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Abstract
As a new technology of aircraft skin processing, mirror-milling is an efficient and green processing technology, which is a
gradually developmental substitute for chemical milling. The purpose of this research aims to study surface topography forming
mechanism and the effect of support location on the surface topography forming in mirror-milling of aircraft skin parts. A new
iterative workpiece deformation prediction model is proposed for mirror-milling error prediction of low-rigidity parts. In addi-
tion, the workpiece surface topographies are predicted and verified at different support locations. The results of the study are
summarized: under the same processing parameters, the machined surface topographies with different characteristics are obtained
only by changing the relative position between the support head and the milling head. The support location is the key parameter
of reducing the workpiece deformation error.
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1 Introduction

Aircraft skin parts are important parts which constitute the
aerodynamic configurations of aircrafts [1]. There are single
curvature parts, double curvature parts, and even more com-
plex shape parts among skin parts [2]. Sometimes the surface
curvature is extremely variable over a whole part [3].
Lightweight design means less fuel consumption, which
drives the aircraft technologist to focus on lightweight inno-
vation [4]. So the skin parts need to be as thin as possible.
Aircraft skin parts are characterized with large size, complex
shape, thin-floor structure, and low rigidity [5–7].

Currently, the thinning tasks are accomplished by creating
pockets in the skin panel by chemical machining [4].
Unfortunately, this chemical machining process ends with
chemical pollutants to the environment. Most of the chemicals
such as cleaning solutions, etchants, and strippers are very haz-
ardous liquids. Specially, etchants are very harmful for workers

safety [8]. Furthermore, due to the previous stage of stretching,
most of the panel gets high variation of initial thickness.
Besides, the material removal rate of chemical machining pro-
cess is a constant. The above two reasons determine the fact that
pocket floor thickness is irregular and imprecise [9, 10]. In
addition, there is a long process cycle of aircraft thinning oper-
ation composed of several steps for different cutting depths,
because chemical milling process is not capable of attaining
different cutting depths in a single operation [11]. Also, a large
amount of energy consumption is a bottleneck [12]. So, replac-
ing this industrial chemical milling process with a lower emis-
sion and more environmentally friendly process is sought.

In order to address the above issues, mirror-milling system
(MMS) is proposed to machine aircraft skins and now used in
Airbus Company [13, 14]. This system contains two indepen-
dent five axis machines on opposite sides of the same skin part
moving in a coordinated manner. The first one performs the
pocket machining, while the other provides the support on the
opposite side. The support which must withstand the thrust
force from the milling operation also needs to move smoothly
with low frictional force, which is usually a metallic sphere [4,
10, 15, 16].Compared its superiorities with chemical milling,
MMS has a potential to become the next-generation process-
ing technology of aircraft skin [12].

As a new technology of reducing the thickness of thin and
large aircraft skin parts, MMS have been widely emerging in
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practical applications. A mass of researches have been pre-
sented. Mahmud at University of Montreal proposes a process
for aircraft skin milling with a magnetic grasping and machin-
ing end effector [4]. The machining end effector is moved by a
manipulator, while the sliding magnetic grasping mechanism
holds the skin part to counteract the thrust force generated by
the milling process. By this way, only one set of multi-axis
equipment is needed to complete the mirror-milling process,
which greatly reduces the equipment cost. A milling force
model considering the influence of the spindle angle is
established in order to determine the minimum clamping
force, and a master-to-slave motion transfer function is pro-
posed by only considering the lateral sliding motion [17, 18].
However, the processing result is limited by immature process
and equipment status. Li and his team propose a feature-based
fitting module for broken surfaces of complex aircraft skin
parts by mirror-milling. The process information is associated
with geometric information based on features, and then the
machining surface and its corresponding tool path are

extracted automatically [3, 19, 20]. A stiffness model for a
mirror-milling device is established by Wang et al. The distri-
bution of the synthetic stiffness is obtained and optimized by
adding a redundant actuation [21, 22]. Xiao and his team
propose another kind of mirror-milling system which consists
of milling head, workpiece fixture unit, and two support
heads. During the manufacturing, these two support heads
are periodically repositioned by the way of vacuum absorption
to support the thin workpiece, so that the deformation and
suppress vibration of workpiece can be reduced. A method
for the planning of support head moving path under a given
cutting path is developed [23–25]. However, this system is not
the same as the previously mentioned MMS in mechanism,
because the two support heads cannot move continuously but
in a path constituted by limited position points. Bao at Dalian
University of Technology proposes a milling force model for
mirror-milling of aircraft skin. A new support method used in
MMS can eliminate the aircraft skin surface scratches caused
by rolling support or sliding support. The effects of thickness
and stiffness of liquid film on surface quality and dimensional
uniformity of workpiece are analyzed [26, 27]. Although a
great progress has been made in recent years, it is still difficult
to reach the ideal machining precision due to the bad rigidity
and weak intensity [25]. Aircraft skin parts are very easily
distorted when being machined, bad surface finish or even
marks appear on the final surface when machining parameters
are selected improperly [28, 29]. The accuracy of the surface
topography is one of the key factors for achieving the required
dimensional and geometric tolerances, and it plays a

Fig. 2 Flowchart for an iterative workpiece deformation prediction
model

Fig. 1 a Mirror-milling setup of aircraft skin with MMS. b Schematic
diagram of cutting zone in MMS
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significant role in ensuring the overall product quality, be-
cause it is often directly related to the product’s functional
performance. The workpiece topography error is greatly af-
fected by the support location of MMS [30]. However, little
literature has been published on surface topography forming
mechanism in mirror-milling of aircraft skin parts. Therefore,
it is essential to study how the support location affects the
surface topography forming.

The paper focuses on the model of workpiece deformation
for mirror-milling error prediction of low-rigidity parts. The
effect of support location on the surface topography forming
in mirror-milling of aircraft skin parts is also studied. The
remainder of the paper is organized as follows: in Section 2,
an iterative workpiece deformation prediction model is pro-
posed; modeling of workpiece surface topography in mirror-
milling is presented in Section 3; the predicted and experimen-
tal results of surface topography at different support locations
are discussed in Section 4; and the final conclusions are drawn
in Section 5.

2 Prediction of workpiece deformation

During mirror-milling of aircraft skin parts, the milling head
and the support head are on the same vector along the normal
direction of the workpiece, so the distance between two heads
is equal to the machined skin thickness (Fig. 1a) [2]. However,
the rigidity of the workpiece is low in tool axial direction in
which the workpiece deformation is easier to produce, and the
axial force also will be affected by the deformation of the
workpiece in turn (Fig. 1b). The workpiece surface topogra-
phy error is mainly induced by the tool axial deformation;
thus, the deformation of workpiece in tool axial direction is
the only reference parameter in this paper.

2.1 Deformation prediction methodology

Mirror milling of aircraft skin parts is a typical process of low-
rigidity workpiece milling. The cutting forces depend on the

chip thickness and contact length which is a function of the
axial cutting depth, at the same time, the axial cutting depth is
another function of the workpiece deformation impacted by
the cutting forces [31, 32]. To resolve this complex dependen-
cy, an interactive approach is employed to find the equilibrium
state of the cutting force and workpiece deformation [33–35].
The iterative workpiece deformation prediction model is
outlined in Fig. 2. The milling force, F, and workpiece defor-
mation, δ, negotiate, so the workpiece deformation eventually
converges to a value within a given tolerance, ε, in successive
iterative steps (k + 1) and k:

jδkþ1−δk j≤ε ð1Þ

2.2 Milling force model

An enormous amount of researches have been carried out on
modeling of milling force, which can be roughly divided into
four categories: empirical model, analytical model, mechanis-
tic model, and numerical model [36–43]. Among them, the
mechanistic model has been widely implemented with the
advantages of less experimental work and better accuracy
for prediction [30]. The mechanistic model combines three
steps [44]: first, calculation of the position of each discretized
cutting edge; second, corresponding cutting depth associated;
and third, total of all the elementary forces. At each discretized

Fig. 3 Schematic of cutting zone for FEA modeling

Fig. 4 Section view in plane OYZ
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cutting edge, the following cutting law has been applied for
tangential, radial, and axial forces [31]:

dF t ¼ K tedS þ K tch dz
dFr ¼ KredS þ Krch dz
dFa ¼ KaedS þ Kach dz

ð2Þ

with dS the elementary length of the cutting edge, h the uncut
chip thickness, and dz. the elementary height of the cutting
edge. Parameters Kte, Kre, Kae, Ktc, Krc, and Kac are referred to
as the milling force coefficients, which are experimentally
determined. After coordinate transformation and integration,
the total milling forces can be obtained. The influences of
milling speed and tool wear on milling forces are reported in
previous work [30].

2.3 Finite element analysis

For simplification, the aircraft skin part is assumed to be a
square aluminum plate with side length 400 mm and thickness
1 mm (Fig. 3). The Young’s Modulus of the aluminum alloy is
71 GPa, and the Poisson’s ratio is 0.33. The required ma-
chined topography is a flat surface parallel to the upper surface
(plane OXY). During the milling process, the workpiece de-
formation in direction Z is perpendicular to the machined sur-
face and has the most significant impact on forming the sur-
face topography error. The contributions of the workpiece
deformations in X and Y directions can be negligible.
Therefore, this investigation only focused on the error predic-
tion in Z direction.

The slot milling process is applied to the workpiece under
the conditions of milling speed 325 m/min, feed per tooth
0.12 mm, and axial cutting depth 0.2 mm, and the predicted
milling force [30] is used for FEA. The support head was
simplified to a steel ball. The Young’s Modulus of the steel
is 200 GPa, and Poisson’s ratio is 0.3. All the four sides of the
workpiece and the steel ball are fixed. In MMS, the milling
head and support head are on the same vector along the nor-
mal 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 are

variable in the direction of the milling tool axis, which may
also produce different workpiece deformation along Y direc-
tion (Fig. 4).The cutter sweep angle (θs = θex − θen) was divid-
ed into 20 parts, where θex is exit angle and θen is entrance
angle. In the continuous cutting cycle, 21 points were taken as
sampling point at the same intervals. An instantaneous milling
force was applied to each point corresponding to a sweep
angle. An FEA model of the aluminum plate is developed.
As long as the deformation of the workpiece under each force
is calculated separately, the deformation of the workpiece in
the whole process can be fitted.

2.4 Iterative workpiece deformation simulation
and verification

In order to study the machining mechanism and the deforma-
tion of the workpiece, an experimental setup was constructed.
In MMS, the milling and support heads during machining are
on the same vector along the normal direction of the aircraft
skin. In the experiment setup, a two-dimensional horizontal

Fig. 5 Experimental platform. a
Two-dimensional horizontal
moving platform. b Supporting
device

Fig. 6 Thickness measurement device with two laser displacement
sensors
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moving platform (Fig. 5a) and a support device (Fig. 5b) were
installed on the workbench of a three-axis vertical machine
tool. The support device was composed of a lifting platform
and a ball bearing mounted on the platform. The workpiece
was clamped on a large frame which was mounted on the two-
dimensional horizontal moving platform. During machining,
the axis of the cutting tool and the support device were on the
same vector, and the cutting tool was fed to a limited distance
(the designed thickness of the skin). The feed motion was
realized by the movement of the workpiece. The workpiece
material used is aluminum alloy 7075. ADEREKTP-C25-35-
160-2 T abandon right-angle cutter with 35 mm diameter and
7° helix angle was applied, on which a TPMN160308-
UTi20T cemented carbide inserts from Mitsubishi was fixed.
The slot milling experiment was conducted under the condi-
tions of milling speed 325m/min, feed per tooth 0.12mm, and
axial cutting depth 0.2 mm.

The workpiece is clamped on a large frame, so the work-
piece rigidity varies in different positions, resulting in the
workpiece produces different deformation in different posi-
tions under the same cutting parameters. Thus, only the defor-
mation of the workpiece center was measured for comparision
(Fig. 5a). 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 (Fig. 6). During measuring, the two displacement
laser sensors are fixed, while the workpiece is moved horizon-
tally 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. The error convergence
tolerance, ε, in workpiece deformation prediction (Fig. 2) is
set as 1%.

Table 1 Predicted workpiece
deformation after multi-level
iteration

θ (degree) δ0 (μm) Accuracy (%) δ1 (μm) Accuracy (%) δ2 (μm) Accuracy (%) δk (μm)

0 47.7 76.1 36.3 94.3 39.0 98.7 38.5

9 59.1 70.7 41.6 91.0 46.8 97.6 45.7

18 70.9 65.2 45.8 87.1 54.7 96.0 52.6

27 83.0 58.8 48.6 82.7 62.8 93.2 58.8

36 95.4 53.0 49.9 76.9 71.6 89.7 64.9

45 107.3 46.9 49.7 70.9 80.6 85.0 70.1

54 117.7 42.4 48.4 64.8 89.2 80.6 74.7

63 126.5 37.8 46.5 59.6 97.1 75.5 78.0

72 133.0 34.2 44.6 55.6 103.6 70.8 80.2

81 137.0 32.7 43.1 52.6 107.5 68.7 81.9

90 138.7 32.1 42.5 51.5 109.2 67.8 82.6

99 137.0 32.7 43.1 52.6 107.5 68.7 81.9

108 133.0 34.2 44.6 55.6 103.6 70.8 80.2

117 126.5 37.8 46.5 59.6 97.1 75.5 78.0

126 117.7 42.4 48.4 64.8 89.2 80.6 74.7

135 107.3 46.9 49.7 70.9 80.6 85.0 70.1

144 95.4 53.0 49.9 76.9 71.6 89.7 64.9

153 83.0 58.8 48.6 82.7 62.8 93.2 58.8

162 70.9 65.2 45.8 87.1 54.7 96.0 52.6

171 59.1 70.7 41.6 91.0 46.8 97.6 45.7

180 47.7 76.1 36.3 94.3 39.0 98.7 38.5

Average 50.9 72.5 84.7

Std. 29.4 20.3 13.0

Fig. 7 Predicted and measured surface topographies of the 400 × 400 × 1
workpiece
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The predicted workpiece deformation values are used for
all subsequent iterations, which are listed in Table 1. The first
column (θ) represents the angles (measured counterclockwise
from the entrance angle, θen) of the sampling points along the
cutting tool trajectory. The predicted values without iteration,
δ0, after the single-level, δ1, second-level, δ2, and multi-level,
δk, iteration are shown respectively in column 2, column 4,
column 6, and column 8. The predicted values from different
levels illustrate the convergence of the iterative prediction
plan. Columns 3, 5, and 7 show the percentage of the predict-
ed values in each level compared to the final converged re-
sults. Table 1 shows that in 0-level (initial level) deformation
prediction, it can capture over 50.9% of total amount of de-
formation with the standard deviation of about 29.4%. The
first-level error prediction can capture up to 72.5% of total
amount of error with the standard deviation of about 20.3%,
while the third-level error prediction can capture up to 84.7%
of total amount of error with the standard deviation of about
13.0%. The results listed in Table 1 clearly indicate that the
convergence of the proposed error prediction plan is robust. It
can be concluded that the convergence is slow when the mill-
ing force is large. In other words, at 0° and 180°, the number
of iterations is smaller than that at 90° to achieve the target
error convergence tolerance, ε.

The predicted and the measured workpiece surface topog-
raphies are shown in Fig. 7. The height of the workpiece upper
surface is set to zero, so the material removal is marked as the
negative profile height (Z). The fluctuation rule of the three
profile curves is consistent, that is, when the cutting force is
large, the workpiece deformation is large, but the actual cut-
ting depth is small. Compared with the predicted surface to-
pography without iteration, after multi-level iteration, the pre-
dicted one is closer to the measured one. The difference be-
tween the predicted and the measured surface topographies is
caused by the different fixture methods. In the experiment, the
method of fixing the workpiece is not as ideal as that in FEA,
which leads to greater workpiece deformation and smaller
cutting depth.

3 Modeling of workpiece surface topography
in mirror-milling

In MMS, the workpiece surface topography is greatly affected
by the workpiece elastic deformation. Therefore, it is essential
to study how the support location affects the surface topogra-
phy forming. Whether the array suction cups or the surround-
ing 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
point [10, 45]. Thus, in the finite element simulation, some
system assumptions are set as follows:

1. The workpiece material is completely isotropic and line-
arly elastic, and its physical properties have no change
during the milling process;

2. The instantaneous deformation of the workpiece during
the machining process is in the elastic range;

3. The instantaneous deformation of the workpiece by the
machining process and the elastic springback after the
machining process are the same inmagnitude but opposite
in directions;

Fig. 9 Supporting locations in the FEM calculation

Fig. 8 Schematic of cutting zone for the FEA model of mirror-milling the skin panel
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4. The effect of the distance between different fixed points
and the support point on the deformation of the workpiece
are negligible;

5. The deformations of the workpiece produced by residual
stress, vibration, and tool installation error are negligible.

Based on the above assumptions, a 500-mm diameter cir-
cular 7075 aluminum alloy plate was used in the FEA model-
ing (Fig. 8). In the case of finish machining, the initial skin
thickness 1 mm, the axial cutting depth 0.2 mm, and the radial
cutting depth 17.5 mm (cutter half immersion), and the pre-
dicted milling forces were used for FEA. The support head
was simplified to a steel ball with the same diameter. Both the
periphery of the workpiece and the steel ball were fixed. The
cutter sweep angle (θs′ = θex′ − θen′) was divided into 10 parts,
where θex′ is exit angle and θen′ is entrance angle. An

instantaneous milling force was applied to each point corre-
sponding to a sweep angle. An FEA model of the mirror-
milling skin panel was developed.

4 Results and discussion

From the simulation results of workpiece deformation, it is
known that the deformation gradually varies with the milling
force. The machining area is simulated using FEM in order to
study the surface topography forming mechanism and reduce
the workpiece deformation by optimizing the support loca-
tion. In the directions of the entrance point and the exit point
from the original support point, 18 equal parts are taken with
1 × 1 mm2 per part, and the matrix of support location is
established and shown in Fig. 9. The deformation of the work

Fig. 11 a Schematic diagram of
experimental setup. b
Section view of experimental
setup

Fig. 10 Predicted surface
topographies of workpiece at
some representative support
locations. a Support location A
(x = 0, y = 16). b Support location
B (x = 16, y = 1). c Support
location C (x = 14, y = 15). d
Support location D (x = 6, y = 2)
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area is calculated by FEM at every support location. Figure 10
shows some representative results.

As shown in Fig. 10a, when the support head is mounted at
point A (x = 0, y = 16), from cut-in to cut-out, the workpiece
deformation increases gradually. However, the deformation
tendency of workpiece is just the opposite at support location
B (x = 16, y = 1). This is because the workpiece near the sup-
port head is high in rigidity, which leads little deformation. At
support location A, the increment of workpiece profile height
is greater than the decrement of that at support location B. The
reason is that the cutting force increases gradually from cut-in
to cut-out; the lowest rigidity point of workpiece A is near cut-
out point, but that of workpiece B is near cut-out point.
Besides, at support location C (x = 14, y = 15), the profile
height increases after an initial decrease; the deformation fluc-
tuation is much smaller at location D (x = 6, y = 2) compared
with the others. By analyzing the simulation results, flat sur-
face topographies can be obtained by changing the support
head location, making the rigidity distribution of the work-
piece in the machining area consistent with the variation of
the milling force.

In order to verify the predicted workpiece surface topogra-
phies, a set of experiments was designed. In order to reduce the
difference of rigidity distribution and simulate the real condi-
tion of mirror-milling low-rigidity workpiece, the experimental
platform (Fig. 5) was changed slightly. A 300 × 300 × 1 work-
piece was fixed onto the frame by eight spring steel bands
(Fig. 11).

Although the fixture methods of the workpiece are different
in the experiment and MMS, the deformation rules for the
middle work area of the workpiece in both the experiment
and MMS are the same, resulting in little difference in defor-
mation. The verification experiment was performed. The mea-
sured surface topographies of workpiece at different support
locations are shown in Fig. 12.

Comparing the predicted (Fig. 10) and measured (Fig. 12)
results, it indicates 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 at support
location D (x = 6, y = 2) is less than the others, which means
the thickness uniformity of the workpiece is better. The mea-
sured profile height difference of workpiece A is 156.475 μm,
while that of workpiece D is 73 μm. That is to say, compared
with the deformation fluctuation due to the support at location
A, that at location D is decreased by 53.35%.

5 Conclusions

This study proposes a new iterative workpiece deformation
prediction model suitable for mirror-milling error prediction
of low-rigidity parts, which is verified by the experiment. In
addition, the model for surface topography prediction in
mirror-milling matches to the anticipated request. The results
show that flat surface topographies can be obtained by chang-
ing the support head location, making the rigidity distribution

Fig. 12 Measured surface
topographies of workpiece at the
support locations. a Support
location A (x = 0, y = 16). b
Support location B (x = 16, y = 1).
c Support location C (x = 14, y =
15). d Support location D (x = 6,
y = 2)
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of the workpiece in the machining area consistent with the
variation of the milling force. The profile height difference
of workpiece is decreased.
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