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Abstract: Obtaining residual stress is crucial for controlling the machining deformation in annular parts, and can
directly influence the performance and stability of key components in advanced equipment. Since existing research has
achieved global residual stress field inference for components by using the deformation force-based method where the
deformation force is monitored during the machining process, reliable acquisition of deformation force still remains a
significant challenge under complex machining conditions. This paper proposes a hierarchical optimization method for
the layout of deformation force monitoring of annular parts. The proposed method establishes two optimization
objectives by analyzing the relationship between the deformation force and the residual stress in annular parts, i.e.,
equivalence and ill-conditioning of solving process. Specifically, the equivalence of the monitored deformation force
and residual stress in terms of effect on caused machining deformation is evaluated by local deformation, and the ill-
conditioning is also optimized to enhance the stability of residual stress inference. Verification is implemented in both

simulation and actual machining experiments, demonstrating effectiveness of the proposed layout optimization method
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in inferring residual stress field of annular parts with deformation force.
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0 Introduction

Annular parts are widely used in power sys-
tems and load-bearing structures across advanced
equipment manufacturing industries, with typical ap-
plications including aircraft engine casings, rocket
shells and fuel tanks, and gas turbine casings''™.
The increasing demands for performance, preci-
sion, and reliability in advanced equipment have
placed increasing stringent requirements on control-
ling machining-induced deformation.

Residual stress is widely acknowledged as a
key contributor to machining deformation**'. In par-

ticular, the high level of initial residual stress gener-
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ated during the heat treatment and forming process
of annular part blanks has been identified as a prima-
ry cause of this deformation'®®. Therefore, accu-
rately obtaining the residual stress field is crucial for

[9-10]

optimizing deformation control strategies”". How-

ever, direct measurement of the residual stress field
in parts remains a significant challenge''""*.

Methods inferring residual stress can be broad-
ly classified into local inference methods and global-
field inference methods. Recent research has demon-
strated significant progress in local inference meth-
ods through data-driven methods. These methods

focus on predicting characteristic stress quantities

such as layer-wise stress and overall stress levels.
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Khoshaim et al."* developed a hybrid AT model com-
bining artificial neural networks (ANNs) with meta-
heuristic optimization to predict radial and circumfer-
ential overall residual stresses in dry turning of

DT4E pure iron. Wang et al.'"

proposed a neural
network-based stress generator method for inferring
the initial residual stress in layers by fusing online
monitoring data with a finite element simulation

[15]

model. Cheng et al."”" introduced a Gaussian process
regression based model to robustly predict machin-
ing-induced surface residual stress, and optimized
selection of features extracted from sensor data for
prediction via the random forest method. Zhou et
al."" developed an empirical, data-driven model us-
ing exponential decay cosine (EDC) functions opti-
mized by the firefly algorithm and mapped via the
support vector machine to predict overall residual
stress level in multi-axis milling of GH4169G super-
alloy. Rissaki et al.""”" developed an ANN model to
predict the axial and hoop residual stress along the
thickness in girth-welded austenitic stainless-steel
the pipes, achieving predictions that closely align
with experimental data. Miao et al.""® developed an
ANN-based surrogate model of the finite element
method (FEM) for predicting longitudinal post-
weld residual stress profiles without relying on ex-
tensive experimental datasets. Farias et al."" pro-
posed a hybrid machine learning approach that inte-
grates principal component analysis for dimensionali-
ty reduction with a radial basis function network to
predict overall machining-induced residual stress. Li
et al.”*trained and compared different machine learn-
ing models to predict the residual stress along depth
in laser shock peening induced LD-TC4 alloy with
FEM data. Pradhan et al.'® proposed a Bayesian
regularized neural network model to predict the max-
imum residual stress in ultrasonic surface rolling of
lightweight alloys. However, these methods are
generally limited in inferring the global-field of resid-
ual stress distribution, facing challenges in precise
deformation control with obtained local residual
stress.

In contrast, progress has been made in infer-
ring the global distribution of residual stress, en-

abling a more comprehensive description of residual

2]

stress across entire parts. Zhao et al.'”*' introduced
the concept of deformation force and established its
physical relationship with the global residual stress
field, enabling the inference of residual stress field
based on deformation force monitored during ma-
chining process. Compared with residual stress mea-
surement techniques, the deformation force method
is capable of inferring the global residual stress field
of parts. This approach involves solving a volume
coefficient matrix which is influenced by the defor-
mation force monitoring layout, thereby affecting
the inference accuracy. To achieve accurate residual
stress field inference in annular parts with deforma-
tion force, it is necessary to optimize the deforma-
tion force monitoring layout for annular parts.

In the context of deformation force monitoring
layout for annular parts, increasing the number of
monitoring points can provide richer monitoring in-
formation. However, the geometric constraints and
machining requirements of annular parts limit the
number and placement of feasible monitoring points.
As a result, the equivalence between the monitored
deformation force and the residual stress field is fur-
ther influenced. Moreover, since the monitored de-
formation force represents a lower-dimensional ob-
servation compared to the residual stress field to be
inferred, the inference becomes a severely underde-
termined inverse problem. This leads to ill-condition-
ing of the system matrix during the solution process.
The causes and consequences of such ill-condition-
ing have been extensively investigated in literature.
Algredo-Badillo et al." investigated ill-conditioning
in problem-solving using matrix representations.
Through practical case studies, they analyzed the
substantial impact of errors in unstable systems with
ill-conditioning and examined how accuracy and ill-
conditioning influence the system. Gui et al."*" ana-
lyzed the relationship between the two primary
methods used in ill-conditioning analysis, i.e. the ei-
genvalue analysis method and the condition number
method, comparing their respective advantages and

limitations. Li et al.”®”!

explored the accuracy and sta-
bility of solving linear equations using truncated sin-

gular value decomposition and Tikhonov regulariza-
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tion, deriving bounds for the effective condition
number to mitigate ill-conditioning in these methods.
Reichel et al.”™ investigated the influence of the reg-
ularization parameter on solution quality in regular-
ized approaches to ill-conditioned problems and eval-
uated the performance of different parameter selec-
tion strategies. Dewaele et al.'””' proposed a latent
condition number framework based on feasible con-
stant-rank equations to identify the constraints caus-
ing ill-conditioning within a numerical problem by
analyzing the effect of constraint relaxation.
Therefore, since the accuracy of inferring the
residual stress field in an annular part critically de-
pends on the arrangement of deformation force sen-
sors, it 1s essential to establish a systematic method
for designing an optimal monitoring layout. To this
end, the deformation force monitoring layout for the
annular part is formulated as a multi-objective opti-
mization problem with the following two objectives:

(1) Enhancing the equivalence between the effects

of the measured deformation force and the residual
stress field on machining deformation; (2) reducing
the ill-conditioning of the volume coefficient matrix.
To address these challenges, a hierarchical op-
timization method for deformation force monitoring
layout of annular parts is proposed in this paper.
The optimization objectives are derived {rom accura-
cy of residual stress inference, based on the thick-
walled cylinder theory. A genetic algorithm (GA) is
employed to minimize the local deformation under
varying numbers of monitoring points. Additional-
ly, the condition number of the volume coefficient
matrix is introduced as a second objective to assess
ill-conditioning. This approach ensures both the
equivalence between the influence of the deforma-
tion force and the residual stress field on deforma-
tion, and the numerical stability of the inference pro-
cess. The framework of the proposed optimization
method for the deformation force monitoring layout

of annular parts is illustrated in Fig.1.
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Fig.1 Framework of the deformation force monitoring point layout optimization method

1 Problem Analysis and Optimiza-

tion

The deformation force monitoring layout of an-
nular parts is a multi-objective optimization prob-
lem. The first objective is to enhance the equiva-
lence between effects of the monitored deformation
force and residual stress field on machining deforma-
tion. The second objective is to reduce the ill-condi-
tioning in the inverse problem of the deformation
force method. This section introduces the inference
process of the residual stress field using the deforma-
tion force. To analyze and quantify both optimiza-
tion objectives, the deformation behavior of annular

parts is assessed based on the stress-deformation re-

lationship described by a thick-walled cylinder mod-
el. In addition, the ill-conditioning of the volume co-
efficient matrix is analyzed. Through the analysis,
the two objectives are quantified to guide the optimi-

zation of the deformation force monitoring layout.

1.1 Theory of residual stress field inference

with deformation force

Before machining, the residual stress field
within the part is in a state of equilibrium. As the
material is removed during machining, the equilibri-
um is disrupted, causing reaction forces on the
clamping regions. Upon release of the clamping de-
vice, the unbalanced residual stress field is redistrib-

uted to establish a new equilibrium, thereby induc-
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ing machining deformation in the part. These forces
exerted on the clamping device are referred to as de-
formation forces, whose effects on deformation are
equivalent to the effects of the residual stress.

According to the description of the deformation
force method in Ref.[22], the relationship between
the deformation force F and the residual stress field
o, can be expressed as

Mo,=F (1)
where M denotes the volume coefficient matrix. M
is composed of elements M, representing the ratio
of the deformation force to the residual stress in cor-
responding finite element cell. M is calculated
through FEM since the finite element simulation has
emerged as an effective and efficient approach for
elucidating the physical mechanisms of cutting pro-
cess' ™.

Based on Eq.(1), the residual stress field can be
inferred from the measured deformation forces act-
ing on the annular part. However, achieving accu-
rate inference requires both the precise deformation
force and the low ill-conditioning of M. The accura-
cy of the monitored deformation force is represented
with local deformation, which is affected by the
clamping layout. Meanwhile the calculation of M is
related to the constrained condition of parts, i.e.,
clamping layouts. Therefore, it is necessary to opti-
mize the clamping layout to improve the inference

accuracy of the residual stress field.

1.2 Equivalence analysis of monitored defor-

mation force

In order to analyze the equivalence of the defor-
mation force, a mechanical model of the annular
part is first established. Since the outer-to-inner radi-
us ratio of the annular part used in this paper ex-
ceeds 1.1, the mechanical model of part is approxi-
mated by a thick-walled cylinder model®’. More-
over, the geometry and load distribution of the mod-
el are symmetric with respect to the central axis,
and no deformation occurs in the axial direction.
Thereby, the model is simplified to a plane axisym-
metric formulation for mechanistic analysis.

Based on the geometrical characteristic and ma-
chining conditions of the annular part, the following

assumptions are made. The annular part contains a

high level of initial residual stress. During the ma-
chining process, appropriate cutting parameters and
cooling conditions are assumed such that the stress
induced by cutting heat and cutting force are negligi-
ble compared to the initial residual stress. Addition-
ally, the material removal thickness is small relative
to the axial length of the part. Therefore, the effect
of material removal on axial deformation is neglected.
Unknown variables in the plane axisymmetric
problem include radial stress o,, hoop stress o,, radi-
al strain e,, hoop strain g,, and radial displacement
u. Through the finite element analysis, these vari-
ables satisfy the equilibrium equations, geometric
equations and constitutive equations, respectively.

do, o0, — 0y

+——=0 2
dr r @)
du
e, =—
dr (3)
u
Eg_i
-
1
e,AZE(G,*/mo)
(4)
= (0, i)
&€y E Oy Ho,

where 7 is the radius coordinate; g the Poisson’ s
ratio; and E the Young’s modulus.

We set a thick-walled cylinder with an inner ra-
dius @ and an outer radius &, which is machined
from b to a radius R,. Then the effect of the redis-
tributed residual stress caused by the material re-
moval can be equivalently represented by a uniform-
ly distributed external load p acting on the outer sur-

face of the remaining material, as depicted in Fig.2.

Fig.2 Mechanical analysis of thick-walled cylinder model

The boundary condition can be written as
ol-.=0
(5)

o‘/'|r:R” — 7,0

By combining the boundary condition with the
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three governing equations, the radial deformation in-
duced by the redistributed residual stress can be ex-
pressed as Eq.(6). This equation characterizes the
relationship between the equivalent external load
and the resulting radial deformation of the annular
part after the material removal.
22 2
”"_é{“”);gm;i (”1)13?01”}
(6)

This analytical expression serves as the theoret-
ical foundation for the residual stress inference mod-
el. Tt conceptually supports the assumption that the
deformation induced by the residual stress can be
equivalently represented by a set of deformation
forces in annular parts. According to the analysis in
Ref.[30] regarding the effect of the residual stress
on deformation, the deflection change induced by
the residual stress field can be equivalently repre-
sented by that caused by an infinitely dense distribu-
tion of concentrated forces. The principle guides the
formulation of the optimization objective function,
which seeks to maximize the equivalence between
the deformation force and the residual stress field.
However, in the practical machining environment,
the sensor layout for annular parts is spatially con-
strained, allowing only a limited number of the de-
formation forces to be monitored.

Since the effect of outer loads other than defor-
mation force is considered negligible, the difference
between the deformation induced by the monitored
deformation forces and the residual stress field is
equivalent to the local deformation of the part. The
local deformation is used as a metric to evaluate the
equivalence between the deformation force and the
residual stress field. This metric forms the first ob-
jective in the optimization of the deformation force
monitoring layout, as represented

min RMSE (def,.. — defys) (7)
where defy,. is the deformation caused by deforma-
tion force; defgs the deformation caused by residual

stress; and RMSE the root mean square error.

1.3 Ill-conditioning analysis of the residual

stress field inference

In the mechanical relationship presented in

Eq.(1) between the deformation force and the resid-
ual stress field, calculating o, requires inverting M.
However, M is an ill-conditioned matrix and calcu-
lated through FEM for specific sensor layout and
part geometry. Ill-conditioning denotes a problem’ s
sensitivity to small perturbation in the input, which
can result in large errors in the solution. Consequent-
ly, it influences the stability of the solution process
upon the presence of measurement noises in the de-
formation force.

The ill-conditioning of M originates from linear
dependence among its column vectors. In the residu-
al stress inference problem, poor sensor layouts can
cause F' to contain redundant strain observations
from identical part regions. Since M is also derived
based on specific sensor layout, linear dependence
of eigenvectors in M is caused, leading to signifi-
cant redundancy and ill-conditioning in M. Such ill-
conditioning amplifies the impact of even subtle er-
rors in I, causing considerable errors in the inferred
residual stress field.

In Eq.(1), errors arising from the force sensor
measurements lead to errors AF in the measured de-
formation force. Consequently, it induces a recon-

struction error Ao in the inferred residual stress.

F+AF=M(o+ Ac) (8)
AF = MAos 9)
The relative error can be presented as
A _ AF
Bl yr A2 o
lo| | F

[lI-conditioning of M leads to redundancy and
rank deficiency of matrix, thereby rendering the ma-
trix nearly singular. Consequently, it amplifies er-
rors, and compromises both the accuracy and stabili-
ty of numerical computation. Thus, reducing ill-con-
ditioning of M constitutes the second optimization
objective.

The condition number cond( M ) is a critical in-
dicator of the ill-conditioning of M, as presented

cond(M)=|M "[|M] (11)

A larger condition number indicates that distur-
bances in sensor signals have a greater impact on so-
lution accuracy, rendering the matrix increasingly

ill-conditioned. To evaluate the ill-conditioning of
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M, singular value decomposition (SVD) is per-
formed.
M,.=U,.,S,.V..= E u; Av) (12)
=
where U and V are the left and the right singular ma-
trices with column vectors u;and v;, respectively;
and S is a diagonal matrix composed of singular val-
ues A;, S=diag(A,, A, ==+, 2,) and A, =1, = -+ =
A
The condition number is calculated as the ratio
of the largest singular value to the smallest singular
value obtained from SVD
cond( M )=2A,/A, (13)
Thus, the second objective to reduce ill-condi-
tioning can be expressed with condition number as
min cond( M ) (14)

2 Layout Optimization Method

For the deformation force monitoring of annu-
lar parts, the equivalence of the monitored deforma-
tion force directly affects the accuracy of the residual
stress field inference, and ill-conditioning of M pri-
marily influences the stability of the solution under
measurement errors. Therefore, the overall optimi-
zation problem can be formulated as

min { RMSE (def,,.. — defys), cond( M) }

reX, (15)
where x denotes the deformation force monitoring
layout configuration; X, the set of all monitoring
layout configurations that satisfy the spatial con-
straints of annular parts machining and clamping sta-
bility.

However, computing entails a time-consuming
process, as it involves both large-scale matrix inver-
sion and finite element simulation. As a result, di-
rectly optimizing both objectives simultaneously
would lead to a substantial computational burden
and significantly prolong the optimization cycle.

To address this challenge and balance the trade-
off between optimization efficiency and global
search capability, this study proposes a hierarchical
optimization strategy. By decomposing the multi-ob-
jective problem into prioritized levels, the proposed

approach reduces the solution complexity while still

guiding the search toward globally favorable solu-
tions. The hierarchical structure of the optimization
process is illustrated in Fig.3. Since local deforma-
tion directly represents the accuracy of the inferred
residual stress field, maximizing the equivalence be-
tween the deformation force and the residual stress

field is set as the primary optimization objective.

E Encode qu}ivglet}ce i:r Ill-conditioning optimization i
| variables ogumizzuon it 1
1 I !
- f— v !
!| Initialize 11Output optimal Calculate |
i | population il solution condition ||
i Generate H ] number !
E Gentrate J population ii Decode i
i| layout } il variables [ll-conditioning |!
i ! Genetic i ] evaluation  |!
E Decode operation ii Construct ] i
E variables N i: FE model . Select H
! 7 Sox :E ] optimal layout i
1 Construct iteration i Solve !
|| FEmodel 1| coefficient :
i roce H matrix ]
I * |: :
1 R SN
E Extract Fitness i

I|[deformation| | evaluation ! End

Fig.3 Process of the deformation force monitoring layout

optimization for an annular part

Due to the global search capability and robust-
ness in handling non-differential problems, GA is
adopted to encode and optimize the sensor layout to
achieve optimal equivalence between the deforma-
tion force and the residual stress field. Moreover,
the discrete nature and computational efficiency of
GA further enhance its adaptability compared with
other optimization methods when interfacing with fi-
nite element simulations. A finite element model is
constructed to decode and evaluate candidate layout
schemes in each GA iteration. And ill-conditioning
is subsequently incorporated to identify configura-
tions with lower condition number.

In GA, variables are the locations of monitor-
ing points, encoded as real numbers representing in-
dices of the predefined candidate locations. These
positions are selected based on the machining char-
acteristics, clamping constraints, and axisymmetric
characteristics of annular parts. Genetic operations
are conducted with a roulette wheel selection strate-
gy and a single-point crossover operator.

The fitness function in the GA 1is defined as the
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reciprocal of the local deformation with an exponen-
tial scaling applied to amplify the impact.
fithess = el/(I{MSE(de[km*de[m) (16)
Through GA, the optimal monitoring position
layout are identified for different sensor numbers.
Subsequently, each layout is further evaluated to
minimize the ill-conditioning with the volume coeffi-
cient matrix M computed. The singular values are
obtained via SVD and used to calculate the condi-
tion number as the ratio of the largest to the smallest
singular value. The layout with the smallest condi-
tion number across different monitoring point num-
bers is finally selected as the optimal layout.
Thereby, the optimal number and positions of
deformation force monitoring points can be efficient-
ly determined, achieving maximized equivalence be-
tween the deformation force and the residual stress
field while minimizing the ill-conditioning of the re-

sidual stress field inference.

3 Verification and Discussion

Based on the proposed hierarchical optimiza-
tion method for the deformation force monitoring
layout in annular parts, verification was conducted
in both finite element simulation and real machining
environment. Local deformation was used as the pri-
mary optimization objective in GA to generate lay-
out configurations for different numbers of monitor-
ing points. Subsequently, the optimal layout was se-
lected based on the condition number of M.

The annular part geometry used for verification
is presented in Fig.4. The part features an inner di-
ameter of 540 mm, an outer diameter of 600 mm,
and a height of 140 mm. It is made of aluminum al-
loy 2A70, with a Young’ s modulus of 72 GPa and
a Poisson’ s ratio of 0.33. The part was clamped by

fixtures on the lower end face. Six material removal

Pocket features

Clamping surface
(b) Finished annular part

(a) Annular part blank

Fig.4 Geometric diagrams of the annular part

regions were evenly distributed along the circumfer-
ence, with each operation removing a 2 mm thick
layer. In total, 12 layers were removed with 72 indi-
vidual material removal operations.

Considering the actual machining space con-
straints, 18 candidate positions on the inner surface
were selected with 12 monitoring points located on
the upper end surface and 6 at the lower end, as

shown in Fig.5.

Monitoring point

(a) Monitoring point distribution

(b) Top view of index
distribution

(c) Bottom view of index
distribution

Fig.5 Distribution of monitoring points

3.1 Simulation verification

Simulation was conducted in Abaqus to model
the annular part and simulate the material removal
process. The positions of the monitoring points
were adjusted based on the layout generated by GA.
To represent the monitoring locations, variables
were encoded as indices ranging from 1 to 18. GA
was set with a population size of 40 and a maximum
of 50 generations. Genetic operations included a rou-
lette wheel selection strategy and a single-point
crossover with a probability of 0.8. Additionally,
the mutation operator randomly selected the gene of
one monitoring point and replaced it with a new in-
dex with a probability of 0.02.

Derived from empirical measurements from pri-
or experiments, approximate residual stress values
were used as a predefined field. The deformation at
the outer surface of the part was extracted to com-
pute the fitness function in Eq.(12). Fig.6 illustrates
the changes in the local deformation and fitness func-

tion values during the GA iteration.
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Fig.6 Convergence curves of GA

The iteration of the GA presents the optimiza-
tion process of the local deformation embedded in
the fitness function. It is indicated that the GA man-
aged to maximize the equivalence between the effect
of the deformation force and the residual force on de-
formation in the annular part. Optimal layout
schemes were obtained for configurations with 6, 8,
10, and 12 monitoring points as displayed in Fig.7.
The corresponding layout schemes are presented in
Table 1.

The optimized results obtained from GA were
compared with an evenly distributed layout scheme,
commonly adopted as a default approach due to its
simplicity and efficiency. For the deformation force

monitoring layout of annular parts, the evenly dis-

mized local deformation for varying numbers of
monitoring points, the corresponding volume coeffi-
cient matrix M was computed for each layout and
subjected to SVD. The dimensions of M are 432X
24, 576X 24, 720X 24, and 864X 24 for different
monitoring point numbers, with 24 singular values
for each. The singular value distributions for each
layout are depicted in Figs.8, 9.

Most of the singular value ratios were distribut-
ed within the range of 10 to 1 000, while a few fall
below 10 or exceed 1 000. The condition numbers
corresponding to each layout configurations are list-
ed in Table 2. It can be inferred that the layout with
12 monitoring points exhibits the smallest condition
number, which is selected as the final deformation

force monitoring layout for the annular part.
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Table 2 Condition number of layouts for different moni-

toring points

Monitoring point number Condition number

6 2571.653
8 2217.833
10 2626.223
12 2136.197

3.2 Experimental verification

For the experimental validation, the annular
part blank with the same dimensions described in the
simulation setup was used as the workpiece. Machin-
ing validation was performed on a DMU 80P machin-
ing center, as shown in Fig.10. The machining pa-
rameters were set as follows: The spindle speed of
3 000 r/min, the feed rate of 2000 mm/min, the cut-

ting depth of 2 mm, and end mill diameter of 20 mm.

Fig.10 Experimental machining environment

Fixtures equipped with the deformation force
sensors for annular parts were used to clamp the
workpiece and measure the deformation force, as de-
picted in Fig.11. These fixtures provided fixed con-
straints and deformation force monitoring capabili-
ties at the upper and the lower ends of the annular

part.

Fig.11 Experimental layout of deformation force monitoring

During the machining process, the material
was removed by features and layers to obtain defor-
mation forces. A total of 12 layers were removed,
each 2 mm thick, with 6 features per layer. The
monitoring points were arranged according to the re-
sults of hierarchical optimization. The strain signals
recorded by the force sensors were converted into
deformation force data using a multi-channel strain
signal acquisition instrument.

After machining, the constraints at the defor-
mation force monitoring points were removed to re-
lease and measure its deformation in the assembled
state, while the clamping plate constraint was re-
tained, as shown in Fig.12. The measurement points
were located 5 mm below the top surface of the part
and uniformly distributed along the circumference at
30" intervals, with a total of 12 measurement points.

Based on the deformation force monitoring data
recorded during machining and computation of M,
the inferred residual stress fields are illustrated in
Fig.13. The value of the residual stress ranges be-

tween —40 MPa and 40 MPa across most regions,

Monitoring point

\
(a) Deformation measurement

(b) Monitoring points

Fig.12 Measurement of machining deformation
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(a) S,, results

S/MPa

(Avg: 75%)
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-1.361e+01
-2.266e+01
-3.172e+01
-4.077e+01
-4.983e+01
—5.888e+01

(b) S,, results

Fig.13 Inference results of residual stress field

with the tensile stress observed in the internal re-
gions and compressive stress at the surface.

Since accurately measuring the global residual
stress field in actual parts i1s challenging, validation
of the inference was conducted through an estima-
tion method in simulation. Specifically, the inferred
residual stress field was applied to an identical part
blank in simulation, followed by simulated material
removal process. Subsequently, the resulting defor-
mation and deformation force from the simulation
were compared with the experimental measure-
ments.

The result of deformation comparison between
measurement and simulation based on the inferred
residual stress is presented in Fig.14. It shows that
the average absolute error in the predicted deforma-
tion is 0.037 mm, with a maximum absolute error
of 0.105 mm. Meanwhile, the average absolute er-
ror in the predicted deformation force is 20.858 N,
with a maximum error of 70.736 N. The difference
of deformation reflects that the inferred residual
stress field is precise compared with the real residual
stress within the annular part. The result indicates
that the proposed layout optimization method for de-
formation force monitoring in annular parts is capa-
ble of achieving accuracy in inferring the residual

stress field based on the deformation force.
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Fig.14 Machining deformation results

4 Conclusions

The proposed hierarchical optimization method
is adaptable to varying settings, including geome-
tries, materials and boundary conditions as long as
the monitoring layout is optimized to ensure both
the optimal equivalence of deformation force to re-
sidual force and inference ill-conditioning. Corre-
sponding adjustments can be implemented in the
FEM solution model and conveniently integrated to
the proposed framework.

Despite its efficiency and effectiveness, the hi-
erarchical optimization approach may encounter the
difficulties in identifying globally optimal solutions.
In future work, alternative multi-objective optimiza-
tion methods incorporating learning-based method
will be investigated to enhance the convergence
speed. Moreover, cases with other materials such as
titanium alloys will be explored to consider the im-
pact of cutting-induced stress, expanding the appli-

cability of the proposed layout optimization method.
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