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Abstract
The complicated thin-walled components with asymmetric structure are extensively used in aerospace fields. The mate-
rial of these parts is hard-to-machining (such as titanium alloy and superalloy) and the machining-induced residual stress 
(MIRS) is inevitable in each cutting process. The component is deformed easily after the MIRS is rebalanced, which has 
become one of the most important challenges for the manufacturing of these parts. To overcome this problem, a deflection 
control method for the asymmetric thin-walled component by optimizing the machining parameters of the finishing process 
is proposed, which is aimed at adjusting the distribution of MIRS and making the MIRS tends to be self-balanced. Firstly, 
the deflection of two typical thin-walled components, the thin-walled plate and the circular section plate, that caused by 
the symmetrically distributed MIRS is discussed in detail. The influence of the component structure on the deflection is 
revealed. Subsequently, the component is divided into different sub-regions and the optimization algorithm, includes the 
objective function and constraint, and is established to adjust the feed rate of each sub-region. To achieve the optimization, 
the mapping relationship between the deflection and the feed rate is established by combining the machining experiments and 
finite element method. And then, the method of adjusting the distribution of the MIRS based on the mapping relationship is 
presented, using which the component is divided into several sub-regions and the feed rate of each sub-region is optimized. 
Finally, two group machining experiments on the complex thin-walled blade are carried out. Experimental results illustrate 
that the proposed method can reduce the machining deflection obviously.
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1  Introduction

The complicated thin-walled parts with asymmetric struc-
ture, such as blade and casing, are the key components of 
aero-engine [1]. The higher geometric accuracy is needed 
to meet the performance of aero-engine, especially for the 
next-generation aero-engine [2]. However, the material of 
this component is usually hard-to-machining and the MIRS 
is generated inevitably due to the thermo-mechanical cou-
pling of material removal process [3]. However, the existing 

machining process usually adopts the constant parameters, 
which leads to the MIRS is homogeneously distributed on 
the top surface of the material. However, the correspondence 
between the deflection and structure is ignored. The MIRS 
on the top surface of the component cannot be self-balanced. 
As a result, the component is deformed and scraped easily 
after the residual stress is redistributed, especially for finish-
ing process [4].

During the machining of the thin-walled component, fix-
ture plays a crucial link between the workpiece and machine 
tool [5]. It not only constrains the degrees of freedom and 
provides the supports, but also prevents the redistribution 
of residual stresses (i.e., internal stress and MIRS) in pro-
cess [6]. The residual stresses rebalanced through deflection 
when the fixture is removed. Therefore, a series of studies 
on optimizing and adjusting the fixture are carried out. Xing 
[7] proposed a fully automated fixture layout optimization 
algorithm. On the base of the study, the fixture layout of the 
engine bracket was optimized by Ramachandran et al. [8] 
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to reduce the deflection induced by drilling force. Gonzalo 
et al. [9] developed an active clamping unit by combining 
the locator and clamper, in which the casing is fixed without 
clamping stress. Wu et al. [10] built a new fixture-evaluation 
criteria for the adaptive CNC machining process of the near-
net-shaped blade, and then, an adaptive fixture is developed 
by investigating the stiffness and the clamping sequence of 
the blade-fixture system. Hao et al. [11] divided the work-
piece into fixed and floating region by a 6+X locating prin-
ciple, and the floating units are used to support the floating 
region and adjusting the workpiece posture timely. It is noted 
that the fixture is adjusted after each machining process and 
the clamping stress is avoided in these methods. But the 
deflection will exceed the machining tolerance easily when 
the residual stress is large. On the contrary, Chatelain et al. 
[12] found that the deflection caused by external clamping 
force has a significant influence on stress distribution, but 
the value of the pre-deflection is set according to experience. 
Our team also presented an active control algorithm to accu-
rately calculate the value of the in-process pre-deflection by 
combining the predicted and measured deflection [13]. The 
purpose of the methods is to balance the internal stress with 
MIRS and prevent the redistribution of residual stresses. 
Up to now, clamping the workpiece with a proper pre-stress 
before processing is an effective method for deflection con-
trol. However, the relatively complex calculation and opera-
tion of the fixture are not still completely avoided.

Another common implementation to improve the geomet-
ric accuracy of the thin-walled component is to first inspec-
tion the real geometry of the part and then adjusting the tool 
path. Liu et al. [14] presented a tool path adaptively adjust-
ing method by inspection the interim machining states of the 
component. Xu et al. [15] presented a shape-adaptive milling 
method, which can adjust the nominal tool path to automati-
cally adapt to the real geometry of the part. To improve the 
wall thickness error, Hao et al. [16] established a transplan-
tation algorithm to generate the tool path that adaptive to 
the actual shape of the component, although there has been 
significant progress in eliminating the overcut and undercut. 
But the real geometry model should be reconstructed with 
the measured point cloud to redesign the tool path, which is 
still complex and time-consuming.

The redistribution of residual stresses is the main factor 
for machining deflection [17]. Therefore, researchers have 
tried themselves to improve the distribution of the residual 
through optimizing the machining process and parameters. 
In the method proposed by Cerutti and Mocellin [18], the 
machining sequence is optimized by considering the ini-
tial residual stress. Similarly, Hao et al. [19] established an 
autoregressive integrated moving average model to allocate 
the machining allowance dynamically to approach the min-
imum deflection. Li et. al [20] presented an optimization 
model to retain the appropriate finishing allowance, which 

is aimed at reducing the influence of initial residual stress 
on deflection. Alejandro et. al [21] established a neural net-
work model to find the optimum parameters and machin-
ing locations to reduce the distortion of aircraft structures. 
Although the methods have achieved a good effect on deflec-
tion control, they are not suitable for the components that the 
material is hard-to-machining and the MIRS is dominant to 
the distortion [22]. Li et al. [23] decreased the deflection of 
an aviation thin-walled part by optimizing the axial cutting 
depth to control the profile and magnitude of the MIRS. 
Huang et al. [24] established the linear equations of MIRS 
increments based on the theory of linear inversion, which 
provides a new method to compute the desired machining 
parameters. Deng et al. [25] proposed a data-driven model to 
design the machining parameters according to the machin-
ing files with high quality. However, the structure of the 
most thin-walled parts is asymmetric and the deflection is 
closely related to the structure of the component. Therefore, 
the structure must be considered simultaneously when opti-
mizing the machining parameters.

Targeting at the thin-walled component with asymmetri-
cal structure, the research work presented a new deflection 
control method by considering the relationship between the 
deflection and structure. This method is dividing the surface 
of the component into several sub-region and optimizing the 
machining parameters of each sub-region. The remainder 
of the paper firstly analyzed the influence of the component 
structure on the MIRS induced deflection. In Section 3, a 
feed rate optimization algorithm, includes the objective 
function and constraints, is established. In Section 4, the 
mapping relationship between the deflection and the feed 
rate is established by combining the machining experi-
ments and finite element simulation. The applicability and 
effectiveness of the proposed method are validated through 
machining a simplified compressor blade. The results of the 
experiment are discussed. Finally, the concluding remarks 
in Section 5.

2 � The influence of the structure 
on machining deflection

To obtain the symmetrically distributed evenly MIRS, the 
symmetrical milling (see Fig. 1) is commonly used in the 
manufacturing of thin-walled blade part, especially for fin-
ishing milling. And then, the equivalent loads of MIRS on 
the top surface are symmetrical. However, the structure of 
the blade is asymmetrical and the equivalent loads of the 
MIRS cannot be balanced with each other. Therefore, the 
blade is easily deformed when the fixture is removed.

To prove the above point, the components are divided into 
two categories: exactly symmetrical to the neutral layer and 
asymmetric. Two simplified components (i.e., the flat plate, 
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the circular section plate) are selected to reveal the influence 
of the component structure on machining deflection, in which 
the flat plate represents the simplified model of exactly sym-
metrical components and the circular section plate represents 
the simplified model of asymmetrical components. The prin-
ciple of the finite element and the hexahedral element (see 
Fig. 2) are used to calculate the equivalent loads of MIRS and 
the deflection of component. The local coordinate system of 
each element is replaced by o_xyz and the global coordinate 
system of the component is replaced by o_xyz.

The MIRS on the top surface of the component can be 
expressed as:

where �u
11

 and �u
22

 are the MIRS on the upper surface of the 
component, �l

11
 and �l

22
 are lower surface.

The equivalent loads of the element nodes can be obtained 
by transplanting the MIRS to the element node. The equivalent 
load of each element is expressed as:

where {��} is the vector of equivalent load in o_xyz and 
PxiPyiPzi represent the equivalent load of the ith node in 
the direction of o_x , o_y and o_z respectively, in which 
i ∈ {1, 2,⋯ , 8}.

(1)
{
��
}
=
[
�u
11
�u
22
�l
11
�l
22

]T

(2)
{
��
}
=
[
Px1Py1Pz1Px2Py2Pz2 ⋯Px8Py8Pz8

]T

Therefore, the equivalent loads of the MIRS can be 
obtained as:

where he is the thickness of the MIRS-affected layer and the 
le is the size of the element.

Therefore, the relationship between the displacement and 
load of the element can be expressed as:

where �e is the stiffness matrix of the element and �� is the 
displacement of element node and can be expressed as:

where ui, vi , and wi represent the displacement of the ith node 
in the direction of o_x , o_y , and o_z respectively. The value 
of wi can be obtained by combining Eqs. (3) and (4) (see 
Eq. (6)).

To calculate the displacement of each node in the global 
coordinate system, the coordinate transformation method is 
used and expressed as:

where �e is the coordinate transformation matrix and �� 
represents the displacement of element node in the global 
coordinate system and can be expressed as:

where uiviwi are the displacement of the ith node in the direc-
tion of o_X , o_Y  , and o_Z , in which wi = 0.

The deflection of the component can be obtained by super-
imposing the displacements of each node. And then, the 
deflection of the thin-walled plate and the circular section are 
analyzed by calculating the displacement of the element node.

(3)Pxi = �u
11
∙ hel

e,Pyi = �u
22
∙ hel

e,Pzi = 0

(4)�e ∙ �� = ��

(5)
{
��
}
=
[
u1v1w1;u2v2w2;⋯ ;u8v8w8

]T

(6)wi = 0

(7)�� = �e ∙ ��

(8)
{
��
}
=
[
u1v1w1;u2v2w2;⋯ ;u8v8w8

]T

Fig. 1   The diagrammatic sketch 
of symmetrical machining
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(1) The exactly symmetrical component
The simplified model of exactly symmetrical component 

is flat plate, and the schematic of the equivalent loads of each 
element grid is shown in Fig. 3.

The element of the thin-walled plate is the regular hexa-
hedron and the local coordinate system of the element is 
coincided with the global coordinate system. Therefore, the 
coordinate transformation matrix of the element is an identity 
matrix and expressed as:

The node displacement of each element in global coordi-
nate system can be expressed as:

Equation (10) reflects that the displacements of each node 
in both global and local coordinate system is equal with each 
other and can be expressed as:

(9)�e

i
=

⎡
⎢⎢⎣

1 0 0

0 1 0

0 0 1

⎤
⎥⎥⎦

(10)�e = �e ∙ �e = �e

(11)

⎧⎪⎨⎪⎩

u
i
= u

i
;

v
i
= v

i
;

w
i
= w

i
= 0;

Therefore, the displacements of the node that sym-
metrical to the neutral layer are equal when the MIRS of 
the thin-walled plate is evenly distributed. The plate will 
extend tightly in the direction of o_X  and o_Y  and not 
deformed in the direction o_z.

(2) The asymmetrical component
The simplified model of asymmetrical component is a cir-

cular section plate, and the schematic of the element equiva-
lent loads is shown in Fig. 4. This time the elements are 
irregular hexahedron and the local coordinate system of the 
element cannot coincide with the global coordinate system 
of the component. To calculate the load and the displace-
ment of the nodes, the element is replaced by ①, ②, and ③.

It assumed that the local coordinate system of  is coin-
ciding with the global coordinate. The angel between ① 
and ② in the direction o_x is replaced by � . The angel 
between ② and ③ is �.

The coordinate transformation matrix of the element  
can be expressed as:

where �e1
i

 is the coordinate transformation matrix of the ele-
ment ①.

The coordinate transformation matrix of the element 
② is:

where �e2
i

 is the coordinate transformation matrix of the ele-
ment ②.

The coordinate transformation matrix of the element 
③ is:

(12)�
e1

i
=

⎡
⎢⎢⎣

cos � 0 −sin �

0 1 0

sin � 0 cos �

⎤⎥⎥⎦

(13)�
e2
i
=

⎡
⎢⎢⎣

1 0 0

0 1 0

0 0 1

⎤⎥⎥⎦

(14)�
e3

i
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where �e3
i

 is the coordinate transformation matrix of the ele-
ment ③.

Therefore, the node displacement of ① in global coor-
dinate system can be expressed as:

The node displacement of ② in global coordinate sys-
tem can be expressed as:

The node displacement of ③ in global coordinate sys-
tem can be expressed as:

Unlike flat plate, almost all the element nodes of the circu-
lar section plate are moved in the direction o_z (shown as Eqs. 
(15) and (17)), which means the circular section plate will be 
deformed in direction o_z with the evenly distributed MIRS.

Based on the above analysis, the equivalent loads of evenly 
distributed MIRS are self-balanced and the deflection is avoided 
when the structure of the component is exactly symmetrically to 
the neutral layer (such as flat plate). On the contrary, the equiva-
lent loads are imbalanced and the component will be deformed 
when the structure is asymmetric to the neutral layer (such as 
circular section plate). Furthermore, the structure of the actual 
part is usually asymmetric, especially for the complicated thin-
walled part of aero-engine. Therefore, the traditional method 
induced the evenly distributed MIRS on the top surface of the 
component. But the equivalent loads of the MIRS cannot be self-
balanced and the deflection cannot be avoided. To eliminate the 
influence of the asymmetric of the component structure, a novel 
deflection control method is proposed to divide the surface of the 
component into several sub-region and optimize the machining 
parameters of each sub-region. So that the asymmetrically dis-
tributed MIRS can be induced on the surface of the component 
and the influence of the structural asymmetric is reduced.

3 � Theoretical modeling

The MIRS is the coupling results of the mechanical and ther-
mal loads of the cutting, in which the mechanical load results 
in the compressive stress and the thermal load leads to tensile 

(15)

⎧
⎪⎨⎪⎩

u
i
= cos � u

i
;

v
i
= v

i
;

w
i
= sin � u

i
;

(16)

⎧
⎪⎨⎪⎩

u
i
= u

i
;

v
i
= v

i
;

w
i
= w

i
= 0;

(17)

⎧⎪⎨⎪⎩

u
i
= cos�u

i
;

v
i
= v

i
;

w
i
= −sin�u

i
;

stress. The profile of the MIRS will be different whether the 
mechanical or the thermal is changed. That means the MIRS 
is influenced by most of the machining parameters, in which 
the feed rate is the foremost [26]. Therefore, this study takes the 
feed rate as an example to change the distribution of the MIRS, 
which makes the MIRS of the final component tends to self-
balancing and improves the machining accuracy. The method 
is realized by dividing the surface of the component into multi-
sub-regions and optimizing the feed rate of each sub-region.

3.1 � The objective function of the optimization

The processing will be complex and the machining stability is 
decreased if the machining parameters are changed continu-
ously, especially for finishing milling. Therefore, the compo-
nent is divided into multi-sub-regions by the feature of the 
geometric and the feed rate of each sub-region is constant (see 
Fig. 5). The MIRS of each sub-region can be expressed as a 
function of feed rate (see Eq. (18)):

where f jz  and 
(
�11, �22

)j are the feed rate and the induced 
MIRS of the jth sub-region, in which �11 and �22 are the 
components of the MIRS in the direction of feed and vertical 
of feed, and n is the total number of the sub-regions.

Finite element is the effective method to calculate the 
deflection of the component with complex structure [27]. 
MIRS of each sub-region is added as the loads of the finite 
element model. And then, the mapping relationship between 
the MIRS and deflection can be obtained (see Eq. (19)).

where � represents the deflection of the component.
The functional relationship between the feed rate and 

the deflection can be expressed as:

(18)h
(
f
j
z

)
=
(
�11, �22

)j
(1 ≤ j ≤ n)

(19)� = F
((

�11, �22
)1
,⋯ ,

(
�11, �22

)j
,⋯ ,

(
�11, �22

)n)

(20)� = F
(
h
(
f
j
z

))
(1 ≤ j ≤ n)

1
2

n

j+1

j-1 j

Fig. 5   The residual stress of the sub-region
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The ultimate goal of the study is to minimize the deflec-
tion of the component. Therefore, the objective function 
can be simplified as:

3.2 � The constraints

The optimized feed rate may exceed the stability region, 
which will lead to the instability of the processing and 
even damage the component or the machine. The unrea-
sonable results can be avoided by adding the constraint.

The maximum allowable feed rate is limited by the per-
formance of the machine tool, and the machining stability 
will be decreased whether the optimized feed rate reaches or 
exceeds the limit. Therefore, the optimized feed rate needs to 
be constrained by the maximum allowable value of the feed 
rate and the function of the constraint can be expressed as:

where g3
(
fo
)
 is the constraint function of the feed rate, �3 is 

the security coefficient, and flim is the maximum allowable 
of the feed rate.

3.3 � The mapping relationship

The mapping relationship between the deflection and 
the feed rate is established by combining the machining 
experiments and simulation. Firstly, the thin-plate test is 
used to establish the functional relationship between the 
MIRS and the feed rate. And then, the mapping relation-
ship between the deflection and the distribution of MIRS 
is obtained through FEM. The schematic diagram of the 
algorithm is shown in Fig. 6.

4 � Case study

In this section, a typically asymmetrical component (the 
simplified compressor blade) is designed as the experimen-
tal part (see Fig. 7). The material of the blade is Ti-6Al-4V 

(21)min ∶ � = F
(
h
(
f j
z

))

(22)g3
(
fo
)
= fo − �3flim ≤ 0

and the origin of the workpiece coordinate is set at the 
center of the blade tip. The thermal aging process is imple-
mented to the blank part to minimize the influence of the 
initial stress.

The original coordinate system of the workpiece is the 
center of the blade tip. Four planar cross sections that paral-
lel to YOZ are selected as the measuring cross sections (see 
Fig. 7), which are placed at X = 35 mm, 65 mm, 95 mm, 
and 125 mm, and denoted as A, B, C, and D respectively. 
Each section contains forty sampling points and the deflec-
tion of each point is measured by the on-machine measure-
ment instrument (RENISHAW RMP600). The blade root 
is fixed throughout the machining, which is defined as the 
measurement datum. The blade tip is relaxed after machin-
ing, in which the MIRS is rebalanced and the blade surface 
is deformed. The deflection of the blade tip will be larg-
est since it farthest from datum. Therefore, two points on 
the blade tip, denoted as OA and OB, are selected as the 
observation points to reflect the deflection of the blade tip, 
and the optimization is to minimize the deflection of the 
observation points.

4.1 � The influence feed rate on MIRS

In this section, the thin-plate test is used to investigate the 
influence of feed rate on MIRS. The geometric size of the 
five plates is 80 × 50 × 1.5mm . The machining parameters 
and equipment are shown in Table 1.

The deflection of the plates is measured by Alicona 
Infinitefocus G4. The MIRS of different feed rates is 
obtained by the algorithm presented in the article [28] and 
the results are shown in Fig. 8.

The least square method is used to fit the calculated value 
of the MIRS. The fitted functions are Eqs. (23) to (24) and 
the curves are shown in Fig. 9.

(23)�11 = −2113f 3
z
+ 4510f 2

z
− 1510fz − 32.56

(24)�22 = −1.33 ∗ 10
4f 3
z
+ 1.13 ∗ 10

4f 2
z
− 2889fz − 75.08
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Fig. 6   The creation of the mapping relationship
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4.2 � The deflection response surface

To establish the deflection response surface, the blade 
surface is divided into two sub-regions (i.e., the concave 
surface and the convex surface). The feed rate of each sub-
region (i.e., the concave surface and convex surface of the 
blade) is selected in sequence from the list in Fig. 10. After 
that, 25 kinds distributed residual stress are generated with 

the combination of feed rate in different sub-region. The 
deflection of the blade with different distributed residual 
stress is predicted by the finite element method. The loads 
of the model are the MIRS shown in Fig. 8. A 10-node 
quadratic tetrahedron (C3D10) type unit is used to mesh 
the part. The size of the mesh is 1 mm. The deflection of 
each observation point (OA and OB) is recorded.

The deflection of each observation point can be expressed 
as a five-dimensional matrix. The bi-cubic spline interpola-
tion function (see Eq. (25)) is used to fit the simulated result.

where ri,j(u,w) is the fitted result of the deflection, u and w are the 
parameters of the surface, � is the deflection matrix of the obser-
vation point, and � is the coefficient matrix which is expressed as:

The deflection response surface of the observation points 
(i.e., OA and OB) can be obtained (see Fig. 11 and Fig. 12).

4.3 � Feed rate optimization

According to the above analysis, the deflection of the com-
ponent is concentrated on the observation points. Therefore, 
an evaluation function (see Eq. (27)) is established to opti-
mize the feed rate of each sub-region, which is aimed at 
minimizing deflection of the observation points simultane-
ously. The deflection of the component reaches the minimum 
only when the value of the evaluation function is minimized.

where Fe

(
f 1
z
, f 2
z

)
 is the evaluation function of the optimiza-

tion objective and DOA and DOB represent the deflection of 
the observation points respectively.

(25)ri,j(u,w) =
[
1 u u2 u3

]
����

[
1 w w2 w3

]T
(0 < u,w < 1, i = 0, 1;j = 0, 1)

(26)� =
1

6

⎡⎢⎢⎢⎣

1 4 1 0

−3 0 3 0

3 −6 3 0

−1 3 −3 1

⎤⎥⎥⎥⎦

(27)Fe

(
f 1
z
, f 2
z

)
= D

OA
2 + D

OB
2

Table 1   Machining parameters and equipment

Items PA1 PA2 PA3 PA4 PA5

Feed rate ( mm∕tooth) 0.1 0.15 0.2 0.25 0.3
Cutting speed (m/min) 50
Axial cutting depth (mm) 0.5
Radial cutting depth (mm) 0.5
Lead angle 30°
Machine YH850Z
Cutter material Carbide
Workpiece material Ti-6Al-4V
Cutter 12×R1×36×75 4F
Cooling liquid Water soluble coolant
Measurement equipment Alicona Infinitefocus G4
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Ultimately, the optimized feed rate can be obtained by 
substituting the deflection of observation points (shown in 
Fig. 11 and Fig. 12) into Eq. (27) and the results are:

where f 1
z
 and f 2

z
 are the optimized feed rate of concave and 

convex surface of the blade respectively.
By now, the deflection of the observation points are:

4.4 � Cutting experiment and analysis

In this section, two group actual machining experiments 
are carried out to verify the effectiveness of the optimized 
results. Two blades are processed with different machin-
ing schemes, in which the first blade is processed with the 

(28)f 1
z
= 0.23, f 2

z
= 0.1

(29)D
OA

= 63.3�m,D
OB

= −40.6�m

constant feed rate and the second blade is processed with 
the optimized feed rate. The blades are processed with same 
cutter and the new cutter is used in each machining process 
to minimize the influence of tool wear. The feed rates of the 
blades are shown in Table 2. The remaining parameters and 
the equipment are same with the thin-plate test (see Table 1).

The machining process of the blade is shown in Fig. 13. 
The blade root is clamped by the chuck of the machine. The 
blade tip is fixed by the special fixture, which is introduced 
in the previously published article. The on-machine meas-
urement instrument RENISHAW RMP600 is used to meas-
ure the coordinate of the sampling points and calculate the 
deflection of the blade.

The least square method is used to fit the measured results 
and the nephograms of the deflection are shown in Fig. 14. 
The dash lines in the figures represent the measuring cross 
sections of the blade. The results reflect that the deflection of 
the second blade is reduced significantly than the first blade.

The blade root remains fixed as the datum throughout the 
measurement process. The first measuring cross section (i.e., 
A) is far away from measurement datum, and the last measur-
ing cross section (i.e., D) is close to the measurement datum. 
The measurement results and the fitted line of the blades are 
shown in Fig. 15. The abscissa of the figures represents the 
Y-axis coordinate of the sample points, and the ordinate is 
the deflection, to which the following discussion is offered.

Figure 15a represents the distortion of the first measur-
ing cross section that is close to the blade tip, which is far 
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Table 2   The feed rate of the blade

Items The first blade The 
second 
blade

f
1
z
(mm/tooth) 0.15 0.23

f
2
z
(mm/tooth) 0.15 0.1

The fixture blade

The on-machine measurement instrument

Chuck

Fig. 13   The machining process of the blade
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from the datum and keep free throughout measurement. 
Therefore, the measured value at this position is the larg-
est. On the contrary, Fig. 15d represents the distortion of 

the last measuring cross section that is close to the blade 
root. The blade root has a greater rigidity due to the large 
thickness. Therefore, the blade is not easy to deformed in 
this measuring cross section.

For the first blade, the convex surface and the concave 
surface are processed with the constant feed rate (i.e., 
f 1
z
= f 1

z
= 0.15 mm/tooth). After machining, the MIRS on 

the top layer of the blade is distributed homogeneously. 
However, the structure of the blade is asymmetric and 
the equivalent loads of the MIRS in convex and concave 
surface cannot be balanced each other, which results in a 
larger deflection.

For comparison, the second blade is processed with 
the optimized parameter, in which the feed rates of the 
convex surface and the concave surface are different (i.e., 
f 1
z
= 0.23 , f 1

z
= 0.15 mm/tooth). After machining, the 

MIRS of the convex surface is different from the concave 
surface. The equivalent loads of MIRS are asymmetric 
and the effect is balanced with the asymmetric structure, 
as clearly validated by the markedly reduced deflection 
shown in Fig. 15.

For a better view of comparison, the deflection of the 
blades is further quantitatively analyzed in Fig. 16, while the 
histograms in the figure indicate the improvement of deflec-
tion at each measuring cross section. After the optimization, 
the maximum deflection of the blade reduced by 93 μm , and 
the reduction rate is 43.87%. The reduction values of each 
measuring cross section are also shown in the figure.
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Fig. 15   The measured results of 
each measuring cross section: a 
cross section A; b cross section 
B; c cross section A; d cross 
section D
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5 � Conclusion

In this paper, a novel feed rate optimization method is pre-
sented to reduce the MIRS induced deflection of the thin-
walled component with asymmetric structure. The main idea 
is to optimize the feed rate of the component, which makes 
the MIRS on the top layer of the component asymmetrically 
distributed. And then, the equivalent loads of MIRS are self-
balanced and the induced deflection is reduced significantly. 
The main contributions of this paper can be concluded as 
following:

(1)	 The MIRS induced deflection of thin-walled plate 
and circular section plate are analyzed by calculat-
ing the displacement of the element nodes. The influ-
ence of structure on the deflection of the component is 
revealed.

(2)	 The mapping relationship between the deflection and 
the feed rate is established by combining the thin-plate 
test and the FEM, which is the basis for establishing the 
mathematical model and optimizing the feed rate.

(3)	 The validation demonstrates that the proposed feed rate 
optimization method is able to significantly reduce the 
deflection of the simplified blade. The reduction rate of 
the maximum deflection is 43.87%.

This study is first attempted to control the MIRS induced 
deflection by optimize the machining parameters and the 
effectiveness of the method is validated by machining exper-
iments. However, other parameters that have obvious effect 
on MIRS are constant in this study and the deflection of 
the final component is not completely eliminated. Further 
research with a large amount of cutting experiments will be 
carried out to establish the mapping relationship between 
MIRS and machining parameters to optimize the additional 
parameters in the future.
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