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ABSTRACT

Mirror milling is a new efficient and green technology of aircraft skin processing. Currently,
the support head of mirror milling system is mostly a metallic sphere and the support area is
smaller than the milling area, which results in the deformation error of workpiece. In order to solve
this problem, a new multi-point support device is proposed. The purpose of this research is to
optimize the support location of multi-point support in mirror milling of aircraft skin parts. The
simulation and experimental studies indicate that: the deformation of the workpiece is reduced by
increasing the support points. In order to obtain the good thickness consistency of workpiece, the

distribution of the support points should make the rigidity distribution of the workpiece consistent
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with the change of milling force, not as close as the milling trajectory. The workpiece deformation

error can be reduced only by changing the support locations.

KEYWORDS: aircraft, deformation, distribution, location, milling, optimization, skin, support

Introduction

Aircraft skins form the aircraft aerodynamic configuration which require low damage and
high accuracy!*l. Aircraft skin parts are characterized with low rigidity, large size, thin floor
structure, and complex shapel>3l. There are single curvature parts, double curvature parts, and
even more complex shape parts among skin parts. Sometimes the curvature of skin surface varies
gradually!®. For aerospace products, it is very important to reduce the weight, which drives skin
panels the thinner the betterl”]. Nowadays, skins are generally monolithic structures rather than
many small parts which are joined by welding or rivetingt®. The final part is obtained from an
initial raw block, in which the 90-95% of material is removed!l. Currently, chemical milling is
commonly used to reduce the thickness of aircraft skins, which unfortunately is not
environmentally friendly®®°l. Furthermore, the process is long and complicated(**-*3l. Also, large
energy consumption is a big problem™4. Accordingly, it has become more prominent to find a new

environmentally friendly process to replace chemical milling.

For solving these issues, mirror milling system (MMS) is proposed for machining aircraft
skins, which is currently applied in Airbus Company(*®¢. MMS includes two five-axis machines
used on the two sides of a skin part moving synchronously. The first one performs the pocket

milling, and the other support on the opposite side. The support head is usually a metallic
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spherel”1217181 \MMS gradually becomes the next generation machining technology for aircraft

skin, used to replace chemical milling[™4.,

Because of the advantage in thickness reduction of thin and large aircraft skin parts, MMS
has attracted wide attention. A lot of researches have been carried out not only in the equipment
development!”%-32 pyt also in process technology. However, to the authors’ knowledge, process
technology has been less studied than device development. Mahmud at University of Montreal
developed a machining end effector used for mirror-milling and established a milling force model
considering the influence of the angle of the spindle in order to determine the minimum clamping
force, and presented a master-to-slave motion transfer function by only considering the lateral
sliding motiont®334, Li and his team proposed a feature-based method for mirror-milling broken
surfaces®>%1, A stiffness model for a mirror milling device was established by Wang et al.7*®
Xiao and his team proposed a means of mirror-milling aircraft skin and optimizing the moving
path of support head®°1. However, this system is not the same with the previously mentioned MMS
in mechanism because the two support heads didn’t move on the same vector direction. Bao at
Dalian University of Technology proposed a cutting force model for MMS and presented the fluid
lubricating support method used to reduce the scratches of aircraft skin surface. The influence of
parameter of liquid film on processing quality of workpiece were studied®*1. In MMS, the
support head is usually a metallic sphere and its support area is much smaller than the milling area,
resulting in workpiece elastic deformation during milling. So the profile error of the workpiece can
be reduced by optimizing the support location*?l, One could easily argue that workpiece elastic
deformation will be decreased by adding support points. However, there are two problems to
confront: how many support points to increase and where to set the support points. The purpose of
this research is to solve these two problems which have not yet been intensively studied.

4
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The paper focuses on the optimization of support location of multi-point support in mirror
milling of aircraft skin parts. The rest of the paper is organized as follows: Section 2 proposed a
workpiece deformation prediction model and optimized support location of multi-point support in
mirror-milling; the experimental analysis and verification at different support locations are

discussed in Section 3; and the final conclusions are drawn in Section 4.

Materials and methods

During mirror milling aircraft skins, the two heads are on the same vector along the normal
direction of the workpiece, so the distance between the two heads is equal to the machined skin
thickness!*?l. However, because of the low rigidity of the workpiece in tool axial direction, the
workpiece will deform mainly in the tool axial direction of the cutting zone. The workpiece
thickness error is mainly affected by the tool axial deformation, and therefore the workpiece

deformation only in tool axial direction is considered in the paper.
Milling force model

An extensive research has been carried out on modelling of milling force, which can be
roughly divided into empirical, analytical, mechanistic, and numerical models“3-5°. Among them,
the mechanistic model is widely used because of the superiorities in experimental workload and
predictive accuracy®l. It is customary to define the milling forces mechanistically as a function of
milling conditions and the milling constants and as follows?!:

dF, =K,dL + K s dz

dF, =K.dL + K,s dz (1)
dF, =K,dL + K_s dz
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with dL the elementary length of the cutting edge, s the uncut chip thickness, and dz the
elementary height of the cutting edge. dF, dF:, and dFa represent tangential force, radial force and
axial force respectively. Parameters K, Kre, Kae, Ktc, Kre, Kac are the milling force coefficients,
which are directly calibrated from metal cutting experiments for a tool-workpiece pair. The
detailed description of the process are reported in previous work!2l, In the milling force coefficient
calibration experiment, a DEREK EMR-20-4R20-160-2T abandon bull nose milling cutter with
20mm diameter was applied, on which one RPMT08T2MOE-JS VP15TF cemented carbide insert
from Mitsubishi was fixed. Aluminum alloy 7075 was used as workpiece material. From 200 to
400m /min, every 50m /min was taken as the speed of cut. The feed per tooth was every 0.05mm
from 0.05 to 0.25mm while the axial cutting depth was every 0.05mm from 0.1 to 0.3mm . The
verification experiment was conducted under the conditions of milling speed 325m /min, feed per
tooth 0.12mm and axial cutting depth 0.2mm . The predicted and measured milling forces are in

good agreement.
Finite element analysis

In MMS, the workpiece thickness error is greatly affected by the workpiece elastic
deformation. Finite element method (FEM) is commonly used to predict and analyze the
deformation of low rigidity components®3-%¢l. Therefore, FEM has been used to calculate the
deformation value in this study. Whether the array suction cups or the surrounding holders, as
flexible fixtures, are used to fix the periphery of the workpiece, which is far away from the work
region, the distance between the fixed point and the support point is much larger than that between
the cutting force point and the support point2*°l, Thus, in the finite element simulation, some

system assumptions are set as the same as that in the previous work2,
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Based on the above assumptions, the aircraft skin part is assumed to be a 500mm diameter
circular 7075 aluminum alloy plate for simplification (Figure 1). Taking fine finishing as an
example, the initial skin thickness was 1mm, the axial cutting depth 0.2mm, and the radial cutting
depth 6mm, and the predicted milling forces were used for FEA. The support point was simplified
to a steel ball with the same diameter. Both the periphery of the workpiece and the steel ball were

fixed. The sweep angle of cutter (¢, = o, -4, ) was divided into 10 parts in which fex and fen Were

exit angle and entrance angle respectively. Each instantaneous milling force was applied to the

corresponding point of workpiece. An FE model of workpiece deformation was developed.
Optimization of support location

During mirror milling aircraft skins, the two heads are on the same vector along the normal
direction of the workpiece. However, the supported area is smaller than the milling area, which can
result in workpiece elastic deformation during milling. The milling forces vary in the direction of
the milling tool axis, which may also produce different workpiece deformation along Y direction

(Figure 2).

It is easy to understand that increasing the number of support points will result in
improving the rigidity of cutting area and reducing the workpiece deformation. However, aircraft
skin is a typical complex shape part, which is usually double curved. Therefore, in order to adapt to
the change of curvature, the maximum number of support points is three at the same time. So the
distribution of support points is optimized when the support head are respectively one-point,
two-point, and three-point. In the direction of the entrance point and the exit point from the original
support point, 4 equal parts are taken with 2 x 2 mm? per part and the matrix of support location is

established and shown in Figure 3. The deformation of workpiece at each support location or each
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support location combination (for multi-point support) is calculated by FEM, and the statistical

results of the dimensional error of the workpiece floor thickness are illustrated in Figure 4.

As shown in Figure 4, with the number of support points increasing, the average and
minimum values of dimensional error caused by elastic deformation decreases gradually.
However, the maximum error decreasing is not that obvious. This is because, even if the number of
support points is increased, the positions of the support points are concentrated in the places where
the force is minimum, so that there is not a significant effect on decreasing the maximum
deformation. When milling thin floor workpiece, the thickness error of workpiece is an important
factor to evaluate the workpiece dimensional accuracy. However, the variation of the workpiece
thickness error in the radial cutting width is difficult to be reduced by the compensation method. In
order to reduce the variation of thickness error, two feasible methods is to reduce the radial cutting
width or the axial cutting depth, so as to reducing the variation of milling forces. But these two
methods greatly reduce the processing efficiency. Therefore, the consistency of workpiece
thickness is regarded as the main factor to evaluate the dimensional accuracy of the workpiece by
mirror-milling in this study. The results of the worst and best consistency of workpiece thickness,
which means the maximum and minimum deformation fluctuation, are shown in Figure 5, when

the support head are respectively one-point, two-point, and three-point.

As shown in Figure 5a, c, e, the worst surface profiles are similar whether the support head
is one-point, two-point, or three-point. And the locations of the support points are concentrated in
the entrance point of the milling trajectory. This is because: in order to get large deformation
fluctuation, it is necessary to make the rigidity of workpiece lowest in the place where the milling

force is largest and the rigidity of workpiece highest in the place where the milling force is
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smallest. If small deformation fluctuation is wanted, just opposite the workpiece rigidity
distribution. Therefore, the support points are concentrated in the vicinity of the entrance point. As
shown in Figure 5D, d, f, increase the support points will result in reducing the deformation of the
workpiece. However, the optimal support location is not near the milling trajectory. The intuitive
feeling is that the support point is closer to the milling trajectory, the deformation of the workpiece
is smaller. That’s right, however, in order to make the thickness consistency of the workpiece best,
the distribution of the support points should make the rigidity distribution of the workpiece

consistent with the change of milling force, not as close as the milling trajectory.

Results and discussion

Experiments were conducted on the test rig shown in Figure 6 to verify the validity of the
optimization results. In the experiment setup, a two-dimensional horizontal moving platform
(Figure 6a) and a support device (Figure 6b) were installed on the workbench of the three-axis
vertical milling machine. The support device was composed of a lifting platform and
interchangeable rectangular plates embedded balls in various location that was mounted on the
workbench. The workpiece was clamped on a large frame which was mounted on the two
dimensional horizontal moving platform. During processing, the axes of the milling tool and the
support device were on the same vector, and the cutting tool was fed to a limited distance (the
nominal thickness of the skin). The feed motion was realized through the movement of the
workpiece. The cutting tool, workpiece materials and cutting parameters were the same as those in

the aforementioned milling force coefficient calibration verification experiment.

As the workpiece is clamped on a large frame, the workpiece rigidity varies in different

positions, the workpiece produces different deformation in different positions under the same
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cutting parameters. Thus, only the deformation of the workpiece center was measured for
comparision. After milling, the actual thickness of the workpiece was measured by two
displacement laser sensors (Keyence, LK-H025), which were placed face to face in the opposite
directions (Figure 7). During measuring, the two displacement laser sensors are fixed, while the
workpiece is moved horizontally by the two dimensional horizontal moving platform. The
thickness changes of the workpiece can be obtained by adding the data measured by the two
sensors. So the thickness of the machined workpiece can be calculated by measuring the thickness

of the uncut workpiece.

Although the fixturing methods of the workpiece are different in the experiment and MMS,
the deformation laws for the middle work area of the workpiece in both the experiment and MMS
are the same, resulting in little difference in deformation. The verification experiment was
performed. The measured surface profiles of workpiece at different support coordinates were

shown in Figure 8.

Comparing the predicted (Figure 5) and measured (Figure 8) results, it’s indicated that
they are in a good agreement not only in shape but also in magnitude. The simulation system meets
the anticipated request. The deformation fluctuation of three-point support is smallest among these
three kinds of support head. The measured profile height difference of workpiece E (Figure 8e) is
49.4 pm, while that of workpiece F (Figure 8f) is 10.2 um. That is to say, compared with the

deformation fluctuation due to the support at location E that at location F is decreased by 79.4%.

Because the workpiece and the tool are not rigid body, they will inevitably deform under
the influence of the milling forces. In MMS, the workpiece rigidity is much smaller than that of the

tool. Thus, the workpiece deformation is the main factor of the workpiece thickness error. The

10
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workpiece deformation is determined by the milling forces and the workpiece rigidity. Therefore,
in the case of no change of cutting parameters, what can be changed is only the rigidity of the
workpiece to control the deformation of the workpiece. By changing the support point location, the
distribution of the rigidity of the workpiece surface is consistent with the change of milling forces.
Thus, the purpose of controlling the workpiece deformation fluctuation can be achieved. The
consistency of the remaining wall thickness after processing is improved, and the machining error

is reduced.

Conclusions

The multi-point support technology and optimization of support location of multi-point
support in mirror-milling is presented in this study. In addition, a new multi-point support device
used to verify the optimized support location of multi-point support in mirror milling of aircraft
skin parts is proposed. When the support head is respectively one-point, two-point, and three-point,
the maximum and minimum deformation fluctuation of workpiece is predicted and experimental
verified. The results show that: the deformation of the workpiece is reduced by increasing the
support points. In order to make the thickness consistency of the workpiece best, the distribution of
the support points should make the rigidity distribution of the workpiece consistent with the
change of milling force, not as close as the milling trajectory. The profile height difference of
workpiece is decreased and flat surface topographies are obtained by changing the support head

location.
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Figure 1. Schematic of cutting zone for the FE model of mirror-milling the skin panel.
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Figure 2. Section view in plane OYZ.
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Figure 3. Supporting locations in the FEM calculation.
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Figure 4. The influence of the number of support points on the dimensional error.
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Figure 5. Predicted surface profiles of workpiece at some representative support locations.
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Figure 6. Experimental platform: (a) two dimensional horizontal moving platform, (b) supporting
device.
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Figure 7. Thickness measurement device with two laser displacement sensors.
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Figure 8. Measured surface profiles of workpiece at the support coordinates.
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