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Abstract: Composite materials have been widely applied to aircraft structures due to their significant mechanical
performance and lightweight. However, the shape difference, which induced by curing deformation, between the
actual and theoretical composite panels leads to poor assembly accuracy. This paper proposes a shape control method
with flexible tooling based on the finite element analysis and the adaptive genetic algorithm. The optimized
displacement of every distributed shape adjusting end can be calculated to meet the requirements for shape conformity
and structural healthy of the composite panel. The feasibility of the method has been verified via the shape
optimization of aircraft wing-body fairing composite panel. Experimental results indicate that the shape conformity
(within 0.3 mm) increases from 66.46% to 86.36% with the proposed optimized method. Moreover, the accuracy

and efficiency for the composite panel assembly have been significantly improved. This study provides a new efficient
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and accuracy approach for the shape adjustment of composite panels during the assembly process.
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0 Introduction

Composite parts are increasingly widely used in
civil aircraft due to their outstanding mechanical per-
formance and weight saving effects'"”. To guaran-
tee the aerodynamic profile, the shape accuracy of
composite panel should be well controlled. However,
the deformation of composite panel introduced in the
curing process often leads to difference between ac-
tual and theoretical shapes of the composite panel™.
In such a condition, the shape of the composite pan-
el should be modified to meet the requirements of as-
sembly accuracy. With growing scale of composite

panel used in aircraft, the time of whole shape con-
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trol process increases dramatically. Meanwhile, the
anisotropic performance of composite makes precise
adjustment of composite panel more difficult. More-
over, inappropriate shape optimization method may
introduce large stress in composite panel, which
may result in the appearance of damage. Therefore,
efficiency methods for the shape control of compos-
ite panel, considering the shape accuracy and me-
chanical performance, require addressing.

In recent years, the substitution of traditional
rigid tooling with intelligent and flexible assembly
systems has emerged as one of the development di-

rections for enhancing assembly quality, which can
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precisely control the displacement or load applied on
the composite panel for the shape adjustment'™®.
Ramirez et al.'” developed a flexible supporting tool-
ing system with modular clamping unit, which
could achieve the positioning and shape adjustment

for different composite panels. Yang et al.”

pro-
posed a shape control method for composite fuse-
lage panel assembly, based on multi-robotic tooling
system. The maximum shape deviation can be con-
trolled less than 0.6 mm. Liu et al."""'* developed
an effective method to adjust the shape of composite
panel with distributed modular adjusting units. Wu
et al.'"” proposed a force application strategy to re-
duce the gap between the skin and the framework of
aircraft. The average scale of gap was 0.15 mm.
Furthermore, Zhang et al."*'" established a finite
element model to optimize the size and layout of the
compression force for composite panel shape adjust-
ment, considering the interlamination behavior of

composites. Jiang "

proposed a method to achieve
good accuracy of composite panels and less induced
stress during the assembly process. Based on the
tooling mentioned in Ref.[16], the maximum stress
of the panel after optimization was only 51.7% of
that before optimization. Zhang''*' proposed a shape
control technology of composite panels based on ac-
tual measurement data. However, the scale of com-
posite panel applied to aircraft is getting larger and
larger. Accurate and efficiency method for the shape
control of the large scaled composite panel should
be further studied.

In this paper, a shape control method for the
composite panel with flexible tooling is proposed,
based on the finite element analysis and the adaptive
genetic algorithm, which can provide the shape opti-
mization method automatically for different sized
composite panels during their assembly process.
The optimized displacement of every single displace-
ment applying unit can be calculated to meet the re-
quirements for shape conformity and structural

healthy of the composite panel. The feasibility of the

method has been verified via the shape optimization
of the aircraft wing-body fairing composite panel.
The accuracy and efficiency for the composite panel
assembly can been significantly improved. This
study provides a new efficient and accuracy ap-
proach for the shape adjustment of composite panels
during the assembly process. Moreover, the results
of this paper can also provide a reference for the de-
sign of flexible tooling for the shape adjustment of
composite panels, which can achieve the shape opti-

mization automatically.

1 Shape Optimization Process of

Composite Panels

As shown in Fig.1, the process of shape opti-
mization for the composite panel proposed in this pa-
per includes the establishment of the optimization
model, the initialization of the finite element mod-
el, the parameter setting of the optimization algo-
rithm, the expression of variables in the finite ele-
ment, and the solution of the optimization model.
The problem to be solved can be described as the
optimization problem of the composite panel adjust-
ment with the two goals. On one hand, the devia-
tion between the actual shape and the theoretical
shape of the panel should be minimized to improve
the shape accuracy of the panel. On the other hand,
the damage in the composite panel should be avoid-
ed to achieve good mechanical performance. Based
on the numerical analysis method and the proposed
ntelligent optimization algorithm, the above optimi-

zation problem can be solved.

Analyze optimization
problem

Define optimization

_ i objective
Design variables 7
_Objec tive Functions Es?abl?sh the Establish the finite
optimization model | | element model

‘ Solve the optimization model |

Fig.1 Process of shape optimization for composite panel
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2 Establishment
Model

of Optimization

Establishment of the optimization model is criti-

cal to solving optimization problems "

. Specifical-
ly, once the optimization objectives are clarified,
three core elements of the optimization problem
should be defined, including design variables, objec-

tive functions, and constraint conditions.
2.1 Design variables

In the flexible tooling involved in this paper,
the shape of the composite panel is adjusted via the
distributed shape-adjusting ends, which can apply
concentrated force or local displacement on the com-
posite panel to change the shape of the composite
panel. To simplify the control process, local dis-
placement 1s chosen as the output of the distributed
shape-adjusting ends. In such way, the layout and
the magnitude of concentrated force or local dis-
placement used by distributed shape-adjusting end
should can be considered as design variables.

In order to express the layout and magnitude of
the distributed shape-adjusting ends more clearly,
h(i=1,2,+-,n) and [(i=1,2,+--,n) are set as
the location and the magnitude of the displacement ,
respectively, used by the ith distributed shape-ad-
justing end. Then, the layout and the magnitude of
displacement, used by distributed shape-adjusting
ends, can be expressed as H={hy, h,, -+, h,} and
L={lL,1,,+,1,}, respectively, where n is the
number of distributed shape-adjusting ends. Thus,
the design variables can be expressed as

X=[H,L] (1)

Taking the practical condition into account, the
value range of design variables can be described as
follows:

First, the number of distributed shape-adjust-
ing ends n, involved in the shape adjustment,
should be less than the total number of distributed
shape-adjusting ends N in the flexible tooling.

Second, the magnitude of displacement used

by the distributed shape-adjusting end should be

larger than — L., but less than L,,,, which is de-

termined by the distributed shape-adjusting end.
2.2 Objective function

The main objective of this paper is to find an
optimization method for the shape control of com-
posite panels based on flexible tooling, which can
make the deviation between the actual and the theo-
retical shapes of the panels as small as possible.
Meanwhile, damage in the composite panel should
be avoided during the shape adjustment process.
Therefore, the shape accuracy is set as the objective
function of the optimization model. While, the con-
straints can be considered as that there is no damage
in the composite panel.

In order to qualify the shape accuracy of the
panel, the profile compliance rate of the composite
panel R(X) is defined, which is a statistical function
calculated by the deviation of corresponding moni-
toring points between the theoretical and the actual
shapes in normal direction. Detailed calculation of
the profile compliance rate can be described as fol-
lows.

As shown in Fig.2, taking the monitoring point
i as an example, A, represents the spatial coordinate
of the displacement monitoring point 7 on the actual
shape. ¢, denotes the projection point’s spatial coor-
dinate of monitoring point i on the theoretical
shape, along the normal direction of actual shape at
monitoring point Z. Thus, the shape deviation w, be-
tween actual and the theoretical shapes in monitor-
ing point / can be calculated by

w,=A— @, (2)

During the shape adjustment process, the dis-

placement in Aw; in normal direction of the actual

shape at monitoring point 7 can be introduced via dis-

Plane of Inspfection
measurement po/lnt A
B 2o i |
R -—- Actual shape
Plane of Reference — Theoretical shape
reference point ¢,

S oozt

Fig.2 Schematic diagram of shape deviation calculation
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tributed shape-adjusting ends. The final shape devia-
tion of the panel after adjustment can be described as
wl=w,+ Ao, (3)

The allowable value of the shape deviation of

the panel is Aw, which can be determined via the as-
sembly process specifications. According to the rela-
tionship between |w/| and Aw, the status of the pro-
file compliance of the composite panel at monitoring

point i, G,( X ) can be expressed as

1 |o/|<Aw
G(X)= (4)
0 |wl=Aw
When the status meets the requirement on the
profile compliance of the composite panel at moni-
toring point i, G,(X)=1. Otherwise, G,(X) is
conversely recorded as 0.
Thus, the profile compliance rate of the com-
posite panel R(X) can be determined according to
ROX) =2 336/(X) ®
=
where 7 is the total number of monitoring points.
The higher the value of R (X) is, the less
shape deviation between the actual and theoretical

shape of the panel can be achieved.
2.3 Constraints

As mentioned in Section 2.2, the constraint in
the process of shape control for composite panels is
that no damage occurs within the composite panel.

To predict the damage occurrence and its prop-
agation in composites, many failure criteria have

201 such as

been proposed for different conditions
maximum strain or maximum stress criterion, Tsai-
Hill criterion, Tsai-Wu criterion and Hashin criteri-
on. Even though the progressive damage and fatigue
effects were ignored in 3D Hashin criterion, the oc-
currence of composite damage under out-of-plane
stress can be predicted rapidly and accurately'®*.
Therefore, 3D Hashin criterion was chosen to pre-
dict the damage initiation during the shape adjust-
ment of the composite panel to reduce the shape op-
timization process cost and ensure relatively preci-

sion, which could be expressed as Eq.(6) .

2 2 2
D,(X)_( 0'11) +(612) +(Ula) 6”20
X]T X12 X13

2
o
DZ(X):(X]II() 011<O
2 2 2
D3(X)( 0'22) +(512) +(0-23) 02220
Xor Xy, Xos
2 2 2 (6)
029 012 033
D,(X )= + -+ <0
o) R ) -
- 2 - 2 - 2
Dr) X — 33 ( 12 ( 23) >O
( ) (X‘“> + Xlz + XZS 0'53/
2 2 2
DG(X)_( 633) +(613) +(023) (733<O
X3(‘ Xlg X23
where D, (X )—D;(X ) represent the failure status

of composites under the fiber tensile mode, the fiber
compressive mode, the matrix tensile mode, the
matrix compressive mode, the tensile delamination
mode, and the compressive delamination damage
mode. When any one of these values is greater than
or equal to 1, it indicates that the corresponding
type of damage has occurred in the composite mate-

1% 5., (m, n=1,2,3) is the stress introduced

ria
in the composite panel in different directions during
the shape adjustment process, which can be ob-
tained by finite element analysis (FEA).

During the composite panel shape optimization
process, to prevent material damage, the values of
D.(X)—Ds(X) should be less than 1. The con-
straints can be described as

D(X)=max{D,(X),D,(X),--
where D( X )<Z1.

Dy(X)} (7)

2.4 Mathematical expression of optimization
model
In summary, the optimization model of the
shape optimization process of composite panels can
be described as

max{R(X)}
1

R(X)= G(X)

i=1 (8)
n < N; - I‘max < Z(< I‘max
D(X)<1

~

where R(X) is the objective function of the optimi-

zation model; X=[H, L] the design variable, in-
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cluding the layout of distributed shape-adjusting end
involved in the optimization process and the magni-
tude of displacement applied by distributed shape-ad-
justing end; n and N are the number of distributed
shape-adjusting end involved in the process and the
total number of distributed shape-adjusting end in
flexible tooling, respectively; L., is the maximum
displacement applied via shape-adjusting end; and

D(X) the failure status of the composite panel.
3 Solution of Optimization Model

3.1 Selection of solution method

Once the optimization model is established,
the appropriate numerical analysis method and intel-
ligent optimization algorithm should be determined
to solve the optimization problem effectively.

Many intelligent methods have been proposed
to solve different kinds of optimization prob-
lems™® " including simulated annealing (SA), ge-
netic algorithm (GA), and particle swarm optimiza-
tion (PSO). Compared with other intelligent optimi-
zation algorithms, GA has shown better perfor-
mance on the versatility, global search ability, and
designability. Furthermore, GA is more suitable
than other algorithms to solve optimization prob-
lems with poor continuity of objective function val-
ues'“. Considering the nonlinear relationship be-
tween the design variables and the objective func-
tion in the shape adjustment process of the compos-
ite panel, GA is employed to solve the optimization
problem proposed in this paper.

The GA process involved in this paper is
shown in Fig.3.

As mentioned before, owing to its high accura-
cy in solving nonlinear analysis problems, FEA is
selected to predict the stress and damage initiation
in the composite panel during the shape adjustment
process.

Since ABAQUS provides subroutine interfaces
for Fortran and plugin interfaces for Python, subrou-
tines have been developed for ABAQUS to com-
plete pre-processing and post processing, enabling

automatic iterative calculations in ABAQUS. With

Start

I Initialize population |

Assess individual
fitness

Termination
condition

Genetic manipulation
¥
Generate a new
population

Get the optimal
solution

End
Fig.3 Flow chart of GA

the optimization iteration function of GA, the opti-
mal solution is finally obtained. The solution strate-

gy of shape optimization problem is shown in Fig.4.
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? | element model
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Constraint L_Damage criterion of
D(X)<1 ! composite materials

Fig.4 Optimization model solving strategy

3.2 Gene representation and encoding of design

variables

In GAs, each individual consists of several
genes, and multiple individuals form a population.
As the basic unit for genetic operator operations,
genes require design variables to be represented as
gene-form individuals when solving optimization
models. The design variables of the optimization
model in this paper include layout component H and
magnitude component L, which are represented by
the layout and displacement of distributed shape-ad-
justing ends involved in the shape optimization pro-
cess. n 1s the number of distributed shape-adjusting
ends. Therefore, an individual in GA contains 2n
genes. To represent solutions in a computer-process-
able form and provide a unified solution space for op-

timization, the above parameters should be encod-
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ed. Common encoding methods include binary en-
coding, real-number encoding, matrix encoding*".
Considering its great performance on adaptability,
ease of implementing crossover and mutation opera-

tions, binary encoding is adopted in this paper.
3.3 Generation of design variables

(1) Selection operator

In each iteration of GA, the selection operator
is used to screen individuals from the current popula-
tion as the parent of the next generation. The selec-
tion process is based on probability, and the proba-
bility of selecting an individual is directly proportion-
al to its fitness, and the higher the fitness, the great-
er the probability that the individual will be selected.
In this paper, a roulette selection method is adopt-
ed, in which the selection probability of each individ-
ual is directly related to its fitness value. The selec-
tion process incorporates an elite strategy, which re-
tains the fittest individuals from the current popula-
tion for the next generation, thereby ensuring fit-
ness levels are maintained"*.

(2) Crossover operator

The crossover operator is one of the key opera-
tions in GAs. It aims to generate new offspring indi-
viduals by combining chromosomes of parent indi-
viduals, thereby increasing genetic diversity and pro-
moting population evolution. Common crossover
methods include single-point crossover, multi-point
crossover, and uniform crossover. In this paper, sin-
glepoint crossover is adopted. According to the set
crossover probability, a crossover point is selected
in the individual genes. The gene segments before
and after the crossover point are exchanged to gener-
ate two new individuals.

(3) Mutation operator

The mutation operator enhances population di-
versity by introducing random changes to individu-
als, preventing the algorithm from falling into local
optimal solutions. Common mutation methods in-
clude basic bit mutation, uniform mutation, and
non-uniform mutation. In this paper, basic bit muta-
tion suitable for binary encoding is adopted. During

this process, one or more bits on the chromosome

are randomly selected and flipped (Changing O to 1
and 1 to 0) to introduce mutations.

(4) Adaptive mechanism

In traditional GAs, fixed crossover and muta-
tion probabilities may cause the algorithm to fall into
local optimal solutions. To address this issue, this
paper adopts adaptive crossover probability P. and
mutation probability P, to dynamically adjust the in-
tensity of genetic operations. This avoids premature
convergence of the algorithm, ensures its good ex-
ploration ability, and effectively improves the con-
vergence speed and global optimization capabili-
ty!?
bility P,, can be calculated by Eq.(9) and Eq.(10),

respectively.

. Crossover probability P. and mutation proba-

( Pcmznx - Pcmm )( fifd\/ ) . .
_ Prmax 7 . o, : f>fmg
Pc - fmax fuvg (9)
P e S<foe
( Pmmax - Pmmin )( f;nax _f’) . .
o Pmmax - . o, f >fa\'g
Pm — fmax javg
Pmmax f’ <_favg
(10)

where P.,.. and P, are the maximum and mini-
mum crossover probabilities, respectively; fis the
larger fitness value of the two individuals to be
crossed; f.., the average fitness value of the popula-
tion; f.. the maximum fitness value of the popula-
tion; P and P, are the maximum and minimum
mutation probabilities, respectively; and f” is the fit-
ness value of the individual to be mutated.

As can be seen from the above equation, fi.—
Jave 18 the value of the degree of convergence of the
algorithm. When the algorithm converges to the lo-
cal optimal value, the value of f,..—fu, will become
smaller, and P, and P,, should be increased to make
the algorithm get rid of the local optimal value as
soon as possible. f~f., or fu,—/" is used to value
the excellence of the individual.

If the fitness value is lower than the average fit-
ness value, the values of P. and P, increase with
growing value of f—f., or fun—f , indicating the
quality of individual degraded. In this paper, Pu...—
0.9, Ppiv=0.6, P,nx=0.1, P,,,=—0.01.
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3.4 Construction of fitness functions

In GAs, the fitness function is a key indicator
for the quality of individuals. The construction of fit-
ness function directly affects the search direction and
evolutionary results of GA, which can influence the
solving effect of optimization problems. Typically,
individuals with higher fitness are more likely to be
retained and transmitted in genetic operations, such
as selection, crossover, and mutation, thus improv-
ing the overall fitness level of the next generation.

For optimization problems, a common ap-
proach is to convert the objective function into a fit-
ness function, ensuring that monotonically increas-
ing relationship between fitness values and the quali-
ty of individuals can be established. In the optimiza-
tion problem addressed in this paper, the objective
function is transformed into the fitness function com-
bined with the constraint condition.

When D(X) is larger than 1, damage occurs in-
side the composite material. Even if the correspond-
ing fitness value of the individual is high, the indi-
vidual still fails to satisfy the constraints of the opti-
mization problem and should therefore be discarded.
When D(X) is less than 1, no damage occurs inside
the composite material. In this case, the higher the
qualification rate of the individual’ s shape devia-
tion, the larger the fitness value, indicating a better
optimization effect of the individual.

To satisfy the requirements of both the con-
straint conditions and the objective function simulta-
neously, the objective function is converted as

R(X) D(X)<<1
F(X)= (11)

0 D(X)=1
where F (X ) represents the fitness function in the
optimization problem addressed in this paper. A larg-
er fitness function value indicates better fitness of
the individual and a more optimal corresponding op-
timization scheme. This helps GA to preferentially
select and retain individuals with high fitness during
the evolution process, thereby gradually screening

out the optimal solution.

3.5 Set termination conditions

In the application of GAs, common termina-
tion conditions include selecting the optimal solution
after a fixed number of iterations, selecting the opti-
mal solution after a fixed running time, or stopping
the calculation when a preset optimization target is
achieved. In this paper, the termination condition is
set as selecting the optimal solution after a fixed
number of iterations. By setting different numbers of
iterations, when the optimal solution value of GA
tends to be stable, the optimization model can be

considered to have obtained an ideal solution.

4 Initialization of Finite Element
Model

To calculate the stress and predict the damage
initiation in the composite panel during the shape op-
timization, an initial finite element model of the
composite panel based on the actual shape should be
created. The whole process includes generation of
the actual model for the panel, set material proper-
ties, definition of mesh, and determination of moni-

toring points and other operations.

4.1 Generation of the model for the composite

panel

A critical step in the generation of the finite ele-
ment model for composite materials is to obtain the
actual profile of the panel. In this paper, high-preci-
sion 3D laser scanning technology is adopted to col-
lect the point cloud data of the panel surface. Based
on the Geomagic Wrap software, preprocessing op-
erations, such as denoising, simplification, and
smoothing, are performed on the original point
cloud data to ensure that the data quality meets the
modeling requirements. Then, reverse engineering
modeling is conducted to reconstruct a high-fidelity
solid model of the composite panel based on the pro-
cessed point cloud data. Finally, an accurate geo-
metric basis is provided for subsequent finite ele-

ment analysis.
4.2 Element type selection and meshing

To ensure the accuracy of the analysis results,
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an eight-node linear hexahedral reduced-integration
element (C3D8R) is chosen for the mesh of the
composite panel in this paper. This element type
can achieve high calculation accuracy and good con-
vergence. Moreover, the phenomenon of shear self-
locking can be avoided effectively. Thus C3D8R is
suitable for the stress-strain analysis of composite

structures involved in this paper.
4.3 Material property settings

Common modeling methods for composite pan-
els include conventional shell layup, continuum
shell layup, and solid layup. To accurately simulate
the stress state of the panel, the solid element layup
method is used and the material properties of the
composite panel are defined based on the actual con-
dition in this paper.

As mentioned before, 3D Hashin criterion is
employed in this paper to assess whether damage
has occurred in composite materials. To accurately
characterize the damage evolution behavior of com-
posite material structures, six user-defined variables
(User output variables) have been introduced in the
material property definition, corresponding to the
initiation and development criteria of six damage
modes in composite materials. A
UVARM subroutine has been developed through
the Fortran interface of ABAQUS software and in-
ABAQUS/Standard

achieving secondary development at the solver level.

specialized

tegrated into the solver,

4.4 Monitoring point setting

Quantitative analysis of the profile compliance
of panels is conducted via PolyWorks software. The
theoretical model and the measured point cloud data
are imported into the software. Once the coordinate
system registration is completed, the deviation
nephogram can be generated to show the overall dis-
tribution of deviations. Considering the require-
ments for a quantitative description of profile compli-
ance, the arrangement of monitoring points (nodes)
is determined based on the meshing of the subse-
quent finite element model.

In the process of finite element modeling, a dis-

placement monitoring point is set every n elements
to establish an equidistant displacement monitoring
network. After setting up the monitoring points, the
initial shape deviation of the panel is obtained by en-
tering the coordinates of the monitoring points in the
PolyWorks software. In the process of solving the
optimization scheme, the displacement change of
the monitoring point is obtained by running a Py-
thon script in ABAQUS, and the fitness function af-
ter applying the load is calculated to determine the

profile compliance of the panel after shape control.

5 Validation of Shape Optimization
Strategy

As shown in Fig.5, the assembly process of
the wing-body fairing panel is selected to validate
the shape optimization strategy proposed in this pa-
per. First, the position of the panel is accurately de-
termined via the positioning module on the tooling.
Second, the initial point cloud data of the panel is
obtained through digital measurement methods, and
the actual model of the panel is constructed using re-
verse modeling technology. Based on the shape opti-
mization strategy proposed in this paper, the layout
distributed shape-adjusting ends and displacement
magnitude of every distributed shape-adjusting end
are obtained. Finally, the optimal layout of distribut-
ed shape-adjusting ends and displacement of each
end are used to meet the requirements on the profile

compliance of the composite panel.

Panel 5

Panel 4

Fig.5 Test piece of wing-body fairing of an aircraft
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5.1 Subjects

Owing to the size of flexible tooling, Panel 3,
shown in Fig.5, is selected to conduct further study.
The maximum length of Panel 3 is approximately
2 070 mm, the width is approximately 1 274 mm, and
the thickness is approximately 8 mm.

The flexible tooling, involved in this paper,
consists of tooling frame, positioning modules, dis-
tributed shape-adjusting ends, control system, and
other accessories. The positioning module consists
of adjustable positioning blocks, which enables pre-
cise positioning of the panel through positioning
holes. Corresponding assembly holes have been pre-
pared on the panel. Once the panel is placed on the
tooling, its spatial position is fixed by multiple posi-
tioning modules on the tooling and constraints are
used. Then, marker points are fixed on the surface
of the panel test piece for subsequent measurements
based on a 3D scanner. The positioned Panel 3 is

shown in Fig.6.

Positioning module

Panel test
specimen

Marker points

Fig.6 Composite panel test specimen

The shape-adjusting ends consists of vacuum
suction cups, servo motors, guide rails, and other
accessories. The displacement can be adopted in the
normal direction of the panel surface. The vacuum
suction cups are controlled to move along the three
directions by a servo motor. It is also equipped with
pressure sensors and displacement sensors to moni-
tor the force and the displacement used during the
shape optimization of the composite panel. The radi-
us of the vacuum suction cup is 40 mm, where a
vacuum degree of —60 kPa can be generated.
Thus, the adsorption force of the vacuum suction
cup 1s too small to introduce the local deformation of

the composite panel. So the effect of suction cup ad-

sorption is ignored. The structure of the shape-ad-
justing ends and its distribution on the surface of the

panel are shown in Fig.7.

Composite panel

Vacuum ) X

Servo motor
Removable Servo

stand motor

Fig.7 Schematic diagram of the shape-adjusting ends

5.2 Reverse modeling and deviation analysis

In consideration of the openness of the tooling,
the measured point cloud data of the panel’ s outer
surface is obtained by KSCAN-Magic [[ three-di-
mensional laser scanner. Combined with Geomagic
Design X software, a model of the actual panel’ s
outer surface can be generated. The error between
the reversed model surface and measured point
cloud date is obtained via automatic calculation
based on the volume deviation function in Geomagic
Design X software.

As shown in Fig.8, the error between the outer
surface of reversed model and the original point
cloud data is mostly less than 0.05 mm, which
means that high-fidelity reconstruction has been con-
ducted. As the thickness of Panel 3 is 8§ mm, a solid
model of Panel 3 can be developed based on the out-
er surface of reversed model for subsequent finite el-
ement analysis.

Deviation / mm

= 0.10
0.08
0.06
0.05
0.02
0.00
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-0.05
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= —-0.10

Fig.8 Accuracy analysis of panel obtained by reverse

modeling

The shape deviation between the actual profile
and theoretical profile of the composite panel can be
obtained by deviation analysis function of Poly-

Works software in the same coordinate system. To
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balance computational accuracy and computational
efficiency, the mesh size is set to 20 mm in the fi-
nite element model. A displacement monitoring
point is set every 2 meshes via a Python script. A to-
tal of 1 306 monitoring points can be generated on
the surface of Panel 3, in which the interval be-
tween monitoring points is approximately 40 mm.
Once the coordinates of the monitoring points are
imported into PolyWorks, initial deviation values of
all monitoring points are obtained, which serve as
the calculation basis for the rate of profile compli-
ance in subsequent shape optimization. The initial

shape deviation is shown in Fig.9.

Shape deviation / mm
0.80

0.60
0.40
0.20
0.00
-0.20
-0.40
-0.60
-0.80

Fig.9 Initial shape deviation distribution diagram

5.3 Establishment of finite element model

As mentioned in Section 4, a finite element
model of a composite panel should be established for
stress analysis and the prediction of damage. To ob-
tain good accuracy of numerical results, the material
parameters are assigned to the composite panel,
which is provided by the manufacture of composite
materials. The thickness of each ply is 0.2 mm and
the layup sequence is [0/90],,. More details can be

seen in Table 1.

Table 1 Material parameters of plain weave single lami-

nate

Property Value Property Value
E,/GPa 21 X,/MPa 322
E,/GPa 23 X./MPa 364
E,/GPa 18 Y,/MPa 322

Vi 0.20 Y./MPa 364

Vs 0.15 Z/MPa 103

Vo 0.15 Z./MPa 500
G,/ GPa 2.65 S,,/MPa 118
G,,/GPa 1.7 S,;/MPa 24
G,,/GPa 1.7 S,:/MPa 24

To improve computational efficiency, the spa-
tial layout of the distributed shape-adjusting ends is
considered as a set of representative positions during
the finite element analysis. As the motion stroke of
shape-adjusting ends in Y and Z directions is
200 mm, three positions can be chosen where the
distance between each point is 100 mm. Thus, the
typical layout configuration of a single suction cup
includes nine different displacement application
points, as shown in Fig.10. This simplification not
only ensures the accuracy of mechanical analysis,
but also significantly reduces the complexity of solv-

ing contact nonlinear problems.

Panel test piece

200 mm

Vacuum suction cup

Fig.10 Typical layout for vacuum suction cup

As shown in Fig.10, four distributed shape-ad-
justing ends are equipped in the tooling for the shape
optimization of the composite panel. Each vacuum
chuck has nine displacement application points, re-
sulting in a total of 36 displacement application
points. These points correspond to 36 mesh nodes
in the finite element model, which are numbered as
RP-ik(i€[1,2,3,4], k€ [1,2,+-,9]). The in-
teraction between the suction cup and the composite
panel is simplified as a coupling constraint between
the displacement application points and the mesh
node on the panel surface. A continuously distribut-
ed coupling 1s adopted, which are numbered as Con-
straint7£ (i €[1,2,3,4], k€ [1,2,---,9]). The
influence radius of the coupling constraint is consis-
tent with the radius of the suction cup, as shown in
Fig.11.

Since the composite panel is a curved panel,
the displacement applied by the vacuum suction cup

is the normal direction of the curve panel at the dis-
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Vacuum suction cup mode Coupling constraints

Fig.11 Schematic diagram of the coupling constraint of the

vacuum suction cup

placement application points. Thus, a local cylindri-
cal coordinate system is established at the displace-
ment application points of each vacuum suction cup,
numbered as Datum csys—i-4 (i € [1,2,3,4], k€
[1,2,--,9]).

In the actual shape optimization process, the
displacement applied on the panel is controlled by
movement of the vacuum suction cups along the Z
direction in its local coordinate system, which are
numbered as Displacement-i-%4 (i € [1,2,3,4], k€
[1.2,-,9]).

Based on the positioning method of the com-
posite panel on the tooling, corresponding boundary
conditions are set, where fully fixed constraints are
used at the corresponding positions of the panel
(Ul = U2 = U3 = URl = UR2 = UR3 = 0).

The finite element model is shown in Fig.12.

Fixture positioning point  Displacement application point

Fig.12 Finite element model of composite panel

5.4 Solution for shape control scheme of the

panel

Based on the finite element model established
in Section 5.3, the optimization objective of this
study is to find out no more than four points from
the 36 displacement application points and get appro-
priate displacement loads to reduce the deviation be-

tween the actual and theoretical profiles of the panel

under the premise that no damage is initiated in the
composite panel. The domain for the design vari-
ables can be defined as n << 4. According to the actu-
al parameters of vacuum suction cup, L. 1S set as
3 mm.

According to the assembly process specifica-
tions of the wing-body fairing panel, the allowable
value of the shape deviation of the panel 1s Aw =
0.3 mm. Then, the shape optimization scheme can
be achieved through an iterative combination of
GAs and the proposed finite element calculations.

Parameters of GA are shown in Table 2.

Table 2 Parameters of GA

Parameter Value
Initial population size 10
Population size maintained during iteration 12
Maximum crossover probability 0.9
Minimum crossover probability 0.05
Maximum mutation probability 0.5
Minimum mutation probability 0.05
New individuals created by mutation 5
New individuals randomly generated 5
Good individuals retained to the next generation 2
Good individuals output to file in each iteration 10

The optimization scheme is performed on a
standard desktop computer with an Intel Core 17 pro-
cessor and 16 GB of RAM. After 55 iterations. It
takes 2 h and 23 min to eliminate repeated shaping,
showing high computational efficiency of the pro-
posed optimal method.

The termination condition of the GA is defined
as the optimal solution after a fixed number of itera-
tions. The maximum evolutionary algebra T is set
to 5, 15, 25, 35, 45, and 55 generations. The max-
imum fitness values of the current population with
different number of iterations are shown in Fig.13.

As illustrated in Fig.13, when T=55, the fit-
ness value of the optimal solution does not improve
further. Same fitness value can be obtained in 15
consecutive generations. Therefore, the optimiza-
tion result is obtained with the termination condition
of T=55, and the maximum fitness in the final pop-

ulation is the optimal solution for the shape optimiza-
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Fig.13 TIterative results of GA

tion of the composite panel. In such condition, the
optimal layout of distributed shape-adjusting ends is
H=1{4, 5, 6, 4}, the optimal displacement of dis-
tributed shape-adjusting ends is L= {2.27, 1.97,
2.28, 1.70{ , and the profile compliance rate is R
(X) =0.842. The optimal layout of distributed
shape-adjusting ends in ABAQUS is shown in
Fig.14.

Fig.14 Optimal vacuum cup positions identified by GA

5.5 Shape optimization and result analysis

Based on the optimal strategy of the panel ob-
tained in Section 5.4, the distributed shape adjust-
ment ends are moved to corresponding position and
the right displacement are used, as shown in Fig.15.
Meanwhile, the force sensor can record the force ap-
plied on the panel during the shape optimization.

Surface of the panel after optimization can be
obtained via the KSCAN-Magic [l 3D scanner.
Then the deviation nephogram between the optimal
shape and the theoretical shape can be seen in
Fig.16. Compared with Fig.9, the deviation be-

tween actual and theoretical shapes after optimiza-

Panel test piece

Pressure sensor

Vacuum suction cup

Fig.15 Applying displacement during shape control

Shape deviation / mm
i 0.80
.

0.60
0.40
0.20
0.00
-0.20
-0.40
-0.60
-0.80

Fig.16  Shape deviation nephogram between measured and

—— <

theoretical data after shaping

tion is more uniform than that before optimization.

As shown in Fig.17, a comparative analysis of
the shape adjustment effect of the composite panel is
conducted via histogram statistical analysis. The
horizontal axis represents the deviation range, and
the vertical axis indicates the frequency distribution
of monitoring points in each deviation range. Experi-
mental data indicate that the number of monitoring
points, whose deviation is less than 0.2 mm, in-
creases significantly after shape optimization com-
pared with that before optimization. The average
shape deviation before and after optimization is
0.236 and 0.147 mm, respectively. Statistical analy-
sis of the deviation value information of the monitor-
ing points, a total of 1 119 displacement monitoring
points (out of 1306), are within the deviation range
of 0.3 mm. The rate of profile compliance (devia-
tion is less than 0.3 mm) increases from 66.46 % be-
fore adjustment to 86.36% after adjustment, with
an improvement of 19.9%.

As the rate of profile compliance obtained via
the finite element analysis is 84.2% , the deviation
between the experimental and the numerical results
is only 2.16%. Thus, the accuracy of the optimiza-

tion strategy proposed in this paper is verified.
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Fig.17 Histogram of the deviation value of monitoring

points before and after adjustment

To further verify the effectiveness and necessi-
ty of the shape control scheme for the panel pro-
posed in this paper, a comparative experiment is set
up: The panel without shape control is used as the
control group. Using the framework as the assembly
reference, the panel is directly fitted to the frame-
work, applying positioning constraints to the panel
by inserting temporary fasteners through the assem-
bly of the initial holes. After the constraints are com-
pleted, the KSCAN-Magic [I 3D laser scanner is
used to measure the contour surface of the panel.
The measured point cloud data is then compared
and analyzed with the theoretical shape of the panel
in PolyWorks software, and the coordinates of the
displacement monitoring points are also imported.
The shape deviation nephogram is shown in Fig.18.
Statistical analysis of the deviation values for each
monitoring point shows that 845 monitoring points
fall within the deviation range of 0.3 mm, resulting
in a calculated qualified rate of shape deviation of

63.34%.

Shape deviation / mm
0.8
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OCOOOCOO o folu b
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Fig.18 Shape deviation nephogram of the control group

The above data demonstrate that compared to
the conventional rigid tooling (63.34% qualified
rate) and existing shape control methods, the pro-
posed strategy achieves three key advantages: High-
er accuracy (85.68% qualified rate) , superior uni-
formity (reduction of outliers above 0.3 mm) , and
enhanced efficiency (2 h 2 min optimization time).
This validates its competitiveness for high-precision

composite assembly.

6 Conclusions

(1) To address the issue of shape control for
composite panels, an optimal shape control method
for composite panels is proposed by combining FEA
with an adaptive GA in this study. Taking the mini-
mum deviation between the actual shape and theo-
retical shape of the composite panel as the objec-
tive, and taking no introduction of defects into the
composite material as the constraint, this method
automatically obtains the optimal layout of shape ad-
justment units and the displacement magnitude ap-
plied by each shape adjustment unit.

(2) In this study, the traditional GA is im-
proved. Genetic operator operations including rou-
lette selection, single-point crossover and basic bit
mutation are adopted. The convergence and global
search capability of the algorithm are optimized by
integrating an adaptive mechanism, enabling effi-
cient optimization of design variables. The feasibili-
ty of the optimization scheme is verified through fi-
nite element simulation.

(3) The proposed profile optimization method
is verified through a case study on the panel of a air-
craft wing-body fairing based on the flexible tooling.
The results show that the optimization scheme in-
creases the accuracy of shape matching from
66.46% to 86.36% , with an improvement of ap-
proximately 20% , and the deviation distribution is
more uniform. This method can provide valuable en-
gineering references for the collaborative control of
shape and performance of aviation composite struc-
tures.

Although the proposed optimization strategy
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has achieved good results under ideal conditions,
the possible influence of the tooling itself on the pan-
el has not been considered in practical application.
For example, the adsorption effectiveness of vacu-
um suction cups can be affected by surface condi-
tions and small leaks, while sensor noise can also
lead to inaccurate measurement data. To address
these challenges, mitigation strategies including sur-
face preparation of composites, vacuum cup seal in-
tegrity checks, and sensor noise filtering should be
employed. These improvements not only help to im-
prove the accuracy of the shape control of composite
panels but also enhance the adaptability and stability

of the technology in practice.
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