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Abstract
An appropriate machining sequence can benefit the deformation control of structural parts. However, the existing machining
sequence optimization methods can only take single-sided parts into consideration, which is not sufficient to the deformation
control of the double-sided parts. To this end, this paper proposes a double-sided collaborative optimizationmethod of machining
sequence for deformation control of structural parts. Off-line numerical analysis and on-line deformation monitoring are com-
bined in the proposed method, i.e., the relative residual stiffness of the workpiece in different machining sequence is obtained by
off-line numerical analysis, and the residual stress distribution is reflected by on-line deformation monitoring data, respectively.
Then, a fuzzy comprehensive evaluation model aiming to decrease the overall deformation is established to realize the collab-
orative optimization of machining sequence. Themachining efficiency is also considered in this model by optimizing the number
of alternate flip-over, where the machining features of the part with two sides are machined alternatively according to the
optimized sequence. The experiment shows that the proposed collaborative optimization method of machining sequence can
decrease the machining deformation of double-sided parts effectively.

Keywords Structural parts . Deformation control . Machining sequence optimization . Double-sided machining . Fuzzy
comprehensive evaluation

1 Introduction

Machining deformation is a significant problem in
manufacturing industry, especially for the machining of thin-
walled aviation structural parts. The EU and the USA had
initiated “COMPACT (A Concurrent Approach to
Manufacturing Induced Part Distortion in Aerospace
Components, 2005–2009)” and “MAI I-III (Metals
Affordability Initiative, 1999–2016)” to study machining de-
formation control. Many factors, including the initial residual
stress of workblank [1], part size and structure [2], machining
process [3], etc., can affect machining deformation.
Additionally, due to large amount material removal for avia-
tion structural parts, the part stiffness becomes weak and

larger deformation will happen in the finishing stage. In order
to meet the requirement of higher performance of new gener-
ation aircrafts, the design of aviation structural parts tends to
be large in size, modular in function, and complicated in struc-
ture [4, 5]. Meanwhile, lots of parts are designed with machin-
ing features on both top and under sides, which leads to a
significant challenge to machining deformation control. The
machining sequence can affect the release process of initial
residual stress, the stress redistribution, and the interim state
stiffness during machining process, which has a significant
impact on the final deformation. The alternative machining
sequence can reduce the deformation as it can balance the
stress release on both sides of the workpiece. Therefore, the
optimization of machining sequence is a starting point for the
deformation control of double-sided part machining.

As existing machining sequence optimization methods
mainly studied the deformation control of single-sided parts,
these methods did not combine with the machining features on
both sides of double-sided parts for machining sequence op-
timization, which cannot adapt to the overall deformation con-
trol demands of parts requiring double-sided machining.
Compared with single-sided parts, the residual stress
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redistribution and stiffness change in double-sided parts are
more complex during machining process. Likewise, it is more
difficult to optimize the machining sequence of double-sided
parts collaboratively because the machining features are dis-
tributed on different sides. Hence, more factors should be
considered during machining sequence optimization.

For this purpose, this paper proposes a double-sided col-
laborative optimization method of machining sequence for
deformation control of structural parts. Off-line numerical
analysis of the relative residual stiffness and on-line deforma-
tion monitoring are combined, and the machining sequence of
both part sides is collaboratively optimized by a fuzzy com-
prehensive evaluation method. Figure 1 shows the proposed
machining sequence adjustment strategy of double-sided
parts. The workpiece deformation data, collected by displace-
ment sensors during the machining process, is used to recon-
struct the overall deformation profile of the part. Then, by
projecting the overall deformation to each feature, the defor-
mation of each feature on two sides is obtained. The relative
residual stiffness value is calculated by numerical analysis
software tool. Flip-over, which is carried out when the next
machining feature is on the different side as the current one,
reduces the machining efficiency. Therefore, the machining
sequence is generated with a fuzzy comprehensive evaluation
model containing the three factors mentioned above, where
the machining sequence for the following process is optimized
to control the deformation and guarantee the machining effi-
ciency by reducing the number of flip-over.

In the authors’ previous study, an adaptive machining
method with floating fixtures was proposed for deformation
control, where the workpiece deformation can be released,
monitored, and controlled [6]. While in this paper, we control
the total deformation of the workpiece by optimizing machin-
ing sequence. The release of the workpiece deformation is
only used for deformationmonitoring in the proposedmethod,
which is different from our previous method where the work-
piece will keep the state for the following machining after
deformation release. In this way, the effect of machining se-
quence optimization on deformation control can be evaluated
clearly.

2 Related works

Machining sequence optimization is an important aspect in the
machining process as it is highly related with machining qual-
ity and machining efficiency. Many studies have been carried
out to reduce the deformation and improve machining effi-
ciency by optimizing machining sequence. Hence, the related
works focus on these aspects.

(1) Machining sequence optimization method for deforma-
tion control

Currently, most of the research on machining sequence
optimization methods for machining deformation control is
to determine the machining sequence before machining.
Sasahara et al. [7] studied the influence of various machining
sequences on residual stress distribution in parts machining by
simulation. Mocellin et al. [8] studied the influence of machin-
ing sequence and clamping force on parts by considering the
coupling effect of machining sequence and residual stress with
numerical analysis. Outeiro et al. [9] studied the residual stress
distribution of specific workpiece under different machining
sequences and then proposed a machining sequence optimi-
zation method. Huang et al. [10] studied the influence of var-
ious machining sequences of one side on part deformation by
using FEA method. Tang et al. [11] and Keleshian et al. [12]
studied the influence of symmetrical diagonal machining se-
quence on deformation control. Chen et al. [13] presented a
machining sequence optimization method for thin-walled
structural parts based on genetic algorithm to reduce the
deformation

(2) Machining sequence optimization method for machining
efficiency

The machining sequence has a direct relationship with tool
path length, which can affect the machining efficiency direct-
ly. Thus, the machining efficiency should be considered in the
study of machining sequence optimization. Zhang et al. [14]
generated machining sequence for all machining features in
one side based on genetic algorithm. Xu et al. [15] proposed a
dual drive curve tool path planning method to improve the
machining efficiency. Liu et al. [16] proposed a machining
sequence optimization method by combining the theory of
polychromatic set with the machining sequence optimization.
Wang et al. [17] proposed a machining sequence optimization
method of all secondary features based on customized rules
for complex structural parts, and an optimal machining se-
quence with minimum empty cutting path is obtained.
Huang et al. [18] proposed a machining sequence optimiza-
tion method for box-type parts based on graph theory by con-
sidering clamping strategy. Singh et al. [19] studied the com-
plex parts machining sequence optimization based on ant col-
ony algorithm with the goal of reducing the clamping times
and tool changes. Qiao et al. [20] proposed a machining effi-
ciency optimization method based on simulated annealing al-
gorithm. Lee et al. [21] divided holes into different priority
machining sequence for machining according to the machin-
ing process. Wu et al. [22] proposed a machining sequence
optimization method for intersecting regions. Wang et al. [23]
proposed the concept of enhanced machining features (EMF)
and a general machining sequence optimization method based
on machining rationality. Lin et al. [24] proposed a graph-
based machining sequence optimization method based on
the specific areas surface machining quality. Heo et al. [25]
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proposed a zonal machining method for high speed machining
to optimize the machining efficiency. Liu et al. [26] proposed
a machining sequence optimization method through cluster-
ing, which combined different features to establish a clear

priority. Lan et al. [27] used the clustering method to optimize
the machining sequence based on the mutual constraints.

Existing research on machining sequence have done a lot
of work from the perspectives of deformation control and

Fig. 1 The overall idea of the proposed approach
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machining efficiency. However, these methods can only be
applied to parts with machining features in one side. When it
comes to double-sided structural parts, the change rule of de-
formation is more complex, and so is the control mechanism
of machining deformation. Besides, the machining sequence
which can control the deformation well may not be able to
guarantee the efficiency. As the machining sequence planning
of double-sided parts needs to take two machining sides into
consideration comprehensively, it is a challenge to choose a
proper machining sequence by integrating deformation con-
trol and machining efficiency. Hence, this paper focuses on
solving the machining sequence optimization problem for
double-sided machining problem.

3 Machining sequence optimization model

Given that the mechanism of double-sided part machining
deformation control is complicated, it is difficult to establish
an accurate relationship between the machining sequence and
the deformation. Therefore, a comprehensive evaluation
method based on fuzzy mathematics, as the fuzzy comprehen-
sive evaluation method, is applied in this paper to optimize
double-sided parts machining sequence. All machining fea-
tures of the part in top and under sides are selected to establish
the machining sequence optimization model based on fuzzy
comprehensive evaluation method. Theoretically, the machin-
ing sequence which can decrease the final deformation and
ensure the machining efficiency is outputted.

The deformation value, the relative residual stiffness, and
the flip-over evaluation are selected as the factors of the fuzzy
comprehensive evaluation. In this paper, layer-first machining
strategy is assumed, which means the part is machined layer
by layer in the thickness direction. The interim states of ma-
chining features of the layers in upside and downside with the
same machining depth are organized into one group, and the
machining feature sequence planning is performed within a
group. The deformation monitoring data obtained after each
group machining can reflect the part deformation status. The
influence of stiffness on deformation can be reflected by
predicting the relative residual stiffness during machining
based on numerical analysis software tool. The number of
flip-over can affect the machining efficiency directly.

The factor set U in fuzzy comprehensive evaluation model
is as follows:

U ¼ EI ; y;FOf g ð1Þ
where EI represents the relative residual stiffness, y represents
the deformation value, and FO represents the flip-over evalu-
ation. In this paper, the relative residual stiffness is defined as
the interim state of the workpiece is evaluated with a relative
stiffness index after a specific feature is machined, and this

index is deemed as the relative residual stiffness of the feature.
The evaluation method of the relative residual stiffness will be
elaborated in the following section.

The above three factors are taken as the model input, and
the weight of each factor is set according to different machin-
ing stages. Afterwards, a comprehensive evaluation result of
each machining feature can be calculated, and the feature with
the highest value will be the next one for machining. The

evaluation value evalLm of feature m in group L is denoted as
follows:

evalLm ¼ w1 EI nLm
�� ��þ w2 y nL−1m

�� ��−w3FOL
m ð2Þ

where w1, w2, and w3 represent the weight of EI, y, and FO,
respectively. In order to maintain part stiffness during the
machining process, the features with larger relative residual
stiffness will be machined firstly. Thus, the predicted stiffness
value is positively correlated with the evaluation value.
According to existing research [28], the prior machining of
the maximum deformation area can effectively reduce the fi-
nal deformation. Therefore, the monitored deformation value
is positively correlated with the evaluation value. The more
times of flip-over, the lower machining efficiency. So, the
number of flip-over is negatively correlated with the evalua-
tion value.

The magnitude of the values ofEI and y in the factor set can
affect the weight when calculating the corresponding feature
evaluation value. Hence, it is necessary to normalize the data.
Here, we choose the 0–1 normalization method and the for-
mulas are shown below.

EI nLm ¼ EILm−EI
L
min

EILmax−EI
L
min

ð3Þ

y nLm ¼ yLm−yLmin

yLmax−yLmin

ð4Þ

EI_n and y_n are the deformation value and the relative resid-
ual stiffness value after normalization. EILmax and EILmin are
the maximum and minimum values in relative residual stiff-
ness prediction, respectively. yLmax and yLmin are the maximum
and minimum values of the monitored deformation values in
the group L features, respectively.

It is difficult to directly determine the accurate weights in
the model. In this paper, the importance of different factors to
machining deformation is scaled based on analytic hierarchy
process (AHP) to determine the weights [29], as shown in
Table 1.

According to Table 1, the evaluation matrix A is given as
follows:

A ¼ aij
� �

n�n ð5Þ

where n is the number of elements in the factor set.
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However, it may happen that factor 1 is more important than
factor 2, and factor 2 is more important than factor 3, but factor
3 is more important than factor 1. To avoid this, we need to
check the consistency of the established evaluation matrix.

Firstly, the maximum eigenvalue λmax of matrix A is calcu-
lated so as to get the consistency test index CI, and then the
consistency ratioCR is obtained, as shown in formula (6) and (7).

CI ¼ λmax−n
n−1

ð6Þ

CR ¼ CI
RI

ð7Þ

where RI is the average random consistency index, which is
based on the average random consistency index table (Table 2).
The matrix is deemed to be consistent when CR < 0.1.

When matrix A is determined, the eigenvector u corre-
sponding to the eigenvalue λmax can be calculated and nor-
malized, and the weight vector w can be obtained from equa-
tions (8)–(10).

u ¼ u1; u2;…; unð ÞT ð8Þ
wi ¼ ui

∑n
i¼1u j

ð9Þ

w ¼ w1;w2;…;wnð ÞT ð10Þ

4 Model input data collection

Relative residual stiffness prediction data and deformation
monitoring data are significant for the analysis of workpiece
machining deformation. Meanwhile, the optimization of flip-
over times ensures the machining efficiency.

4.1 Deformation monitoring data

On-line monitoring is considered to be an effective means to
improve machining quality and efficiency. The workpiece de-
formation can reflect the workpiece residual stress distribution
directly. The authors’ team has designed a floating clamping
device for monitoring part deformation [6]. In order to moni-
tor double-sided part deformation, this paper designed a ver-
tical double-sided clamping device which can support contin-
uous machining of two sides, as shown in Fig. 2. The working
principle of this device is similar to the former, which has both
machining state and deformation release state.

There is a fixed area in the workpiece to maintain the ma-
chining datum, which is clamped by three location units [30].
The clamping state is maintained throughout the machining pro-
cess to keep stability during machining. The floating units can
be switched in clamping and releasing state. The displacement
sensor mounted at the floating unit can measure the deformation
at the corresponding position during releasing state. What needs
to be noted is that the deformation can also be measured by
inspection probe, which is adopted in the case study.

Initially, all the features are numbered before machining.
Features on upside (face A) are listed from top to bottom and
left to right as {A1, A2,… , Ap} while downside (face B) are
listed as {B1, B2, … , Bq}. The floating units will release the
deformation after the machining of each group is finished, and
sensors will monitor the deformation in the meantime. After the
measurement is taken, the floating units will clamp the work-
piece back to the initial position for the following machining.

Compared with traditional methods, as the sequential ma-
chining from face A to face B, i.e., face B will be machined
after face A is finished, the proposed strategy can control the
part stress release by alternatively machining the features of
the two sides, which can balance the two sides stress release
and decrease the deformation consequently. According to the
authors’ previous method [28], the deformation monitoring
data of each group can be fitted into the overall deformed
surface through the biharmonic curve. Then, in order to get
the deformation value of each machining feature, the center
point of the feature will be projected onto the fitted deformed
surface. The deformation of projection point is regarded as the

Table 1 Importance ratio
determination criterion Importance ratio Indication

1 Indicate that two elements are of equal importance when compared.

3 Indicate that the former is slightly more important than the latter.

5 Indicate that the former is more important than the latter.

7 Indicate that the former is significantly more important than the latter.

9 Indicate that the former is extremely more important than the latter.

2, 4, 6, 8 Indicate the intermediate value of the adjacent evaluation above.

Reciprocal If the importance ratio of factor i to factor j is aij, then the importance
ratio of factor j to factor i is aji = 1/aij.

Table 2 Average random consistency index determination criterion

The matrix order 2 3 4 5 6 7 8 9

RI 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45
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feature’s deformation, and the deformation value for each fea-
ture on both sides can be obtained. Only the thickness-
direction deformation data of the features are collected be-
cause the parts are mainly deformed in this direction on the
basis of our design.

4.2 Relative residual stiffness prediction data

The part stiffness is the capability of the part to resist defor-
mation under imposing load. Many factors are related to stiff-
ness, including the material, the size, and the structure of part.
The stiffness under the same imposing load is negatively cor-
related with the actual deformation in the elastic deformation
range. Thus, it is defined that the part relative residual stiffness
EI is negatively correlatedwith the part deformationDef under
the same load as shown in formula (11). A suitable machining
sequence can be selected by predicting the part stiffness
changes in the next machining group, which can ensure good
residual stiffness and reduce the part deformation.

EI∝
1

Def
ð11Þ

In order to get the relative residual stiffness, ABAQUS is
selected as the software tool. According to the part model
input to the system, the secondary development enables the
core analysis and ABAQUS calculation module to calculate a
machined feature deformation based on deactivate and reacti-
vate element method. The specific steps are as follows:

(1) Construct a global search space for all the raw features in
a group.

(2) Set the location area of the part fixed and apply fixed
load to the four corners. Remove the following
unremoved feature material in the group by deactivate
and reactivate element method.

(3) Record the part deformation magnitude after removing
the selected feature material, and associate the deforma-
tion value with the feature number.

(4) Output the maximal relative residual stiffness and the
corresponding feature number.

(5) Repeat steps (2), (3), and (4) until every feature in the
current search space is simulated.

The detailed algorithm is elaborated in Algorithm 1.

Fig. 2 Concept diagram of
double-sided continuous
machining clamping device
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4.3 Flip-over evaluation

The number of flip-over can affect the machining efficiency
directly, and reasonable optimization of flip-over times can
ensure the machining efficiency without compromise machin-
ing quality.

Firstly, it does not need to flip over after the machining of
first feature of upside and downside. If the next machining
feature is in the same side as the current machining feature,
then there is no need to flip over, and the output of flip-over
evaluation model is 0. Otherwise, the output is 1.

The corresponding algorithm of the flip-over evaluation is
described as Algorithm 2.

5 Case study

The proposed method aims at decreasing the final deformation
of parts, which can be reflected by the maximum deformation
of the finished parts. Firstly, the case study in this paper is
designed to determine the weights of the factors in different
machining stages. Secondly, experiments are performed based
on the proposed method (Exp. A) and the traditional method
(Exp. B), respectively. Afterwards, the validity of the proposed
method is verified by comparing the maximum deformation of
two experiments. Finally, a brief discussion is shown.

The three factors shown above have different effects on
deformation in different stages. Given that the part has rela-
tively high rigidity in roughing stage and semi-finishing stage,
the influence of relative residual stiffness is ignored in these

stages, which can benefit the operation efficiency. The
weights in roughing stage, semi-finishing stage, and finishing
stage are determined heuristically as follows:

Roughing stage: In order to guarantee the machining effi-
ciency in this stage. Let the factor deformation be more im-
portant than factor flip-over. The importance ratio of deforma-
tion to flip-over is 5.

Semi-finishing stage: The deformation is getting larger in
this machining stage. Let the factor deformation be extremely
more important than factor flip-over. The importance ratio of
deformation to flip-over is 9.

Finishing stage: The relative residual stiffness, the machin-
ing removal amount and the releasable stress are decreasing in
this machining stage.

Table 3 Weights of the factors in
three machining stages Weight of stiffness Weight of deformation Weight of flip-over

Roughing 0 0.83 0.17

Semi-finishing 0 0.9 0.1

Finishing 0.47 0.47 0.06
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The importance ratio of stiffness to deformation is 1, and to
flip-over is 7. According to Table 1, the evaluation matrix A1,
A2, A3 of three stages are given as

A1 ¼ 1 5
1=5 1

� �
ð12Þ

A2 ¼ 1 9
1=9 1

� �
ð13Þ

A3 ¼
1 1 7
1 1 7

1=7 1=7 1

2
4

3
5 ð14Þ

The calculation confirms that the consistency ratio (of
A3)CR < 0.1, which means the ratio is consistent. The weights
in different stages are shown in Table 3 based on the equations
in Sect. 3.

The dimension of the selected structural part is 510 mm ×
140 mm × 30 mm, which is performed on a DMG 80P ma-
chine tool, and the material of the part is aluminum alloy 6061.
The part is designed as double-sided, and there are 14 machin-
ing features in upside (face A) and downside (face B) in total.
Figure 3 shows the numbered part. The collection of deforma-
tion data is carried out by inspection probe in both

experiments. Figure 4 shows the clamping points and the
measuring points of the part. The part is clamped by 7
clamping point, including 3 fixed points (red) and 4 floating
points (green). The oranges are the measuring points. Table 4
shows the machining parameter while Fig. 5 shows the
workblank and the part, the process of locating and clamping,
the process of machining, and the process of data collection.

The proposed machining sequence adjustment strategy is
applied to experiment A. The machining process is divided
into 8 groups (3 in roughing stage, 3 in semi-finishing stage,
and 2 in finishing stage). The same cutting depth is adopted in
each group. In order to obtain the feature deformation, the first
group machining sequence is from top to bottom, left to right,
and face A to B. After each group machining is completed, the
deformed surface of the group is fitted according to the mea-
sured deformation value. Then, the device will clamp the part
back to the initial position for subsequent machining (toler-
ance to ± 0.01 mm). The deformed surface can be fitted ac-
cording to the 16 datum of each group, and the deformation
value of each feature can be obtained by the deformed surface
as well.

Take group 8 as an example. Figure 6 a shows the de-
formed surface fitted from deformation data of face A in group
7. Considering that face A and B are on the same part, the
deformed surface can be seen as the deformation condition of
the whole part. The sign indicates the deformation direction
and the absolute value indicates the magnitude. The deforma-
tion data collected in the deformed surface of group 7 will be
used in the calculation of group 8. Figure 6 b presents the
feature deformation in which the red points represent the de-
formation values in face A and the black points represent those
in face B. In finishing stage, the relative residual stiffness data,
which can be achieved off-line, is combined with the defor-
mation data and flip-over evaluation data to determinate the
machining sequence. The hexahedron is selected as the mesh

Table 4 Machining parameters

Roughing Semi-finishing Finishing

Feed rate 2000 mm/min 1000 mm/min 800 mm/min

Axial depth of cut 12 mm 12 mm 3 mm

Radial depth of cut 10 mm

Spindle speed 5000 rpm

Direction of rotation Forward Climb Milling

Cutting fluid YES (Castrol Syntilo SC 9917)

Fig. 3 Workpiece with numbered
features
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in ABAQUS and the size is 1 mm× 1 mm× 1 mm. Table 5
shows the fuzzy comprehensive evaluation values and the
final machining sequence in group 8. A1, A2, … , B8 in the
first column show the number of the machining features and
MS means the machining sequence. The following columns

show the evaluation value of each feature and the highest
value is chosen to form the final machining sequence.
Table 6 shows the total deformation of measuring points in
each group and the traditional method. When cutting to the
same depth, the deformation value of measuring points in the

Fig. 4 Clamped points and
measured points of the part. a The
coordinate of clamped points. b
The coordinate of measured
points

Fig. 5 Experiment scene. a
Workblank and part. b Locating
and clamping. c Machining
process. d Data collection

2949Int J Adv Manuf Technol (2020) 110:2941–2953



proposed method is smaller than the traditional method except
points 3, 4, and 6. However, the measuring error may lead to
this given that the difference between them is tiny.

The same batch of workblank and machining parameters
are selected in experiment B as experiment A. The part is
machined in layer from face A to B orderly. The machining
sequence in each side is based on the feature distribution (from
top to bottom and left to right). After finishing the measure-
ment of experiment B, the total part deformation of the two
experiments is obtained, the deformed surfaces are shown in
Fig. 7. According to the results, the maximum deformation of
experiment A is 0.0791 mm while the maximum deformation
of experiment B is − 0.157 mm. The results demonstrate that
the proposed optimization method of machining sequence can
reduce part deformation. Table 7 shows the machining se-
quence of 8 groups in experiment A. The machining sequence
is different in each group.

In order to meet needs in different machining stages, the
weights of the factors are determined heuristically. At the
very beginning, we did not take the flip-over evaluation
into consideration in the model and the total flip-over num-
ber is 45 in the roughing stage and the semi-finishing stage.
Although the machining quality is improved, the machin-
ing efficiency is not acceptable. Hence, the flip-over eval-
uation is introduced and the total flip-over number is de-
creased from 45 to 31 (a reduction of 31.11%) during two
stages. The case study shows that the machining efficiency
is improved under the premise of ensuring machining qual-
ity. Moreover, the simulation data of the relative residual
stiffness can be obtained off-line, which does not take up
the machining time. Although the machining efficiency of
the proposed method is obviously lower than the tradition-
al method, it prioritizes deformation control for quality
purpose.

Table 5 The fuzzy comprehensive evaluation value and the machining sequence (MS) of group 8

The fuzzy comprehensive evaluation value

A1 0.405 0.345 0.345 0.342 0.338 0.339 0.401 0.401 0.407 0.357 0.376 0.470 0.470

A2 0.487 0.425 0.425 0.422 0.277 0.435 0.496 0.498 0.496 0.437 0.441 0.549

A3 0.614 0.550 0.548 0.571 0.473 0.571 0.623 0.623

A4 0.435 0.375 0.375 0.375 0.375 0.375 0.435 0.435 0.435 0.375 0.375 0.435 0.435 0.435

A5 0.779 0.714 0.728 0.739 0.575 0.736 0.792

A6 0.777 0.726 0.726 0.726 0.565 0.739

B1 0.828 0.824

B2 0.833

B3 0.757 0.754 0.754

B4 0.736 0.735 0.735 0.721 0.732

B5 0.597 0.596 0.596 0.602 0.471 0.586 0.523 0.521 0.561

B6 0.741 0.742 0.742 0.741

B7 0.527 0.525 0.525 0.525 0.522 0.520 0.462 0.464 0.460 0.525

B8 0.473 0.473 0.473 0.473 0.473 0.473 0.413 0.413 0.413 0.473 0.473

MS B2 B1 B3 B6 B4 A6 A5 A3 B5 B7 B8 A2 A1 A4

The highest value (italicized) is chosen to form the final machining sequence

Table 6 Measurement data for deformation value in every group and the final deformation of the traditional method (TM) (mm)

Group Total depth Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8

1 4 mm 0.0645 0.0347 0.0230 0.0166 0.0190 0.0139 − 0.0175 − 0.0230

2 8 mm 0.1182 0.0641 0.0330 0.0286 0.0126 0.0120 − 0.0742 − 0.0712

3 12 mm 0.1437 0.0576 0.0389 0.0342 0.0212 0.0239 − 0.0951 − 0.0838

4 16 mm 0.1510 0.0391 0.0231 0.0203 0.0057 0.0197 − 0.1091 − 0.0845

5 20 mm 0.1565 0.0328 0.0147 0.0135 − 0.0028 0.0239 − 0.0610 − 0.0284

6 24 mm 0.1314 0.0481 0.0184 0.0250 0.0007 0.0321 − 0.0100 0.0558

7 26 mm 0.0935 0.0503 0.0031 0.0125 − 0.0164 0.0174 − 0.0427 0.0659

8 27 mm 0.0612 0.0612 0.0021 0.0181 − 0.0087 0.0245 − 0.0291 0.0791

TM 27 mm − 0.1177 − 0.1008 − 0.0016 0.0029 − 0.0658 − 0.0225 − 0.1570 − 0.1029
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6 Conclusions

The machining deformation of aircraft structural parts is
one of the key factors affecting the machining quality. In
order to realize the deformation control for double-sided
parts, this paper has proposed an optimization method of
machining sequence, where off-line numerical analysis and
on-line deformation monitoring are combined in the

proposed method. The machining efficiency is ensured by
optimizing the number of flip-over. According to the case
study, proposed method obtains the smaller deformation
(0.0791 mm) than traditional method (− 0.157 mm), which
ver i f ies the feas ibi l i ty of the proposed method.
Additionally, the machining sequence optimization method
can also be used in the machining of multi-side parts such
as cylinder head.

Fig. 6 The deformed surface of group 8. a The deformation value of measured points. b The deformation value of features

Table 7 The machining sequence of 8 groups in experiment A

Group Machining sequence Flip over number

1 A1 A2 A3 A4 A5 A6 B1 B2 B3 B4 B5 B6 B7 B8 1

2 B3 B5 B4 A3 A4 A5 B6 B1 B2 A6 A1 A2 B7 B8 4

3 A3 A4 B5 B6 B3 B4 B7 A1 A2 A5 A6 B8 B1 B2 3

4 B6 B8 B5 A2 A3 A4 A1 B3 B7 B4 B1 A5 A6 B2 4

5 B3 A3 A4 B5 B4 B6 A5 A1 A6 B7 B1 B2 A2 B8 6

6 B1 A5 A6 B2 B3 B4 A3 A4 B6 B5 B8 B7 A2 A1 5

7 B2 B1 A5 A6 B8 B3 B4 B6 B7 A2 A1 B5 A3 A4 5

8 B2 B1 B3 B6 B4 A6 A5 A3 B5 B7 B8 A2 A1 A4 3
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Although the proposed method has achieved a good effect
on deformation control of double-sided part, there are a lot of
worthwhile works for future research. In order to verify the
proposed method, a simple part is adopted in case study.
Many more constraints should be considered for complex
parts with interacting features and machining interference or
complex constraint. Additionally, the heuristic parameters can
be further investigated for better deformation control effect.
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