industrial robots. Also, they seem to be particular developments for the company of
industrial robots (Fig. 7).

(a) Stanford arm (b) PUMA

Fig. 3. Miniature models of industrial arms
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3.5 Robots in Industry 4.0

Indeed, industry 4.0 is the origin to build the industrial robots of smart manufacturing.
Automated robots replaced human workers to perform high-risk, complex, and
monotonous tasks for rapid production and labor- saving in the “industry 3.0” stage. As
far as the next stage “industry 4.0” is concerned, robots integrating with the tech-
nologies of sensing and the Internet of Things achieve smart manufacturing models
with high speed and high quality. Human-robot collaboration, mobile robots, smart
robots, and collaboration of robots are the trends in the development of industry 4.0.
And, these main concepts are presented next to the interactive experience devices that
we introduced above. By the surrounding of the exhibition, visitors can have bright
ideas related to the professional phrases and exposition to understand more natural
further.

(a) Cookie factory (SCARA) (b) Wafer process

Fig. 4. Simulation models of industrial arm

Fig. 5. Explosion display of 6-DOF industrial
arm

Fig. 6. Screw spline device (HIWIN)

The Exhibit of Industrial Robots Based on Concepts of Technology Education 489



4 Statistical Analysis of Learning Records

The exhibition applied the concept of the Internet of Things and database analysis. The
customized APP is the key to experiencing the whole interactive devices in the show.
Each user must register in the APP to get a QR code as the personal ID. And, the
background system of the APP can record the experiencing process and results of the
users as learning records. The collection of learning records formed a database by the
background system for statistical analysis. The critical factors to affect the experience
and the learning of the users can be concluded based on the distribution of quantitative
visiting behaviors. By the learning trend of the display, we can investigate if the
manner of presentation is appropriate to the display topic and content for the ordinary
people.

(c) store seller (d) stamping

(d) Jenga playing

(a) drawing (b) chess playing (Tic Tac Toe)

Fig. 7. Operational devices by the applications of industrial robots
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For the qualitative and quantitative analysis of visiting records, the content of
interactive devices is categorized four indexes, and each index sets three levels. The
qualitative index contains reading, involvement, operation, and discussion. “Reading”
means that whether the questions related to the exhibition were correctly answered.
“Involvement” means the amount of time spent at each unit. “Operation” means that
whether each mission is successfully completed. “Discussion” means that whether the
experience at the exhibition was shared on Facebook or other social media. The
learning records are quantitatively divided into three levels to describe the process and
distinguish the performances of learning. In what follows, two interactive devices are
introduced as examples.

a. Tic Tac Toe Robot (red data)
The device is the integration of the sensors and the 6-DOF series robot. The visitor
plays chess with a robot. The data of the visiting records is discretely distributed. The
visitors either give up quickly or finish the experience successfully. It is suggested that
the ages of visitors and the errors of operations are the factors of the distribution. It is
much easy for most of the people. But the visitors easily make errors to crash the robot
during the operation process.

b. Robot Constructor (blue data)
The device is the integration of the visual identification technique and the 6-DOF series
robot. The game mode of human-robot synchronization is applied. The grades of the
visiting records are low. It is possible that the game mode is too hard to achieve the
assignment. The visitors give up the experience quickly. It shows that the difficulty of
experience should be considered for the device which the qualitative index is regarded
as “Operation.”

5 Conclusions

An industrial robot is one of the essential elements of industry 4.0. The related
knowledge should be emphasized as technology education for the public through the
method of a museum exhibit. The advanced techniques and creative design concepts
for museum exhibit and visiting are applied to promote the public to understand such

Fig. 8. Data of three interactive devices
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professional subjects and content. In this exhibit, people can be familiar with the
intelligent and innovative technology, historical developments, mechanical structure,
various applications, and developing trends of industrial robots. Industrial robots are
clearly defined, the history of the international and internal development and the
essential components of industrial robots are introduced. Five interactive experience
devices, operated by a customized APP called “smart manufacturing,” are built to
deliver various applications integrated with mechanical designs, control systems, visual
identification, and artificial intelligence. By the content management system of APP,
the learning and experience process of visitors is recorded to achieve the analysis of big
data for the exhibit of the smart museum. The concept of industry 4.0 is presented by
following the storyline of the exhibition. Indeed, the whole presentation can be
regarded as the teaching material.

Further, the visitors can find out the impact and change of smart manufacturing on
the industry and the way of life, and then explore the various aspects of technological
applications emphasizing the relationship between technology and living. Except for
technology learning, the interactions between industry and society are studied. And, it
is found that the exhibit topic is close to the life of the public in the coming future.
Furthermore, the exhibit topic is a good connection between the museum and industry.
The museum can get precise and abundant resources from the industry to achieve a
great exhibit. Also, the industry can have a platform to show their research results
through the professional design of a museum exhibit.
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References

1.

2. Ho, C.J.: Museum education from the viewpoint of lifelong learning. Museol. Q. 2, 7–14
(2000). (in Chinese).

3. Teng, Y.J.: Study into the School Children’s Learning Process and Learning Outcomes in
the Children’s Cultural Workshop at the National Palace Museum. Thesis, National
University of the Arts, Tainan, Taiwan, R.O.C. (2014).

4. Jia, C.M.: Some problems in museum education. Museol. Q. 3, 67–83 (2000). (in Chinese).

5. Liu, H.Y.: Prospects for museum education in the age of communities. Museol. Q. 2, 97–123
(2008). (in Chinese).

492 J.-L. Lin and C.-Y. Lin



6. Tsai, H.L.: Visualizing recent development of museum education by bibliometric analysis.
J. Sci. Humanit. 4, 188–206 (2018). (in Chinese).

7. Kuo, C.H., Huang, J.H.: Exhibition Content of Industrial Robots. Commissioned Research
Report, National Science and Technology Museum (2017)

8. MacDougall, W.: INDUSTRIE 4.0 smart manufacturing for the future. Germany Trade and
Invest, Berlin (2014)

9. Lin, H.I., Hsieh, M.F.: Intelligent robots in industry 4.0. Instrum. Today 205, 12–20 (2015).
(in Chinese).

10. Chen, M.Y., Jhong, B.G.: The trend of intelligent robot development in industry 4.0.
Second. Educ. 3, 6–13 (2015). (in Chinese).

The Exhibit of Industrial Robots Based on Concepts of Technology Education 493



Ancient Chinese Puzzle Locks

K. H. Hsiao1(&), Y. Zhang2, K. Shi3, Y. H. Chen4, and H. An5

1 National Science and Technology Museum, Kaohsiung 80765, Taiwan
khhsiao@mail.nstm.gov.tw

2 Beijing University of Chemical Technology, Beijing 100096, China
zhy@mail.buct.edu.cn

3 Shandong University of Science and Technology, Qingdao 266510, China
4 National Taiwan University of Science and Technology, Taipei 10607, Taiwan

5 Shanxi Folk Arts Museum, Taiyuan 030001, China

Abstract. No matter whether it was the invention of China or other ancient
countries, the lock has several thousand years of history. With the change of
society and the progress in technology, locks’ functions and security are
becoming more and more improved. Their designs and making are promising.
The barbed-springs lock is the typical one in ancient China and can be dated to
200 BC. The locks started to be used in large numbers in the later period of the
Eastern Han Dynasty (about AD 200), and the materials were mainly bronze-
based. In the Tang Dynasty (AD 618–907), the craftsmanship of lock manu-
facturing was quite advanced, and the types, shapes, and carvings were
increasingly numerous. It was no later than the Ming Dynasty (AD 1368–1644)
that locks which needed specific procedures and methods to open were widely
manufactured and used. These kinds of locks can be named as puzzle locks.
They were difficult to open within a short period of time even if the correct keys
were in place. According to the opening methods and the types of keyholes,
ancient Chinese puzzle locks can be divided into two classifications, including
open-keyhole and hidden-keyhole puzzle locks. This paper introduces the
developments of lock history in ancient China first. Then, the characteristics of
two typical puzzle locks are provided as examples to illustrate the opening
processes. Final section is the conclusions of the work.

Keywords: History of MMS � Barbed-spring lock � Puzzle lock

1 Introduction

The production of locks is highly related to the materials, tools, everyday life, society,
economics, folklore, and culture. However, since ancient times, the design and making
of locks have been conducted by specialized artisans, whose skills are never taught
openly. As a result, it is rather difficult for common people to know more about the
skills of locks. Moreover, it is rather difficult for us to trace locks back to its devel-
opment and origin. From a modern perspective, with the functions of security, man-
agement, and even decoration, a lock is a security device released by a key, a touch
pad, a dial, an electric circuit, or other devices to prevent objects from being opened or
moved away [1].
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China has a very long history but there are very few articles discussing the
development and applications of locks. Needham delineated the brief history of the
development of Chinese and Western locks and discussed their mutual influences. He
also introduced the internal structures of a few typical locks. He lamented that there
was a serious lack of literature exploring the development of locks in Asia, and it
needed more concern and researches [2]. Yan collected and studied locks and intro-
duced their development and features systematically to display the appearances and
historical implications of ancient Chinese locks [1]. In addition, Yan et al. used the
padlocks featured with spring leaf as examples to propose a systematic method of
designing the structures of spring leaves. With the explorations of encyclopedias and
dictionaries, they compared the linguistic meanings of locks in China and the West
[3–5]. Shi et al. studied the characteristics of traditional Chinese maze padlocks during
operation and discussed the process of the key’s insertion into the keyhole [6]. Hsiao
studied ancient Chinese open-keyhole and hidden-key puzzle locks and presented the
variations in their topological structures [7, 8]. Ancient Chinese puzzle locks are sat-
urated with images of craft and folklore of ancient artisans, and were a cultural treasure.
However, there are very few literature described the puzzle locks. This paper provides
two main types of ancient Chinese puzzle locks from existing ones to find out the
structures and crafts of ancient Chinese locks to attract people’s attention on puzzle
locks.

2 History of Locks’ Development

For thousands of years, locks have been used widely in daily life. It is a mechanical
device derived from people’s pursuit of security. Hence, it has been widely used to
safeguard people’s security and privacy. Even more, it has been closely related to
people’s everyday life, and death. As people demand for safety rose, various kinds of
locks were invented and developed. In addition to promoting higher security, the
convenience of locks had been taken into considerations during their production.
Likewise, the design of locks keeps updating. Swinging back and forth between
convenience and complexity, the origins of this object are hardly mentioned.

More simplified bronze locks began to appear around 200 BC. Inside the locks,
they were installed spring leaves. Using the geometric relationship between the key and
the spring leaf, it worked to lock and unlock. Starting from the second century, metal
locks had been widely used. Made with bronze as the major material, there were
engraved with animal or insect patterns on them. In the Tang Dynasty (AD 618–907),
lock making craft was prospered, and the design of locks was becoming more com-
plicated. Some were even equipped with traps. In addition to bronze locks, some were
made with other metals, such as brass, iron, silver, or other metals. Figure 1(a) is a
brass lock with people and flower patterns. Coming in various types, they were
becoming more diverse in appearances. It was no later than the Ming Dynasty (AD
1368–1644) that locks which needed specific procedures and methods to open were
widely manufactured and used. These kinds of locks can be named as puzzle locks.
They were difficult to open within a short period of time even if the correct keys were
in place. Figure 1(b) shows a lock that has an end plate to cover the keyhole well.
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The first step of opening the lock is to find out the keyhole. It is belonged to one type of
the hidden-keyhole puzzle lock. Starting from the Han Dynasty (206 BC–AD 220),
locks with metal spring leaves were the major lock type used in China. For about two
thousand years, although there had been changes in the appearance of ancient Chinese
locks, there was very little improvement in their internal structures. It was not until the
1960s, with the general use of pin tumbler locks from the West, ancient Chinese locks
began to fade away.

3 Mechanical Structure

The open-keyhole lock means the keyhole is visible on the case straight. Figure 1(a) is
a common open-keyhole lock that consists of four members including the case, the bolt,
the barbed springs, and the key. When the lock is closed, the splayed ends of the
springs are trapped against the partition inside the case, preventing the release of the
bolt. Opening this lock only needs three steps including inserting the key-head into the
keyhole directly, pushing the key to cause the key-head to press the barbed springs and
the barbed springs are pushed through an opening in the partition, and sliding the bolt
out of the case. It is a common lock without trap. According to the opening processes
and the types of keyholes, ancient Chinese puzzle locks can be divided into two main
classifications, including open-keyhole and hidden-keyhole puzzle locks. The
mechanical structures of two main puzzle locks are described as follows:

3.1 Open-Keyhole Puzzle Lock

There are three primary types of open-keyhole puzzle locks, including locks with extra
obstacle, locks with indirect insertion, and multi-stage locks. Figure 2 shows the typical

Fig. 1. Barbed-springs locks.

496 K. H. Hsiao et al.



three open-keyhole puzzle locks. Each type of open-keyhole puzzle locks has many
sub-types [7]. Figure 2(a) is a lock with extra obstacle. There is a channel on the bolt.
The left button is the obstacle that is attached to the bolt. In order to open the lock, the
left button must be pushed up first. Then, the bolt can be slid by the key. Figure 2(b) is
a lock with indirect insertion. In generally, the key is pushed to slide the bolt to open
the lock. However, opening the lock in Fig. 2(b) is to pull back the key to press the
barbed springs. Figure 2(c) is a two-stage lock that has two sets of springs and two
keys. Key 1 must be inserted into the keyhole first and slide the bolt a little bit. Then,
key 2 is inserted into the keyhole and slide out the bolt from the case. Using two keys
made it possible to require the presence of two people to open it. But which key must
be used first and should the key-heads face up or down? Determining how to open the
lock is akin to solving a simple puzzle.

Figure 3(a) is a maze lock that is provided as an example to illustrate the opening
process. Since inserting the key-head into the keyhole needs four steps, it belongs to the
lock with indirect insertion. There are totally seven steps in the opening process. The
first step is to place the key-head vertically over the keyhole, Fig. 3(b), and translate the
key to insert the keyhole a little bit, Fig. 3(c). The second step is to rotate the key
clockwise about 45°, Fig. 3(d). Third, the key is translated to right, Fig. 3(e). The
fourth step is to rotate the key counterclockwise and insert the key-head into the
keyhole totally, Fig. 3(f). The fifth step is to push the key to connect to the barbed
springs, Fig. 3(g). The sixth step is to press the barbed springs in order to allow them to
pass the opening of the partition, Fig. 3(h). When the barbed springs enter the opening
of the partition, the bolt is moved by the pressing of the key, Fig. 3(i). Finally, the bolt
is slid out of the case completely, and the lock is opened, Fig. 3(j).

(a) lock with obstacle to the bolt (c) two-stage lock

(b) lock with pull back

Fig. 2. Open-keyhole puzzle locks.
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3.2 Hidden-Keyhole Puzzle Lock

According to the first step of opening the hidden-keyhole puzzle lock, they have four
main types, such as locks with a sliding plate, locks with a rotating decoration, locks
with a poke hole, and locks with a push button. Each type of hidden-keyhole puzzle
locks also has many sub-types [8]. Figure 4(a) shows a lock with a sliding bottom
plate. The keyhole is covered by the bottom plate. The bottom plate must be slid to left
to find out the keyhole. When the key is inserted into the keyhole, the key must be
turned left to press the long springs to slide the bolt a little bit. Then, the key is turned
right to press the short springs to slide out the bolt. Figure 4(b) shows a lock with
rotating decoration. The keyhole is covered by a decoration. The decoration must be
rotated to find out the keyhole. When the key is inserted, the key must be pulled back to
press the springs to open. Figure 4(c) shows a lock with poking hole. It consists of 10
members including the case, the bottom plate, the end plate, the bolt, spring 1, springs
2, springs 3, key1, key 2, and key 3. Key 1 is poked into the hole to press spring 1 to
release the bottom plate. When the bottom plate took off, keyhole 1 is appeared. Then,
key 2 is used to press springs 2 to release the end plate. And, keyhole 2 is appeared.
Finally, key 3 is used to press springs 3 to slide out the bolt from the case to open the
lock.

In order to increase the security, locksmiths employed two or more of these
obstacles in the same lock. Figure 5(a) shows a lock that combines pushing a button
and poking a hole. It consists of 9 members including the case, the bolt, the button, the
bottom plate, the end plate, spring 1, spring 2, springs 3, and the key. The first step of

Fig. 3. A maze lock.
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opening process is to push down the button to press spring 1, Fig. 5(b). Then, slide the
bolt a little bit, Fig. 5(c). Since the sliding of the bolt, there is a space for sliding the
bottom plate, Fig. 5(d). After sliding the bottom plate, there is a hole appeared on the
bottom plate. Use the pin of the key to insert the hole to press spring 2, Fig. 5(e) and
slide the bolt again, Fig. 5(f). Since the sliding of the bolt again, the end plate is parted
from the shackle. Then, the end plate can be rotated and the keyhole can be found out,
Fig. 5(g). Insert the key into the keyhole to press springs 3, Fig. 5(h). Finally, slide out
the bolt from the case to open the lock, Fig. 5(i).

(a) lock with sliding bottom plate

(b) lock with rotating decoration

(c) lock with poking hole

Fig. 4. Hidden-keyhole puzzle locks.

Ancient Chinese Puzzle Locks 499



4 Conclusions

From ancient times till now, locksmiths around the world have used different kinds of
materials and ideas to make locks securer and suitable to their times and environments.
Since the puzzle lock is hard to open than the common lock, the security is better than
the common one. Improved continuously, different types of ancient Chinese puzzle
locks with different structures and different manners of opening were invented.
According to the styles of the keyholes, there are two main types, such as open-keyhole
and hidden-keyhole puzzle locks. Each type has many sub-types. Otherwise, their
internal structures are neat, demonstrating that ancient artisans accumulated experience
by testing and making them repeatedly to promote innovation. This work presents the
types and the opening processes of the representative Chinese puzzle locks. It provides
the sketch of puzzle locks for people realizing the characteristics of locks in China.

Fig. 5. A lock with a push button.
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Abstract. Ropes have been widely used in mechanical devices for a long time
as a unique component with characteristics of flexibility and rigidity. Many
records in ancient books show the applications of rope in the machines to a
variety of transmission purposes. From the viewpoint of mechanisms, 15
devices in Chinese, Arabian, and Japanese ancient books are analyzed and
classified based on its mechanical characteristic of flexibility and rigidity.

Keywords: History of technology � Ancient machines � Rope components

1 Introduction

A rope is a flexible component composed by the long strips of fiber material and widely
used for connection or traction. Since the ancient time, people have developed various
ways to apply ropes, such as the talking knots in ancient China and Peru, the traps in
Africa, the fishing nets in North America, the knot locks in Greece and China, and the
bow drills in Egypt [1–3], as shown in Fig. 1.

As a mechanical component, a rope is with good tensile strength but cannot
transmit power until it is straightened. Due to its flexibility (when wrapping around
something) and rigidity (when straightening by a tensile force), a rope is a special
component in mechanical applications. In this study, the mechanical characteristics of
the ropes are analyzed and classified, and the application examples in the ancient
literature from three Eastern countries are introduced.

2 Classification

As one of the rope applications shown in Fig. 1(d), the bow drill is composed of a
handle, a drill, and a rope, Fig. 2. The rope is wrapped around the drill in the middle, so
the joint is defined as a wrapping pair (JW). The rope is also tied to the handle in both of
the ends, and the joints are defined as the thread pairs (JT). The degrees of freedom
(D.O.F.) of the joints are arranged in Table 1. Here, the thread joint works as a revolute
joint in the planar mechanism and functions as a spherical joint in the spatial mech-
anism, therefore the thread joint has different D.O.F. in these two kinds of mechanisms.
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Fig. 2. A mechanism analysis of the bow drill

Table 1. Mechanism joints with ropes [4]

Type of joint Symbol Diagram Degrees of freedom

Wrapping joint JW 1 

Thread joint JT
1 (Planar mechanism)
3 (Spatial mechanism)

x
y

z

x y

z

Fig. 1. Application examples of ropes in prehistoric times: (a) The talking knots [1], (b) A trap
[2], (c) A knot lock [2], (d) A bow drill [2].
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When a rope is used with a wrapping joint (JW), the characteristics of flexibility is
observed, and it usually functions in a sheave mechanism for transmitting the motion of
continuous rotation. On the other hand, when a rope is used with a thread joint (JT), the
rope is usually tightened up to straighten by hanging other links or connecting to an
elastic part such as a spring. The characteristic of rigidity is shown to work as a linkage
in a mechanism.

3 Application Examples

The applications of rope in the ancient period are recorded with illustrations in many
Eastern literature, especially in China [5–7], Arab [8], and Japan [9]. These records
reflect the way of life and development of mechanical technology in the three countries.

3.1 Ancient China

Ropes were used in a variety of working machines in ancient China for milling the
grain, lifting water, pressing oil, furnace bellows, archery… etc. Figure 3 shows four
devices with ropes, including the animal-powered mill, a water-driven wind box, a
water lifting device with a string of bamboo, and a water-lifting winch. For the first
three devices, the rope is connected to two wheels through two wrapping joints (JW),

Fig. 3. The applications of rope with wrapping joints in China: (a) An animal-powered mill [5],
(b) A water-driven wind box [10], (c) A water lifting device with a string of bamboo [5], (d) A
water lifting winch [5].
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and both the input and output motions of this sheave mechanism are continuous
rotations. The winch device also uses the rope through a wrapping joint (JW) to lift up
the filled bucket that transmits the revolute motion to a vertical reciprocated motion. In
these four devices, the rope is used as a flexible component to achieve the functions.

Ropes are also used to hang or support the other components in the device, such as
a handle of the mill, a sieve for grain, and an oil pressing rod, as shown in Fig. 4. In
these applications, the rope is connected to the frame and the other link through two
thread joints (JT), respectively. The ropes are straightened by the weight of the links, so
they can be analyzed as a rigid link from the viewpoint of mechanisms. However, the
flexibility of the rope provides more degrees of freedom to adjust the operation than the
application of a real rigid link.

In addition, some devices composed of a rope and an elastic component, such as the
cotton loosening device, a water-driven wind box, and a repeating crossbow as Fig. 5.
In these applications, a rope connects to the elastic wood or bamboo through a thread
joint (JT) to restore the original position after moving by the elastic potential. There-
fore, the ropes are analyzed as the rigid components in these devices.

3.2 Ancient Arab

Al-Jazari is one of the most important Arabian engineers in the 12th century with
various mechanical inventions [8]. In this paper, a water-lifting device and an
automaton puppet are introduced as examples of rope applications in ancient Arab.
Figure 6(a) shows the animal-driven water lifting device with a frame, a scoop wheel,
two pair of gears, a pulley, and a rope with buckets. The input motion is continuous
rotation from the cattle that drives the shaft of the gears at the right side, and the motion
is transmitted through the upper gears, the pulley, and the rope with buckets to drown
and lift water from the pool. The rope is connected to the pulley through a wrapping
joint (JW) that shows its flexibility characteristic. According to the descriptions in the
book [8], this device can also be driven by the scoop wheel.

Fig. 4. The applications of rope with thread joints in China: (a) A mill with a handle [5], (b) A
grain sieving device [5], (c) An oil pressing device [6].
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An Arabic automaton is shown in Fig. 6(b) composed of a frame, a pulley, and a
rope. The rope is connected to the pulley through a wrapping joint (JW) and tied to the
two weights at both ends to keep the tensile force. When water flows into the tank at the
right side, the right weight floats and the left weight falls, therefore the pulley and the
puppets are rotated through the transmission of rope. The flexibility characteristic of the
rope is applied to this device.

3.3 Ancient Japan

According to the Japanese literature [9] of the 18th century, various elaborate automata
were developed in Japan at that period. In this paper, three mechanical devices are
introduced as examples to discuss the applications of rope in that time and area.

Fig. 5. The applications of rope with thread joints and elastic component in China: (a) A cotton
loosening device [6], (b) A water-driven wind box [4], (c) A repeating crossbow [7].

Fig. 6. The applications of rope in Arab: (a) An animal-powered water lifting device [8], (b) A
mechanical puppets with pulley [8].
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A man-powered wind box is shown in Fig. 7(a) composed of frame, an oscillating
lever, two airbags, two sheaves, and a rope. The input is a reciprocated motion pro-
vided by the operator, and the motion transmits through the rope that changes the
directions of motion through the sheaves to oscillating rotation of the lever. The two
airbags are compressed and stretch respectively to make the air blowing out. In this
device, the rope is connected to the two sheaves and both ends of the lever through two
wrapping joints (JW) and two thread joints (JT), respectively.

A mechanical automaton, Fig. 7(b), presents a traditional Japanese legend. When a
carp countercurrents and leaps to the top of the falls, it transforms into a dragon and
raises into the sky. The main part of this automaton is composed of a frame, two
sheaves, and a rope. The rope connecting to the sheaves through two wrapping joints
(JW). By rotating the lower sheave, a carp attached to the rope raises up in the front side
of the device.

Figure 7(c) shows a special application of rope. This automaton puppet tumbles
down from the top of the five stairs that touches the ground with its hands and feet in

Fig. 7. The applications of rope in Japan: (a) Wind box with a lever [9], (b) A mechanical
automaton with a countercurrent carp [9], (c) the five steps tumbling puppet [9].
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sequence. The internal mechanism is composed of a body as a frame, a link of hands, a
link of legs, and a rope. The rope goes through a small hole of the body and is
connected to the hand link and the leg link at the both ends by two thread joints (JT).
When the puppet is in a standing posture, the rope is not straightened so the motion
cannot transmit as Fig. 7(c1). However, when the puppet is in the waist posture, the
center of gravity locates at its shoulder, and the rope is straightened that pulls the leg
link rotates clockwise to tumble down the stairs as Fig. 7(c2). Both the flexibility and
rigidity characteristics of rope are used in this automaton that reflects the creativity of
designer.

An arrangement of the mechanical devices with rope in the presented ancient
literature is shown in Fig. 8. A classification of rope components is made based on its
mechanical characteristic of flexibility and rigidity, and the applications recorded in the
literature are listed to the corresponding characteristics.

Fig. 8. A classification and applications of rope components in three ancient Eastern countries.
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4 Conclusions

From a viewpoint of mechanisms, the records of rope applied to mechanical devices in
the ancient literature from three Eastern countries are surveyed, classified, and ana-
lyzed, including ten Chinese devices, two Arabian devices, and three Japanese devices.
When a rope is used as a flexible component, it is usually applied with sheaves, pulleys,
or a winch with wrapping joints. When it is used as a rigid component, it must be tied
to other rigid links or an elastic component with thread joints. With a rope, the motion
of the mechanism can be transformed from rotation to linear motion and vice versa.
A rope component can transmit motion only when it is straightened, and this charac-
teristic makes it a special part in mechanical applications. In modern time, although
ropes are almost replaced by wires, belts or chains in the industrial machines, these
mechanical characteristics are still used. Moreover, the applications recorded in ancient
literature provide historical evidence of technology development.
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Abstract. This paper gives an overview of current research topics at the
Institute of Mechanism Theory, Machine Dynamics and Robotics of RWTH
Aachen University. A variety of application areas is introduced, including
robotic reconstruction, agile production, additive manufacturing and human-
robot collaboration. Each topic offers novel and unique contributions to its field
of robotics.

Keywords: Radar SLAM � Additive manufacturing � Agile production �
Human-robot-collaboration � Internet of robotics

1 Introduction

The institute of Mechanism Theory, Machine Dynamics and Robotics (IGMR) is an
established chair at RWTH Aachen University with many national and international
partners in research and industry. Ever since, the focus of research has been the
development and optimization of mechanisms of any kind. In 2018, the institute’s
name was visibly augmented by robotics, which has been a well-established research
group within the institute for many years. In the early years, the robotics group has
focused on classical stationary industrial robots only, while maintaining the link to
mechanism development. In the last years, novel fields of application have given rise to
mobile robotics at IGMR. Certain research projects are funded by either the European
Union or the German Universities Excellence Initiative, in addition to industrial
funding.

In this paper, first two approaches in the field of stationary robotics in the appli-
cation areas of additive manufacturing (2) and human-robot-collaboration (Sect. 3) are
described. Afterwards, two approaches to mobile manipulation in the application areas
agile assembly systems (Sect. 4) and reconstruction robotics (Sect. 5) are introduced.
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2 Multidirectional Additive Manufacturing

Additive manufacturing processes offer new possibilities to meet constantly growing
requirements for product individualization and smaller batch sizes, since production is
largely independent of complex component geometries and is possible for more and
more materials. Solids are produced by the layered addition of material, which rep-
resents an added value compared to conventional processes, especially in the pro-
duction of complex geometries with cavities and undercuts [1].

In Fused Layer Manufacturing (FLM), the material (usually thermoplastics) is
successively deposited in a flat layer through a nozzle. This makes it possible to set up
inexpensive manufacturing systems (3D printer, Fig. 1a). However, the component
properties are limited by inhomogeneity due to the layer-by-layer structure [2]. In
addition, there is the necessity for non-functional support structures for overhangs and
inclined surfaces [3].

The aforementioned limitations of 3D printers can be reduced by adjusting the layer
thicknesses and material quantities [4] or curved layers in near-surface areas [5], which
not only improves the printing speed but also the mechanical properties of the com-
ponent [6]. The radii of curvature are limited by the fixed orientation of the nozzle. The
addition of further degrees of freedom is therefore a consistent further development in
order to achieve a greater curvature of the layers. By using robot-guided nozzles, three
rotational degrees of freedom can be realized in addition to three translational degrees
[7], Fig. 1b. The combination of object rotation and translational movement [8] of the
nozzle generates five degrees of freedom, Fig. 1c.

Within the scope of research at IGMR, a 5D printing technique is developed and
implemented [9], in which the object to be printed is continuously moved by a robot
under a stationary 3D print head (see Fig. 2). The addition of degrees of freedom to the
shown component reduces the need for support structures. The strength of the com-
ponents can also be increased, since the layers can be arranged according to the
expected stresses and strains in the component.

Fig. 1. (a) Classical 3D printer; (b) and (c) Concepts for the realization of additional degrees of
freedom in additive manufacturing.
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One focus is the optimization of the trajectory exploiting the kinematic redundancy.
Here significant increases of the printing speed could be proven. Recently, research into
the entire process of additive manufacturing from CAD models to the execution of an
optimized trajectory has moved into focus. This is motivated by the use of multidi-
rectional additive manufacturing for TIG welding with wire feed, Fig. 3a. Since the
material is fed eccentrically, the freedom of movement of the welding head is strongly
restricted. The pure manipulation of the component (with six degrees of freedom) can
therefore avoid this problem and thus enable the above-mentioned advantages for this
process as well. Without the previously mentioned redundancy, preprocessing will be
used for optimization in the future.

Generally, additive manufacturing is based on a sequence of points (path) in the
object coordinate system, which allows the calculation of a sequence of joint states for
a manipulator (3D printer). Input data for the preprocessing of additive manufacturing
are 3D data sets, for example, from a CAD environment. The component information
(CAD data) is transferred to a so-called slicer, which cuts the component into a finite

Fig. 3. (a) Schematic illustration of the TIG welding process [11], (b) Paragrip [12] used for
multidirectional additional manufacturing

Fig. 2. 5D-Printing at IGMR
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number of slices depending on the printing direction [10]. Then, within each layer, a
path is planned that can be executed almost directly on the printer.

With the extension to multidirectional additive manufacturing, the process is no
longer constrained to a single printing-direction. Furthermore, the solution of sectioned
construction of the component is also conceivable and the path planning can vary
depending on the manipulator kinematics and dynamics (e.g. for the Paragrip structure,
Fig. 3b). The essential difference of multidirectional additive manufacturing of TIG
welding at this point is the possible conversion of a single object element into multiple
possible robot end effector poses but just one possible robot configuration to move to a
neighbored object element. The various extensions therefore open up space for opti-
mization already during the path planning. Therefore, further research at IGMR will
study the possibility of manipulator-based path planning for multidirectional additive
manufacturing.

3 Human-Robot Collaboration

Research on human-robot collaboration (HRC) provides a wide range of applications in
the context of Industry 4.0. By combining human capabilities, such as experience,
improvisation and learning skills, with the precision and high payload capacity of robot
manipulators, HRC systems prove particularly suitable as an assistance medium and for
automating risky or monotonous activities. However, the future scenario of an optimal,
collaborative work sharing compete with conventional automation, despite its safety
restrictions and reduced performance.

The continuous development of robot manipulators, sensor systems and safety
devices enables a rising use of industrial robots within HRC. In this context, humans
and robots work interactively and without separating safety fences in a common
workspace. The classification of human-robot collaboration into different forms of
interaction between humans and technology is illustrated in Fig. 4. Whereas other
forms of interaction tend to spatially or temporally separate manual and automated
activities, human-robot collaboration ensures the simultaneous work of human and
robot on the same object [13].

Fig. 4. Types of human-robot interaction
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The physical integrity of humans is guaranteed by sensor-based safety devices and
intelligent control systems, which minimize the risk potential of robots by active
collision avoidance or force and power limitation. Accordingly, the physical contact
between humans and robots is accompanied by significantly reduced velocities, as well
as force and torque monitoring, in order to minimize technical risks and prevent injuries
to humans in accordance with standardized biomechanical limits [14].

Collaborative operation of industrial robots requires compliance with specified
velocity and force/torque limits and the use of an appropriate protective equipment
[15]. In this context, practical applications distinguish between velocity and proximity
monitoring systems, preventing physical contact between humans and robots, and
systems with power and force limitation, limiting the contact forces occurring during
collisions.

In the first case, the robot is exemplarily equipped with a capacitive sensor skin or
the entire working area is monitored using visual sensors. Force and power limitation
can be actively controlled by torque sensors or a tactile skin. In addition, such robots
provide smooth surfaces and rounded edges and can be equipped with further passive
safety mechanisms, such as flexible drives or a padded covering.

In this context, Industry 4.0 provides outstanding opportunities for the generation
of new jobs - especially through the development of new technologies and efficient
communication between people and innovative machines and plants. Within the project
“Inclusive workplaces of the next generation” this idea will be addressed at IGMR by
upgrading the private sector workplaces with robotic support systems (see Fig. 5).
Thus, innovative and inclusion-promoting jobs are to be created, especially for phys-
ically and cognitively disabled people, often receiving little attention on the general
labor market.

The core element of the project is the use of lightweight robots as flexible support
systems for the individual expansion of physical and cognitive abilities of disabled
people. In this way, the conflict between economic productivity and the inclusion of

Fig. 5. Inclusive workplaces based on human-robot collaboration
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disabled people can be resolved: On the one hand, companies develop a new group of
employees for technically supported, demanding fields of activity. On the other hand,
disabled people are given the opportunity of equal participation in working life - and a
satisfied and more independent life based on work.

4 Agile Assembly Systems via Consensus of Robotic
and Sensoric Networks

Agile and freely networked assembly systems, which are characterized by the col-
laboration between several mobile and stationary robots in a sensoric network, can be
represented as a part of the Internet of Production (IoP) [16]. To realize such a system
the robotic and global sensoric systems should be networked with each other. The
information flow from other domains of production can also be integrated in this
network to gain the advantages of big data for machine learning. A corresponding
modelling approach and the application to exemplary individual processes provide
insights into the necessary data provision (sensor network), data structuring (percep-
tion) and data feedback (information network) (see Fig. 6).

At IGMR an assembly system consisting of such a combination of robotic and
sensoric systems is available. To smoothen the integration in the infrastructure of the
Internet of Production, a framework consisting of four scopes is established. A cloud
computation structure is responsible for the up-level comprehensive control of the
system (see Fig. 7) [17]. Different robotic systems collaborate in the process. The
robotic agents can be divided in three main types: (mobile) manipulators, mobile robots
and stationary robots as stationary reconfigurable workstation (e.g. gantry robot).

Fig. 6. Robotic, sensoric and information networks
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The local referencing and metrology between these agents is realized by an indoor GPS
(iGPS). The environment of the process is monitored via depth cameras. The com-
munication takes place via a common information network. A metamodeling structure
implemented in a cloud structure supports communication between these scopes.

In the applications of Industry 4.0, robots are used in very diverse scenarios, in
which they collaborate and interact with humans or other robots. The topics of robotic
artificial intelligence, machine learning and autonomous robotics are of particular
interest. Before such an application is realized, they can be tested and examined in a
virtual environment. Not only the robots, but also the environment with machines,
humans and sensors are modelled and their interactions simulated. Furthermore, the
knowledge from the real world (such as quality management, maintenance, user
feedback circle, etc.) is integrated in the models. A corresponding modelling approach
provides insights into the necessary data provision, data structuring and data feedback,
which enables the generation of a so-called digital shadow. The Digital Shadow brings
a dual capability to the system: On the one hand, prefabricated data in the simulation
can facilitate the data mining capabilities (adaptive systems, artificial intelligence, etc.)
on the other hand, the real-time data flow from the physical environment will generate
an adaptable and self-optimizing system based on the simulation of reality [18]. Fol-
lowing, the scopes of the Fig. 7 are detailed:

Digital Shadow
This section concerns the modelling and simulation of the whole system and its scopes.
These system scopes enable the development of comprehensive communication and
adaptive control systems. The common application of extended Augmented Reality
(AR) or Virtual Reality (VR) in the physical environment of the robot network can also
be integrated in the process.

Fig. 7. Framework for an agile robotic assembly network
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Process Planning
The process planning scope is responsible for the optimal task planning and scheduling
of the overall system. The system-specific information from component modelling (e.g.
robot workstation, payload, gripper information and internal sensor network informa-
tion) is collected and comprehensive process specific parameters are determined.

Component Modelling
The independent modelling of all system components is part of the component mod-
elling scope. Within, the kinematics and dynamics model of the robots its internal
sensors are carried out and model reduction and sensor data integration are realized.

Physical Robotic and Sensoric Network
Local control systems (e.g. adaptive regulation for failure compensation) as a com-
plement to the higher-level control system in the cloud is implemented within the
physical robotic and sensoric network scope. Real-time exchange of information with
the cloud enables possible re-planning of the process.

The further research focus at IGMR in this context is set on the optimization of a
meta-model, integrated in the cloud structure and the development and evaluation of a
simulation environment for robot and sensor systems, which constitutes a basis to the
“Digital Shadow”.

5 Cognition in Low Visibility Environments

Despite the high degree of industrial automation, robotic solutions are not yet widely
used for reconstruction. Manual Asbestos-removal in particular is a cost-intensive
process, which also requires complex security measures to protect the human workers
from possible health hazards. This can lead to delays or the complete cancellation of
the removal process. In order to counteract the challenges of Asbestos-removal, a semi-
autonomous robotic system is being developed within the EU project “Robots to
Reconstruction” (Bots2ReC) [19]. A central challenge of this project is the localization
of the mobile unit in the infested building using a Simultaneous Localization and
Mapping (SLAM) approach. Although the original SLAM problem has been exten-
sively addressed in literature [20], the low visibility environment, constituted by dust
and debris from the removal process, requires unique and novel cognition approaches.

Parts of this article were already published in [21] in German language.

5.1 Radar Technology: Benefits and Challenges

In common SLAM approaches, laser or vision sensors are used to generate a map of the
environment. In this map, the robot can localize itself using the current sensor readings
and an optimization approach. In low visibility environments, operating vision or laser
sensors is prone to high errors. Laser beams offer a short wavelength, which leads to
reflections from even the smallest particles. In opposition, radar sensors with their
longer wavelengths are able to penetrate dust and thin walls (see Fig. 8) [22]. This
property makes radar a perfect fit for Bots2ReC.
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Still, the differences in wavelength and carrier energy introduce special properties,
which have to be addressed in the SLAM approach. For once, radar offers multiple
detections per beam, which inflate the size of each data set on a non-constant base
(laser: 720, radar: *15k points/scan). Secondly, in comparison to laser ranging, radar
offers less accuracy, while being more prone to noise. Furthermore, radar offers
intensity values for each detection, which relate to the presence of objects and their
density.

5.2 Radar-SLAM for Low Visibility Environments

The proposed radar SLAM is based on the Probabilistic Iterative Correspondence
(pIC) approach, which uses the Mahalanobis distance metric in order to counteract
uncertainties in the sensor readings [23]. Mahalanobis uses a statistical approach,
which assigns a shorter distance to points along the main axis of a point set. Based on
this metric, pIC uses simple Least Squares to align a scan with the generated map. The
proposed approach augments pIC with three main aspects, enabling the algorithm for
online computation:

Radar Filter
The first step is to reduce the size of the data set. Therefore, a radar filter is developed
with the aim to erase those points, which offer no value to cognition. As objects are
depicted as a cluster of points, it is sufficient to use only the one point per beam, which
correlates with the face of the object. Therefore, the data set is filtered with an
intensity/range threshold and clustered. Afterwards, on each beam and cluster the most
intense point is selected. This reduces the size of the point set to about 360 points.

Fig. 8. Foggy environment (left) and the corresponding sensor readings (red: laser is limited by
fog particles, rainbow: radar penetrates fog)
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Efficient Optimization
As the Least Squares approach in pIC uses multiple 1000 iterations, the algorithm
cannot be executed online. While using a similar cost function to pIC, the proposed
algorithm uses the Nelder-Mead optimization approach instead [24]. This algorithm is
able to optimize all three components of the robot’s pose (x, y, h) simultaneously, while
only needing up to 150 iterations. Each iteration is more costly than in Least Squares,
but overall the optimization is accelerated significantly.

Storage Architecture
Many operations in optimization and distance metric computation are searches for
nearest neighbors. In literature, Quadtrees are used to accelerate such actions [25].
However, trees have the drawback that if a point and its neighbor are part of different
branches, the computational effort rises significantly. Therefore, a simple storage
architecture is developed, which assigns points to quadrants of fixed size. In this
structure, indexation is very simple and cost-efficient. Therefore, nearest neighbor
search is faster than in Quadtrees, which is validated by benchmark testing.

Tests are performed in an empty, large-scale office. The tiles floor is very rough and
results in bad odometric data, which has to be compensated by the algorithm. The test
result is depicted in Fig. 9.

6 Summary

This paper summarizes the current research topics at IGMR in the field of robotics,
which span from classical robotics approaches, like additive manufacturing (Sect. 2), to
IT-heavy research, like computer vision and cognition (Sect. 5). Most research is

Fig. 9. Radar SLAM results in an office building (o.: robot odometry, b.: SLAM path)
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performed in the field of collaborative tasks and work sharing between robots and
humans. Human-robot-collaboration in particular will be an important topic in future
casual life and research.
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