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ABSTRACT 
 

The craniotomy is a surgical task that is required to allow access to the patient’s brain. It consists in using 

neurosurgical drills to open a path through the skull. The high risk resulting from Human dexterous limit 

justifies the use of an accurate robotic system to perform craniotomy. The present work introduces the 

kinematic design of a mechanism for a robotic manipulator dedicated to craniotomy. Motion capture 

experiments have been carried out to measure the motion of a surgical drill during the execution of 

craniotomy on Human cadavers. The results of the experiments are discussed. As this medical application 
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requires a Remote Center of Motion (RCM), a new type of 3-RRR Spherical Parallel Mechanism (SPM) is 

proposed to manipulate the surgical drill. The novelty of this mechanism is the integration of a 

reconfigurable base that re-orients the first revolute joint of the RRR legs. A mechanical architecture concept 

is introduced to implement this reconfiguration. It is made of three pantographic linkages that manipulate 

the base of the SPM. The kinematics of new mechanism is analyzed. The influence of this reconfigurable 

parameter is studied on two different aspects: the mechanism workspace and kinematic performances. 

Based on these kinematic data, the optimization of a mechanism is performed. The drill motion trajectories 

are used to evaluate the behavior of the optimized mechanism. It is finally compared to the classical SPM 

with trihedral base, showing the contribution of the new reconfiguration variable on the mechanism 

dexterity. 

Keywords: Craniotomy, Motion capture experiments, Spherical Parallel Mechanism, Reconfigurable 

mechanism, Optimization, Kinematic performances.

 
1. INTRODUCTION 

 

In some neurosurgery, the surgeon needs to physically access the patient’s brain. 

However, it is protected by the skull, which is the most solid bone of Human anatomy. It 

is therefore required to provide an opening for the insertion of specific neurosurgical 

instruments. This physical access to the brain is performed by a surgical technique called 

craniotomy. It consists in using specific instruments to drill into the skull material [1]. 

There are several types of neurosurgical drills that the surgeon can use depending on the 

type of craniotomy to perform [2]. In full craniotomy, the entire section of the skull, 

namely the Bone Flap, is removed allowing a large access to the brain. The Bone Flap is 

usually preserved during the surgery, then re-installed on the skull for recovery. In this 

case, the neurosurgeon uses two types of drill. One is a semi-automatic cranial perforator 
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which is used to drill a series of holes radially to the skull surface [3]. These holes are made 

around the region to be removed. In order to preserve the patient’s brain, this drill is 

designed to interrupt automatically when the skull reaction force is no longer detected. 

A second type called craniotomy cutter is then used to tangentially drill into the skull from 

one hole to another until the Bone Flap is completely cut off. This second instrument is 

combined with a dura guard, which is a hook that covers the tip of the drill to protect the 

brain from potential contact [4]. Also, the guard is used as reference to indicate the 

operator how deeply the instrument is inserted during the cutting phase. This method 

allows performing a craniotomy safely, even for inexperienced neurosurgeons. However, 

some complicated cases are not suitable with the use of these two types of surgical drill. 

Another type of drill, offering no automatic safety functionality but allowing higher 

accuracy, is then used. The tip of this drill has the shape of a ball allowing to drill both 

radially and axially. It is referred to as “diamond burr” or “rosen burr” depending on the 

surface geometry of the drill burr cut. A model of “rosen burr” type is shown on Fig. 1. 

Although this instrument provides more freedom of motion and flexibility, it is operated 

only by highly experienced neurosurgeons due to the higher level of dexterity that its 

manipulation requires. 

 

Figure 1. “Rosen burr” type surgical drill for craniotomy. 
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Considering the high level of dexterity that is required for craniotomy in general, 

the use of a robotic system for the manipulation of neurosurgical drills has been 

continuously addressed since the end of the 1990s. Indeed, the positioning accuracy 

provided by robot significantly improves the quality of craniotomy. Also, the use of 

robotic manipulators increases the stability 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 motions. 

For these reasons, several studies on robotic assisted craniotomy can be found in the 

literature. The first instance of robotic craniotomy has been reported in 1998, with the 

use of an industrial manipulator PUMA 260 hanging from the surgical room ceiling to 

perform craniofacial surgery [5]. In 2001, another robotic manipulator called “Neurobot” 

has been developed for craniotomy [6]. An anthropomorphic manipulator has been 

reprogrammed in 2003 to control the force interaction between the drill and the patient’s 

skull in otoneurosurgery [7]. The first craniotomy trial on real patient using a robot has 

been perform in 2003 and reported the same year. The RobaCKa system, which is a 

combination between a CASPAR industrial robot and an optronic navigation system, has 

been used for these trials [8]. In 2006, a PA-10 industrial robot has been integrated into a 

tele-operated system to propose a tele-robotic skull drilling application [9]. The first non-

anthropomorphic mechanical architecture used for a craniotomy robot has been 

reported in 2007. A Steward platform (hexapod) has been equipped with a drill mounted 

on an active prismatic joint. While the hexapod performs the linear and angular 

positioning of the drill, the device provides its longitudinal insertion [10]. The same year, 
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an even more original architecture has been used to perform a series of simulated 

craniotomy on a plastic skull model. This mechanical architecture can provide the 

decoupled control of the drill position and orientation [11]. The “CRANIO” robotic system 

has been designed to perform automatic milling resection craniotomy. A series of 

experiments to test the accuracy of the system have been reported in 2010 [12]. A 

concept of Steward robot directly mounted on the patient’s head to perform keyhole 

craniotomy has been introduced in 2012. This hexapod is reconfigurable for the 

maximization of its accuracy [13]. Recently, a new approach based on mechanism design 

has appeared in the literature. In 2016, a hybrid mechanical architecture that generates 

a decoupled Remote Center of Motion (RCM) has been designed [14]. A serial spherical 

mechanism has been optimized based on kinematic and force transmission capacity in 

2015 [15]. And a parallel mechanism for spherical motion has been developed in 2018 

[16]. 

By studying the literature review of mechanical architectures used for craniotomy 

procedures, it can be concluded that the two dominants tendencies are the 

anthropomorphic and hexapod architectures. At first, the objective of such studies was 

to demonstrate the feasibility of robotic assisted craniotomy, so the attention towards 

the architecture was limited. Later, the hexapod architecture has been selected for 

several prototypes due to their high accuracy. These two kind of mechanism have been 

used for a long period before researchers start to propose more adapted architectures. 

Indeed, anthropomorphic and hexapod architectures are over-dimensioned for the 

present application which significantly increases the acquisition price. They generate 
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more DoF than necessary. According to our discussions with neurosurgeons and our 

motion capture experiments, it appears that 2 angular DoF RCM combined with one 

longitudinal linear DoF is a reasonable assumption for the kinematic of this surgical task. 

The RCM point should be located at the center of the patient skull. However, the reported 

robots for craniotomy cannot generate an RCM without a complex trajectory programing, 

which represents a potential risk the patient. In order to manipulate the surgical drill, the 

use of an RCM mechanism represents a much safer and cheaper option. In the present 

study, the kinematic design of a robot for craniotomy is addressed by proposing a 

reconfigurable spherical mechanism. A preliminary kinematic analysis of this 

reconfigurable mechanism has been introduced in the IFToMM Symposium on 

Mechanism Design for Robotics in 2018 [17]. In the present extended manuscript, a more 

advanced kinematic analysis is provided and the mechanism concept is optimized for 

craniotomy application. Also, the possibility of controlling a new reconfiguration 

parameter to improve the kinematic behavior of the proposed mechanism is 

demonstrated by simulation and a feasible CAD prototype is provided. The introduction 

of the reconfigurable parameter allows the RSPM to perform craniotomy trajectories 

without significant deterioration of the dexterity. To determine the reconfigurable 

parameter value that optimize that mechanism dexterity, kinematic simulations are 

carried out. But this method is not suitable with the real time control, which will be 

subject to further studies. The presented mechanism is based on the kinematic data 

collected during a series of experiments on Human cadavers. The next Section presents 

the experimental protocol for the collection of these data and the results of these 
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experiments. The third Section focuses on the kinematic analysis of a new reconfigurable 

Spherical Parallel Mechanism used for this application. The mechanism is then optimized 

to increase its kinematic performances in Section 4. In Section 5, the optimum mechanism 

is compared to the classical versions of the same type of mechanism. The conclusion is 

provided in the last Section. 

 
 
2. KINEMATIC ANALYSIS OF MANUAL CRANIOTOMY 

 

A series of medical experimentations have been carried out to collect the 

kinematic data associated to the practice of craniotomy. The result will allow defining the 

kinematic specifications of a mechanism for this application. 

2.1. Experimental Protocol 
 

The objective of the present experiments is to measure the motion of the surgical 

drill during a craniotomy. This measurement campaign has been carried out at the 

Anatomic and Biomechanics Simulation Laboratory in the Faculty of Medicine and 

Pharmacy of the University of Poitiers, where the access to Human cadavers has been 

granted. The experiments consisted in performing manual craniotomy on Human 

cadavers while tracking the position and orientation of the drill. The cadaver has been 

prepared by the neurosurgeon by removing the skin and all muscle and flesh to reveal the 

skull. An optronic motion capture system has been used to collect the kinematic data of 

the surgical drill while the surgeon was performing the craniotomy. It is typically 

composed of a series of synchronized cameras capable of detecting and localizing 

reflective markers in a 3D environment. The Qualisys motion capture (MoCap) system, 
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composed of a set of 8 Miqus M1 cameras with 1 MP and up to 250 fps, has been used to 

collect these data. In the presented study, the choice of marker sets as well as the 

segment reference definition were established based on the experience feedback of 

biomechanics research. A set of markers were fixed on the drill for position monitoring 

and on the expert as a visual reference. The MoCap system was then used to track and 

record the position of these markers. Qualisys Track Manager (QTM) software was 

employed to evaluate the evolution of the spatial coordinates of each marker in time, 

with respect to a global reference frame. The data are typically a set of coordinates for 

each marker as a function of time at a rate of 100Hz.  

The reflective markers have been installed on the surgical drill for the 

measurements and several anatomical places of the cadaver’s skull for reference, as show 

in Fig. 2. The markers attached to the frontal region of the cadaver’s skull have been used 

to generate a reference frame that is used as a coordinate system for localizing the drill. 

Other markers have been placed along the longitudinal axis of the drill. Directly using the 

patient’s anatomy as a reference is a classic method for intra-operative navigation using 

optronic system. The cameras have been placed around the scene. The surgical drill used 

for these experiment is a rosen burr type model GD-675 from Aesculap that can reach a 

speed or 80000 rpm. The same model is shown on Fig. 1. It is powered by electricity and 

activated by a ground pedal. 
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Figure 2. Left: Scheme of the used Qualisys motion capture system, including 8 Miqus 

cameras, a camera cable, a power unit, and a computer. Right: Reflective markers 

installed on the surgical drill and cadaver’s skull.  

A series of craniotomies have been performed by the neurosurgeon while the 

optronic system was recording. They have been done in several zones of the skull that 

represent an anatomical interest for the neurosurgeon, such as frontal and temporal. 

These zones are illustrated in Fig. 3. 

 

Figure 3. Anatomical zones of interest for the neurosurgeon. 

2.2. Kinematic results and specification 
 

Left frontalHole frontal
Temporal
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According to the data collected from the motion capture system, the surgical drill 

seems to follow a specific kinematic. It appears that as the tip of the drill is following the 

surface of the skull, its longitudinal axis is always approximately oriented towards the 

center of the skull. This confirms the preliminary visual observations that led to the 

proposal of spherical architecture in craniotomy [14-16]. Defining the kinematic of 

craniotomy to a RCM which center of rotation is approximately located at the patient’s 

skull center is a reasonable assumption that has been confirmed by the neurosurgeon 

involved in the experiment. According to his expertise, maintaining the longitudinal axis 

of the drill directed to the center of the skull allows the Bone Flap to present a trapezoidal 

section. This geometric characteristic will prevent the Bone Flap from falling on the 

patient’s brain when completely cut and will facilitate its repositioning to close the skull 

after the surgery. Consequently, the kinematic of the surgical drill is studied in terms of 

angular positioning. As shown on Fig. 4, the Euler angles are chosen to describe the 

motion of the drill. In this study, the kinematic is limited to two angles: the drill is first 

rotated around its longitudinal axis, then rotated around a transversal axis, which is 

orthogonal to the longitudinal axis and is passing by the tip of the drill. These angles, 𝜓 

and 𝜃 , are calculated using the 3D coordinates of the markers attached to the drill. 

Knowing the coordinates of the drill longitudinal axis allows determining the two Euler 

angles mentioned above.  
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Figure 4. Kinematic of the surgical drill in craniotomy. 

For each region of the cadaver’s skull, the reference frame was constructed to 

orient its z axis approximatively normal to the skull surface. Based on this coordinate 

system, the orientation angles of the drill was recorded during several craniotomy 

operation. The evolution of these angles are displayed in Fig. 5. The computed angle 

boundaries for the four locations, shown on Fig. 3, are given in Table 1, which represent 

the most explored locations in craniotomy. One observe that value of angle 𝜃 does not 

go greater than 14°. 
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Fig. 5. Evolution of the drill orientation angles during the craniotomy operation on 

Human cadaver. 

Table 1. Bounding values for orientation angles. 

 Locations 

Angles  

(°) 

Hole frontal 

Trajectory 1 

Left Frontal 

Trajectory 2 

Right Frontal 

Trajectory 3 

Left Temporal 

Trajectory 4 

Right 
Temporal 

Trajectory 5 

𝜓 
Min -94.6 -85.7 -111.3 -134.6 -108.5 

Max 283.7 247.6 84 -88.4 -81.1 

𝜃 
Min 0.6 0.2 0.3 1.4 3.4 

Max 6.1 8.9 13.3 5 4.6 

 

 
3. SPHERICAL PARALLEL MECHANISM WITH RECONFIGURABLE BASE 
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A specific mechanical architecture is proposed for this neurosurgical application. 

The kinematic effects of the architectural modifications on this mechanism are studied in 

this Section. 

3.1. Mechanical Architecture Definition and Kinematic Model 
 

Based on the results of the previous Section, a series of kinematic requirement 

have been established. According to the recent literature review on craniotomy robot, 

RCM mechanical architectures seem to be more adapted. Therefore, the use of Spherical 

Parallel Mechanism (SPM) is proposed for this application. The SPM is known for 

displacing its end-effector on paths located on a spherical surface of a given radius. This 

particular kinematics is called Remote Center of Motion (RCM). In other words, the end-

effector can rotate around any axis passing through a fixed point, which is the center of 

the sphere. To manipulate their end effector with 3 angular Degrees of Freedom (DoF), 

some SPM are composed of three legs connecting a moving platform (end-effector) to a 

fixed base. Different approaches deal with SPM in literature. Designs based on 3-RRR legs 

were introduced in [18] and the Agile Eye in [19] Material and dimensional optimization 

for a 3-CRU type is presented in [20]. The required torques to ensure a correct trajectory 

and speed for a 3-RRP is studied in [21]. And the suppression of internal unnecessary 

mobilities for a 3-RUU is described in [22,23]. The design of SPM focuses on the size of its 

orientation workspace as well as kinematics performances, as for 3-RRR structure [24,25]. 

The obtained optimal solution is often linked to specific requirements. In order to cope 

with this limitation, reconfigurable solutions could be investigated. The advantages of 

developing re-configurable systems include adaptability, reusability, convertibility, 
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compactness, fault-tolerance and emergency behavior [26]. A configuration concept is 

introduced in to change robot characteristics in operation in [27]. The classical 3-RRR 

planar mechanism has been compared to a 4-RRR reconfigurable version that presents 

one additional leg. The second mechanism showed higher kinematic and dynamic 

performances [28]. A 9-DoF 3-PPPRS reconfigurable mechanism has been compared with 

three other non-reconfigurable 6-DoF mechanisms (3-PRPS, 3-PPRS and 3-PRRS) and has 

shown superior static and dynamic stiffness [29]. A parallel mechanism made of three 

reconfigurable rTPS legs has been presented with a unified kinematic model. The first 

Hooke (rT) joint of each legs allows two different working phases [30]. Recently, a 3-PRPR 

parallel mechanism with reconfigurable base has been reported. By adjusting the 

geometric configuration of the base, the mechanism shows improved workspace, 

stiffness and dexterity [31]. A 4-RRS mechanism with a reconfigurable parallelogram 

linkage mobile platform has been studied in terms of transferability [32]. 

The main approaches that have been proposed for reconfiguration of parallel 

mechanisms are aimed to adapt them to the environment and task changes. Such a 

method has been proposed to increase the accuracy of the robot during the craniotomy 

[33]. In the present study, the geometric reconfiguration of a 3-RRR SPM base is provided 

by the mean of pantographic linkages. The motion given by these pantographic linkage 

generate a new reconfigurable parameter, which effect on the workspace and the 

dexterity is investigated. The original SPM is made of three serial spherical arms that 

connect the base to the end effector. Each of them is composed of two spherical linkages 

which dimensions are respectively measured by the angle α between z1k and z2k and β 
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between z2k and z3k. The input variables of the mechanism are given by the angles 

measured at the first revolute joint of each arm. All other joints are passive. The platform 

of this mechanism is located by the axis zE that passes through its center. Its dimension is 

measured by the angle γ between z3k and zE. Classically, the active revolute joint axes of 

the SPM are disposed as a trihedral form. Which means that z1A, z1B and z1C are oriented 

as the three orthogonal axes x, y and z of a reference frame.  

 

Figure 6. Kinematic drawing of the 3-RRR Spherical Parallel Mechanism. 

A new design parameter is introduced for the geometric reconfiguration of the 

SPM base. A similar concept has been presented in order to identify an optimum 3-RRR 

SPM for tele-echography [25]. However, although this new parameter was introduced as 

an additional design variable, its effect on the mechanism characteristics such as 

workspace size or kinematic performances was not investigated. The main weakness of 

the classical 3-RRR SPM is the instability of its kinematic behavior over its workspace, 

which is excellent at the workspace center but rapidly deteriorates when moving away 
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from it. One of the contribution of this study is to improve that behavior by introducing a 

reconfigurable parameter. As a mechanical architecture made of three serial spherical 

arms, it is mandatory that all revolute joint axes are directed to the center of rotation, 

including the input joints z1A, z1B and z1C, which constitute the mechanism base. The 

center of the workspace is represented by the axis zW. It is located at the same fixed angle 

λ from each reference frame axes x, y and z. In the present proposal, the base of each 

RRR arm z1k is oriented by an angle ω from the one reference frame axis respectively. This 

angle ω is formed on the planes (OxzW), (OyzW) and (OzzW) as shown in Fig. 7. The 

calculation of the angle λ is explained bellow. 

 

Figure 7. Kinematic of the base SPM reconfigurable base. 

To obtain a technically feasible mechanism, it is proposed to orient the mechanism 

joints axes z1A, z1B and z1C using a pantographic linkage of each of them, as illustrated in 

Fig. 8. It should be noted that the mechanism shown on this CAD model is destined to 

serve as a prototype for preliminary testing. In a final version, it is planned to mount the 

pantograph linkage above the SPM mechanism. This architecture is known to generate a 

RCM of one DoF. The base of each pantographic linkage is attached to a common central 

base while their output linkage is attached to one RRR arm of the SPM. Their positions 
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have been specifically adjusted so that their center of rotation corresponds to the 3-RRR 

SPM center of rotation. All pantographic mechanisms generate the same rotation at the 

same time. This synchronization is provided by two transmission stages. The first one 

consists in a central gear that transfers the revolute motion of a motor to three satellite 

gears. In the second stage, each satellite gear is attached to a worm gear combination 

that guide the rotation of the input joint of one pantographic mechanism. The motor can 

then control the configuration of all the pantographic mechanisms at once by rotating 

their horizontal linkage. Particularly, the angular position of the upper horizontal linkages 

that are attached to the SPM base (z1k), will rotate around the whole mechanism center 

of rotation. Therefore, the synchronized control of the three pantographic linkages will 

re-orient the SPM active revolute joint axes z1A, z1B and z1C around the same center of 

rotation around the axes xω, yω and zω respectively, as presented in Fig. 6. The classical 

base configuration can be obtained by setting ω to 0. In this configuration, the mechanism 

base represented by axes z1A, z1B and z1C will form a trihedral shape and axes mentioned 

will be confused with axes x, y and z respectively. From this position, increasing ω in the 

positive direction (ω > 0) will reduce the size of the mechanism base as the first revolute 

joints of each RRR arm is moving toward the workspace center, meaning that axes z1k are 

rotating toward the axis zW. This reconfiguration is literally referred to as “closing the 

base”. On the other hand, “opening the base” can be carried out by increasing the angle 

ω in the negative direction, which will re-orient the z1k axes away from the workspace 

center. 
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Figure 8. Conceptual CAD of the 3-RRR Reconfigurable Spherical Parallel Mechanism. 

By its particular architecture, the 3-RRR SPM generates a Remote Center of 

Motion (RCM). In order to simplify the present study, the radius of the resulting spherical 

motion is assumed to be equal to one. Here, the mobile platform is located by 3 Euler 

angles. The origin position is represented by an axis, namely zW of coordinates [1/√3 1/√3 

1/√3], which is located at the middle between the x, y and z unit vectors of a reference 

frame. From this origin, the end effector is moved by the angle ψ, 𝜃 and φ. The rotation 

matrix RE associated with the end effector in this particular location can therefore be 

calculated by the successive rotations bellow: 
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 𝐑𝐄 = 𝐑𝐳(𝜋 4⁄ ) ∙ 𝐑𝐲(𝜆) ∙ 𝐑𝐳(𝜓) ∙ 𝐑𝐱(𝜃) ∙ 𝐑𝐳(𝜑), (1) 

With Ru(α), rotation matrix of angle α, about axis u. The two first rotation matrices 

allow centering the end effector on the axis zW. In this regards, it is necessary to rotate 

π/4 around the z axis to place the y axis normal to the plane (OzzW). The angle λ has been 

calculated to be around 54.74 degrees or 0.955 radian. The rotation matrix RE can be also 

interpreted as the reference frame attached to the manipulator end effector. 

The inverse kinematic model (IKM) of the 3-RRR SPM has been already addressed 

in [25]. The resolution method consists in finding, for each RRR leg, the input coordinate 

𝜃1𝑘  that places the second joint z2k at an angle of β from the third joint z3k which is located 

by the end effector. This can be described as followed: 

 𝐳𝟐𝒌 ∙ 𝐳𝟑𝒌 = cos 𝛽, (2) 

With k = A, B or C, referring to the mechanism RRR legs.  

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 𝛾. The axis z2k is calculated by the angle α, the 

input coordinate 𝜃1𝑘  and the angle ω that gives the orientation of the base located by z1k. 

The SPM base axes coordinates are now obtained as follows: 

 {

𝐳𝟏𝐀 = 𝐑𝐱(𝜋 4⁄ ). 𝐑𝐳(𝜔). 𝐱

𝐳𝟏𝐁 = 𝐑𝐲(𝜋 4⁄ ). 𝐑𝐱(𝜔). 𝐲

𝐳𝟏𝐂 = 𝐑𝐳(𝜋 4⁄ ). 𝐑𝐲(𝜔). 𝐳

. (3) 

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 ω-
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inclination is oriented toward the center of the reference frame. The axis z2K of each arm 

is then calculated as shown below: 

 {

𝐳𝟐𝐀 = 𝐑𝐱(𝜃1𝐴). 𝐑𝐳(𝛼). 𝐳𝟏𝐀
𝐳𝟐𝐁 = 𝐑𝐲(𝜃1𝐵). 𝐑𝐱(𝛼). 𝐳𝟏𝐁
𝐳𝟐𝐂 = 𝐑𝐳(𝜃1𝐶). 𝐑𝐲(𝛼). 𝐳𝟏𝐂

. (4) 

By substituting Eq. (3) and (4) into Eq. (2), the IKM can be developed to obtain a 

system of equations that involves the input variables 𝜃1𝑘, and the end effector angles (ψ, 

𝜃, φ). It is written as followed: 

 {

𝐿𝐴cos(θ1A) + 𝑀𝐴sin(𝜃1𝐴) = 𝑁𝐴
𝐿𝐵cos(θ1B) + 𝑀𝐵sin(𝜃1𝐵) = 𝑁𝐵
𝐿𝐶cos(θ1C) + 𝑀𝐶sin(𝜃1𝐶) = 𝑁𝐶

, (5) 

With Lk, Mk and Nk, functions of the mechanism geometric parameters α, β and γ, 

and the end effector orientation angles ψ, 𝜃 and φ. Each of these equation is factorized 

as followed: 

 √𝐿𝑘
2 +𝑀𝑘

2 ∗ (
𝐿𝑘

√𝐿𝑘
2+𝑀𝑘

2
∗ cos 𝜃𝑘1 +

𝑀𝑘

√𝐿𝑘
2+𝑀𝑘

2
∗ sin 𝜃𝑘1 −

𝑁𝑘

√𝐿𝑘
2+Mk

2
) = 0. (6) 

It is then assumed that: 

 
cos 𝛿 = 𝐿𝑘 √𝐿𝑘

2 +𝑀𝑘
2⁄

sin 𝛿 = 𝑀𝑘 √𝐿𝑘
2 +𝑀𝑘

2⁄

 (7) 

Substituting Eq. (7) into Eq. (6) yields to: 

 cos 𝛿 ∗ cos 𝜃𝑘1 + sin 𝛿 ∗ sin 𝜃𝑘1 =
𝑁𝑘

√𝐿𝑘
2+𝑀𝑘

2
. (8) Acc
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The equation above can be solved by isolating the input variables 𝜃1𝑘. For each 

leg, the input coordinate allowing the end effector to reach the orientation (ψ, 𝜃, φ) is 

given by the following equation: 

 𝜃1𝑘 = cos−1 (𝑁𝑘 √𝐿𝑘
2 +𝑀𝑘

2⁄ ) + atan2(𝑀𝑘, 𝐿𝑘), (9) 

With Lk, Mk and Nk, functions of the mechanism geometric parameters α, β and γ, 

the end effector orientation angles ψ, 𝜃 and φ and the reconfigurable parameter ω. For 

each arm of the RSPM, the IKM leads to the same solution as the classical SPM. The 

difference is that the parametric functions Lk, Mk and Nk now include the variable ω. It can 

be consequently anticipated that the variable has an impact on the SPM behavior 

(workspace, kinematic performance, etc.). 

3.2. Workspace of the Reconfigurable Spherical Parallel Mechanism  
 

It has been shown in the previous Section that the introduction and variation of 

the new parameter ω had an impact on the kinematic model of the SPM. Its effect on the 

workspace and the dexterity are studied. For a given set of geometric parameters, the 

operational workspace of the Reconfigurable Spherical Parallel Mechanism (RSPM) can 

be studied by using existence condition of a solution to the inverse kinematic model. By 

studying Eq. (3), it is found that a set of two conditions per leg should be satisfied:  

 {
𝐿𝑘

2 +𝑀𝑘
2 − 𝑁𝑘

2 > 0

𝐿𝑘
2 +𝑀𝑘

2 = 1
. (10) 

For every possible set of orientations (ψ, 𝜃) of the end effector, the conditions 

given by Eq. (10) is checked for each RRR leg. It is tested in a semi-sphere zone, i.e. ψ ϵ [0 

; 360] and 𝜃 ϵ [0 ; 90]. The third DoF measured by the angle φ that the SPM provides will 
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spin the drill around its longitudinal axis. As it is not used here, it will be fixed and the use 

of this DoF as a reconfigurable parameter will be the subject of further research. In the 

present study, the spinning angle φ is maintained to 0 as it is intended to study the 

workspace in Cartesian coordinates. This allows, for a given set of geometric parameters 

of the SPM, to display its operational workspace as shown on Fig. 9. Preliminary visual 

observations have revealed a workspace of following characteristics: 

- The outside boarder of the workspace has the shape of a spherical equilateral triangle, 

which corners are located near the base of each RRR leg. 

- Three circular holes are located near the spherical triangle corners. Their position is 

symmetrical around the workspace center. 
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Figure 9. 3-D representation of the 3-RRR RSPM workspace in Cartesian space for 

several set of geometric parameters (𝛼, 𝛽, 𝛾 and 𝜔). 

Displaying the SPM workspace for several sets of geometric parameters has 

allowed several observations regarding the effect of these parameters:  

- The workspace dimension increases with the sum of parameters α and β. Therefore, 

permuting α and β does not affect the size of the workspace. The location of the 

hollows does not change (see second and fourth columns of Fig. 9); 

- The size of the three holes increases with the difference between α and β. Therefore, 

they will disappear when α and β are equal; 

- Increasing the angle γ, which refers to the size of the platform, will increase the 

dimension of the workspace but will also displace the three holes toward the center. 

For a relatively small value of γ, the holes will cut off the corners of the spherical 

triangle. 

To highlight the influence of the angle ω, the RSPM workspace is displayed for 

several set of geometric parameters. It can be observed that the geometric parameter ω 

has a similar effect as γ on the SPM workspace. For a given set of α, β and γ angles, the 

outside boarders of the workspace are enlarged while ω is increasing, i.e. when closing 

the base. Also, the three hollows are progressively moving toward the center of the 

workspace. On the other hand, opening the base by decreasing ω will reduce the 

dimension of the outside boarders while the three hollows are moving in toward the 

workspace corners. If the leg linkage dimensions are small enough and the base “opened” 

enough, the three hollows partially disappear as they cut off the workspace corners.  
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The presence of discontinuities in the SPM workspace is a disturbing phenomenon 

that considerably compromises the manipulator kinematics. This could be avoided by 

setting the angles α and β to be equal, or by reducing the size of the platform (angle γ). In 

order to determine the size and position of these holes, a numerical method is used. The 

first step consists in locating the boarder of these holes by detecting the change of the 

result of Eq. (10) over the mechanism workspace. For each hole, the coordinates of their 

geometric center is calculated by finding the point that minimizes the standard deviation 

of its distance from all boarder points. When that deviation is extremely low, these 

distances can be considered as an accurate estimation of the radius between the 

workspace hole center and its boarder.  

 

Figure 10. Identification of the workspace holes center. 

Based on this method, both the position and the size of the holes can be 

determined by the coordinate of their center and by their radius, respectively. Also, this 

method has revealed that these three holes are symmetric. By collecting these data for 

several set of mechanism parameters, a relationship has been found to determine the 

size and position of the holes based on the mechanism parameter values. Accordingly to 
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the preliminary visual observation, the size of the hole depends on the size difference 

between the proximal and distal linkages of the mechanism leg. Since the hole is located 

on a spherical surface, its size 𝜃𝑅  is expressed by the angle between its center and its 

boarder as followed: 

 sin 𝜃𝑅 = 0.02 ∗ |𝛼 − 𝛽|. (711) 

The position of the hole is expressed using angular coordinates. The angle 𝜃𝑃 

denotes the angle between the mechanism workspace center axis zW and the axis passing 

by the hole center. 

 𝜃𝑃 = λ − 𝛾 − 𝜔, (12) 

Where λ, the angle between axes zW and x, y or z, as described in Fig. 7. 

3.3. Kinematic Performance of the Reconfigurable Spherical Parallel Mechanism  
 

The kinematic performance of the RSPM is computed using the condition number 

of the mechanism Jacobian matrix J. This method is proposed by Gosselin [33] and it can 

be a reliable measure of dexterity. This index can be written as: 

 𝜂 = 1 𝜅(𝐉)⁄ , (13) 

Where κ(J) = ǁJǁ.ǁJ-1ǁ. In the present case, the RSPM Jacobian matrix is obtained by 

differentiating the IKM given by Eq. (2) with the time. This yields to: 

 𝐳̇𝟐𝐤𝐳𝟑𝐤 + 𝐳𝟐𝐤𝐳̇𝟑𝐤 = 0. (14) 

The velocities of axes z2k around axes z1k are given by the velocities of the input 

variables  𝜃1𝑘  and the velocities of axes z3k around the origin reference frame is given by 

the angular velocity vector ω. The derivate of axes z2k and z3k can then by written as 

followed: 
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 𝐳̇𝟐𝐤 = 𝜃̇1𝑘𝐳𝟏𝐤 × 𝐳𝟐𝐤, (15) 

 𝐳̇𝟑𝐤 = 𝛚 × 𝐳𝟑𝐤, (16) 

With 𝛚 = [

𝜃̇ cos(𝜓) + 𝜑̇ sin(𝜃) sin(𝜓)

𝜃̇ sin(𝜓) − 𝜑̇ sin(𝜃) cos(𝜓)

𝜓̇ + 𝜑̇ cos(𝜃)

]. 

Equation (15) and (16) are substituted into Eq. (14) to obtain: 

 𝐳𝟏𝐤 × 𝐳𝟐𝐤 ∙ 𝐳𝟑𝐤𝜃̇1𝑘 = 𝐳𝟐𝐤 × 𝐳𝟑𝐤 ∙ 𝛚 (17) 

The mechanism velocity model is then written in a matrix form given by the 

following equation: 

 𝐁𝐪̇ = 𝐀𝛚 (18) 

With 𝐪̇ = [𝜃̇1𝐴 𝜃̇1𝐵  𝜃̇1𝐶]
T

 and A and B the parallel and serial Jacobian matrices, 

calculated as followed: 

 𝐀 = [

(𝐳𝟐𝐀 × 𝐳𝟑𝐀)
𝑇

(𝐳𝟐𝐁 × 𝐳𝟑𝐁)
𝑇

(𝐳𝟐𝐂 × 𝐳𝟑𝐂)
𝑇

] , 𝐁 = [

𝐳𝟏𝐀 × 𝐳𝟐𝐀. 𝐳𝟑𝐀 0 0
0 𝐳𝟏𝐁 × 𝐳𝟐𝐁. 𝐳𝟑𝐁 0
0 0 𝐳𝟏𝐂 × 𝐳𝟐𝐂. 𝐳𝟑𝐂

] (19) 

Therefore the Jacobian matrix J is given by: 

 𝐉 = 𝐀−𝟏. 𝐁. (20) 

As result, the local dexterity of the RSPM is calculated bellow: 

 𝜂 = 1 𝜅(𝐀−𝟏. 𝐁)⁄ . (21) 

The SPM dexterity distribution is displayed in Fig. 11 for several sets of geometric 

parameters to highlight the influence of the angle ω. In the present simulations, the 

graphic display has been adjusted as followed: the variation from orange to red occurs 

around 0.4 and dark red around 0.6. The yellow is around 0.2. The contrast has been 

increased to represent the zone outside the workspace in dark blue. 
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Figure 11. Dexterity distribution of the 3-RRR RSPM for several sets of geometric 

parameters α, β, γ and ω. 

The displacement of the workspace hollows affects the distribution of the 

mechanism dexterity. Indeed, a lower dexterity can be observed at the proximity of these 

hollows. As they are moving closer to the workspace center, the zone corresponding to a 

higher dexterity is reduced, while three new high dexterity zones appear and grow near 

the workspace corners. This phenomenon is also observed in the absence of workspace 

hollows when 𝛼 =  𝛽. Therefore, the distribution of the dexterity over the RSPM over its 

workspace will present a total of four zone of high local dexterity: one is located at the 
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center of the workspace, and the three others are disposed before each holes and the 

workspace boarder. These three satellite zones disappear when the parameter ω is low 

enough leaving too little space between the holes and the boarder.  

The implementation of a new design parameter allows the SPM to generate a new 

kinematic characteristic in terms of workspace and dexterity. The control of this new 

parameters while the manipulator end effector is on the move, will permit the adjustment 

of these characteristics to increase the mechanism performance on a trajectory to its 

maximum. But the optimization of the RSPM must be first carried out considering the 

evolution of this parameter. 

 
4. OPTIMIZATION OF THE MECHANISM FOR CRANIOTOMY APPLICATION 

 

An optimization process is proposed to identify the RSPM that generates the 

highest kinematic performances for the practice of robotic craniotomy. The optimization 

problem will be formulated and implemented into an algorithm to identify the most 

suitable mechanism design parameters. 

4.1. Optimization Problem Formulation  
 

The optimization method is based on the calculation of a specific index for each 

mechanism candidate. This index is calculated considering constraint and criteria 

associated with the practice of craniotomy. So the first step is to identify and to formulate 

them. The constraint is given by the mechanism operational workspace. Any mechanism 

candidate validated as a potential solution must be able to cover all the required 

workspace of the craniotomy identified in Section 2.2. Its end effector must be able to 
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reach all orientations of the workspace. To evaluate to the check its capacity to cover that 

workspace, the set of IKM conditions given by Eq. (11) must be verified for the three legs 

of the RSPM on every possible orientations (ψ, 𝜃). On addition, that same orientation 

must be reachable over a range of variation of the parameter ω. The two IKM conditions 

are used for the calculation of two different indexes associated with the optimization 

constraints. For an orientation of the end effector and ω parameter of the mechanism 

configuration given by (ψ, 𝜃, ω), two functions Ck1 and Ck2 are defined based on Eq. (10) 

as follow: 

 {
𝐶𝑘1(𝜓, 𝜃, 𝜔) = 𝐿𝑘

2 +𝑀𝑘
2 − 𝑁𝑘

2

𝐶𝑘2(𝜓, 𝜃, 𝜔) = 𝐿𝑘
2 +𝑀𝑘

2 − 1
. (22) 

With k = A, B or C. The third function is the defined to indicate if leg of the RSPM 

can reach an orientation with a given parameter ω. 

 𝑃𝑘(𝜓, 𝜃, 𝜔) = {
0 if 𝐶𝑘1 > 0 and 𝐶𝑘2 = 0

1 otherwise
. (23) 

If Pk(ψ, 𝜃, ω) = 0, the leg k can reach the orientation (ψ, 𝜃) with the parameter ω. 

If Pk(ψ, 𝜃, ω) = 1, the leg k cannot reach it. The final function P indicate if the entire RSPM 

is capable of reaching it and is written as: 

 𝑃(𝜓, 𝜃, 𝜔) = 𝑃𝐴(𝜓, 𝜃, 𝜔) + 𝑃𝐵(𝜓, 𝜃, 𝜔) + 𝑃𝐶(𝜓, 𝜃, 𝜔). (24) 

For a given parameter ω, the function P counts the number of leg that cannot 

reach the orientation (ψ, 𝜃). It is then integrated into the index W(I) that is calculated as 

followed: 

 𝑊(𝐈) = ∑ ∑ ∑ 𝑃(𝜓, 𝜃, 𝜔)
𝝎𝒎𝒂𝒙
𝝎=𝝎𝒎𝒊𝒏

𝒋
𝜽=𝟎

𝒊
𝝍=𝟎 , (25) 
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With i = 2π/Δψ and j = 𝜃max/Δ𝜃. The variables Δψ and Δ𝜃 will be used to adjust the 

algorithm resolution, i.e. the distance between two successive point of the RSPM to 

calculate the index W(I). This index indicate for a given mechanism I = [ α β γ ], the number 

of instances where a leg was unable to reach an orientation. When W(I) = 0, the 

mechanism I is capable of reaching all orientations of the workspace for a parameter ω 

from ωmin to ωmax. 

While the optimum RSPM for craniotomy must satisfy the workspace constraint, 

it must generate the highest dexterity over its workspace and for a certain range of 

variation on the parameter ω. For an orientation (ψ, 𝜃) with the parameter ω, the local 

dexterity is calculated as presented in Section 3.3: using the conditioning number of the 

Jacobian matrix as established by Eq. (21). On a single orientation (ψ, 𝜃), the conditioning 

number is calculated for several values of ω and its highest value is collected. The local 

dexterity can be written as: 

 𝜂(𝜓, 𝜃) = max
𝝎
(1 − (1 𝜅(𝐉)⁄ )), (26) 

With ω ϵ [ ωmin ; ωmax ]. The value of the local dexterity has been adjusted to make 

it compatible with the use of an optimization process that usually search to minimize an 

index. As it is defined here, its range of values will be comprised between 0 and 1 and a 

low value will correspond to a high dexterity. All the local dexterities are then used to 

calculate the average dexterity over the workspace, which is the index used for the 

optimization. The criterion K(I) is calculated as followed: 

 𝐾(𝐈) = ∑ ∑ 𝜂(𝜓, 𝜃)
𝒋
𝜽=𝟎

𝒊
𝝍=𝟎 . (27) 
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Considering the constraint and the criterion defined above, the entire 

optimization process can be formulated as bellow: 

 

{
 
 

 
 𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒(𝐾(𝐈))

Subjet to 𝑊(𝐈) = 0

𝐈 = [𝛼 𝛽 𝛾]

𝑥𝑖 ∈ 𝐈, 𝑥𝑖 ∈ [𝑥𝑖𝑚𝑖𝑛 ; 𝑥𝑖𝑚𝑎𝑥]}
 
 

 
 

, (28) 

Where K(I) and W(I) are respectively given by Eqs. (27) and (25). This formulation 

has to be implemented in an optimization algorithm using a specific method. 

4.2. Optimization Method and Results 
 

To identity the optimum 3-RRR RSPM for craniotomy, a Genetic Algorithm is used 

to manipulate a population of several mechanism individuals represented by their 

characteristics (their design variables) over several generations. Based on these evolving 

characteristics, these individuals will be filtered through the optimization constraint given 

by W(I), evaluated through the optimization criterion given by K(I) and ranked by the 

algorithm to select only the best individuals. The best individuals are then preserved and 

transferred into the next generation, while the other individuals are eliminated as they 

are seen as weakest. The GA will then repopulate the next generation by creating new 

individuals through crossover and mutation process. The crossover process will randomly 

combine the characteristics of two “parent” individuals to generate a new “child” 

individual. Then, the mutation process will randomly modify some characteristic of some 

individuals. Therefore, the linkage dimensions of a population of 3-RRR RSPM will be 

manipulated similarly as genetic characteristics. As the number of generations increases, 

the individuals of the population shall convert to one or several optimum individual 
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models. When the deviation of their respective performance in terms of dexterity is below 

the termination criterion (10-6 in the present case), the current generation is considered 

as optimum and an individual can be selected out of this population. One of these optimal 

individual will be selected as the final 3-RRR RSPM for craniotomy. 

A fitness function has been programmed on Matlab to determine the performance 

of one mechanism at a time. The input data of this function is the design vector that 

represents one mechanism individual and containing its design variables. The output 

value of this function is the value of the index K(I). The constraint given by the index W(I) 

is checked in the same function. For each possible orientation (ψ, 𝜃) of the required 

workspace, the corresponding input variables 𝜃A1, 𝜃B1 and 𝜃C1 are calculated for several 

parameter ω between ωmin and ωmax. Based on these values, the dexterity is then 

calculated and the maximum value is saved. For each orientation, the algorithm will 

collect the maximum dexterity value over a range of ω and the average of these maximum 

values is used to calculate the mechanism global dexterity, which is given by K(I). As the 

input variables are calculated, the function will interrupt as soon as a complex value is 

found, i.e. if Im(𝜃K1) ≠ 0. It will then return a penalty value of K(I) to insure that the 

individual will be eliminated from the next generation. 

The available Matlab software has an integrated GA function that was used in the 

present optimization by calling the fitness function. Its parameters have been adjusted to 

manipulate a population of 100 individuals over 200 generations. The individual 

characteristics are defined within the following ranges: 

 𝛼 ∈ [30; 45] 𝛽 ∈ [30; 45] 𝛾 ∈ [20; 30] (29) 
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Each RSPM of a generation is evaluated by the fitness function described above 

based on its characteristics. As stated in Section 2.2, the workspace required for 

craniotomy has a maximum angle 𝜃max of 20 degrees. Also, the range of value on the 

parameter ω is [ -10 ; 10 ]. These values have been used in the fitness function. The GA 

has been run with all parameters mentioned above and has identified at the 54th 

generation the optimum individual with the following characteristics: 

 𝐈𝐨𝐩𝐭 = [41 41 30] (30) 

 The optimum 3-RRR RSPM Iopt can cover all the required workspace and has a 

global dexterity of 0.53, when considering the dexterity given by Eq. (21), i.e. the higher 

the better. The distribution of its local dexterity is displayed on Fig. 12-(a). It from 0.46 to 

0.79, when the parameter ω is allowed to vary from -10 to 10 degrees.  

The dimensions identified by Eq. (30) are considered to be the optimum ones for 

the 3-RRR RSPM to perform a craniotomy, but the optimization process used only allow 

to compare one type of architecture at a time. The mechanism Iopt shall be therefore 

compared with other type of SPM. 

 
5. EVALUATION AND SIMULATIONS ON THE OPTIMUM MECHANISM 

 

The optimum mechanism identified in the previous Section is evaluated. Its ability 

to generate a high dexterity on craniotomy trajectories is investigated. 

5.1. Behavior of the RSPM base reconfigurable parameter 
 

The variation of the parameter ω that generates the maximum dexterity is studied 

to insure that it will be possible to control it in a future mechanism prototype. The 
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evolution of this parameter over the RSPM workspace is calculated and displayed on Fig. 

12. It shows that the evolution of this parameter does not suffer from any discontinuity, 

proving that the angle ω could be controlled smoothly in an active prototype. Also, the 

angle ω goes from -10 to 9 degrees which represents almost all the range of variation 

allowed by the algorithm. The base reconfiguration parameter increases when the end 

effector is moving toward the mechanism workspace center. And it decreases when the 

end effector the moving away from the center. Therefore, the RSPM can maintain higher 

kinematic performance by “closing” its reconfigurable base as it is operating near the 

workspace center and by “opening” it as it is working away from the center. Although it 

seems that the range of the angle ω could be increased to generate a better dexterity, 

the range fixed in Section 4.2 appears to be a reasonable limit according to our 

preliminary studies. Indeed, below -10 degrees, the mechanism workspace is often 

compromised as each RRR leg is too far from point to reach. This problem could be solved 

by increasing the size of the mechanism legs, which is what the GA did in this case. But on 

the hand, excessive linkage lengths would result other issues such as possible collisions. 

Above 10 degrees, the first joint of the mechanism legs are too close from the workspace, 

which decrease its global dexterity as the singular configuration are approaching the 

workspace. 
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Figure 12. (a) Variation of the parameter ω for maximum dexterity over the craniotomy 

workspace. (b) Distribution of the resulting local dexterity over the craniotomy 

workspace.  

The behavior of the parameter ω is now evaluated on the trajectories identified 

during the motion capture experiments on Human cadavers in Section 2.2. Each point of 

these trajectories corresponds to an orientation of the surgical drill given by the Euler 

angles (ψ, 𝜃). An algorithm has been programmed to calculate, for each orientation of 

these trajectories, the parameter ω that generates the highest dexterity. The evolution of 

the parameter ω on these trajectories are all displayed on Fig. 13. This study reveals that 

this evolution of the angle ω on trajectories for craniotomy appears to be controllable as 

no discontinuity can be observed.  
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Figure 13. Evolution of the parameter ω generating the maximum dexterity on 

craniotomy trajectories. 

5.2. Comparison with classical SPM 
 

The contribution of its base configuration using the parameter ω is studied. In 

order to demonstrate the contribution of the architectural improvement on RSPM, it is 

now compared to the classical 3-RRR SPM with a trihedral base as seen in Fig. 6. The active 

revolute joint axes of each leg are orthogonal and not adjustable. It is referred to as 

Trihedral Spherical Parallel Mechanism (TSPM). No example of such mechanisms 

optimized for craniotomy in terms of dexterity over the same workspace can be found in 

the literature. Consequently, the TSPM have been identified through a similar 

optimization process as the one presented in Section 4.1. Therefore, the TSPM for 

craniotomy is identified though a GA as well. The GA parameters are modified to manage 

a population of TSPM that has the same design variables and research range as the RSPM 

as described in Eq. (29). The difference is that the parameter ω in the fitness function is 

fixed to zero, which corresponds to a trihedral configuration of the base. So the local 
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dexterity will be calculated for an orientation (ψ, 𝜃) with ω = 0 and there will be no need 

to select the highest value. The GA algorithm has been run and has resulted an optimum 

TSPM with the following design variables: 

 𝐈𝐓𝐒𝐏𝐌 = [41 41 30] (31) 

The TSPM design variables are the same as the RSPM. The evolution of their 

respective local dexterity are tested on the same craniotomy trajectories identified in 

Section 2.2. An algorithm has been programmed to calculate, for each orientation of 

these trajectories, the local dexterity of the TSPM. For the RSPM, the local dexterity will 

depend on the parameter ω. So for each point of the trajectories, the highest local 

dexterity will be considered for comparison with the TSPM. The evolution of the dexterity 

on one trajectory is given as an example of trajectory in Fig. 14. It shows that the RSPM 

has a dexterity always higher than the TSPM on this trajectory. The difference between 

the RSPM and the TSPM dexterity has an average of +2.23% with a maximum of +13.6%. 

This illustration shows that the RSPM can reconfigure on a trajectory to maintain a higher 

dexterity than the classical SPM. 
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Figure 14. Evolution of the RSPM and TSPM dexterities on a craniotomy trajectory and 

evolution of the RSPM corresponding reconfigurable parameter. 

For all craniotomy trajectories, the difference between the RSPM and TSPM 

dexterities is considered to evaluate the improvement of the RSPM. The improvement in 

calculated and displayed on Fig. 15.  
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Figure 15. Difference between the RSPM and TSPM dexterities over the craniotomy 

trajectories. 

On average, the RSPM is capable of generating a dexterity 5.5% higher than the 

TSPM on all the trajectories measured for craniotomy. The maximum local dexterity 

improvement on a trajectory has been calculated to 44.3%. The numerical results 

obtained from these simulations are all presented in Table 2.  

Table 2. Comparison between the RSPM and TSPM dexterities. 

Trajectory Mechanism 
Dexterity Dexterity improvement 

Minimum Average Maximum Average Maximum 

1 
TSPM 0.603 0.678 0.760 

3.29% 7.55% 
RSPM 0.648 0.657 0.765 

2 
TSPM 0.547 0.697 0.796 

2.23% 13.59% 
RSPM 0.621 0.713 0.777 

3 
TSPM 0.388 0.540 0.775 

18.84% 44.3% 
RSPM 0.555 0.625 0.791 

4 
TSPM 0.649 0.711 0.745 

1.07% 3.69% 
RSPM 0.673 0.718 0.645 

5 
TSPM 0.645 0.673 0.690 

2.02% 4.05% 
RSPM 0.671 0.687 0.697 
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Although the difference between the maximum dexterity reached by the RSPM 

and by the TSPM appears to be very limited, the difference between both mechanisms 

minimum dexterity is much larger. On the one hand, the RSPM has maximum dexterity 

only 0.13 to 2.44% higher the TSPM, on the other hand, it has a minimum dexterity 3.70 

to 43.04% higher. It seems that the major contribution of the base reconfiguration 

parameter is to prevent significant decrease of dexterity while the SPM is moving its end 

effector away from the workspace center zone. This tendency can be observed in the Fig. 

14. Therefore, the RSPM behavior appears to be more stable than the TSPM in terms of 

kinematic performances.  

 
6. CONCLUSION 

 

In the present work, a mechanism has been proposed to perform craniotomy. The 

base configuration of a 3-RRR SPM has been studied in order to introduce a new 

parameter that can be used as to reconfiguration variable. The mechanical method to 

control its value consists in using three pantographic linkages. The influence of this 

parameter on the mechanism workspace and dexterity distribution has been 

investigated. It has permitted a series of promising observations and a numerical analysis 

has allowed determining relationships between the base configuration variable and the 

workspace geometric characteristics. 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. The 

kinematic performance optimum mechanism has been tested on the craniotomy 
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trajectories issued from the motion capture experiments. The results showed that the 

RSPM generates higher and more stable dexterity than the classical SPM. This represents 

an improvement in terms of safety would this mechanism be used for a robotic assisted 

craniotomy. 
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Table Caption List 
 

Table 1 Bounding values for orientation angles. 

Table 2 Comparison between the RSPM and TSPM dexterities. 
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Figure Captions List 
 

Fig. 1 “Rosen burr” type surgical drill for craniotomy. 

Fig. 2 Left: Scheme of the used Qualisys motion capture system, including 8 

Miqus cameras, a camera cable, a power unit, and a computer. Right: 

Reflective markers on surgical drill and cadaver’s skull. 

Fig. 3 Anatomical zones of interest for the neurosurgeon. 

Fig. 4 Kinematic of the surgical drill in craniotomy. 

Fig. 5 Range of orientation angles for all locations on the skull.  

Fig. 6 Kinematic drawing of the 3-RRR Spherical Parallel Mechanism. 

Fig. 7 Kinematic of the base SPM reconfigurable base. 

Fig. 8 Conceptual CAD of the 3-RRR Reconfigurable Spherical Parallel 

Mechanism. 

Fig. 9 3-D representation of the 3-RRR RSPM workspace in Cartesian space for 

several set of geometric parameters (α, β, γ and ω). 

Fig. 10 Identification of the workspace holes center. 

Fig. 11 Dexterity distribution of the 3-RRR RSPM for several sets of geometric 

parameters α, β, γ and ω. 

Fig. 12 Variation of the parameter ω for maximum dexterity over the craniotomy 

workspace. (b) Distribution of the resulting local dexterity over the 

craniotomy workspace. 
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Fig. 13 Evolution of the parameter ω generating the maximum dexterity on 

craniotomy trajectories. 

Fig. 14 Evolution of the RSPM and TSPM dexterities on a craniotomy trajectory 

and evolution of the RSPM corresponding reconfigurable parameter. 

Fig. 15 Difference between the RSPM and TSPM dexterities over the craniotomy 

trajectories. 
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