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Abstract: This paper aims to solve two problems of the
sandwich panel with aluminum honeycomb: material pa-
rameters solution and shape control. The accurate mate-
rial parameters of the sandwich panels are the basis of
shape control. Therefore, a mixed numerical-experimental
method is proposed to inversely solve equivalent material
parameters of the sandwich panel using genetic algorithm
(GA) in the first place. Then a high efficiency FE model
based on equivalent material parameters is established to
study shape control of the sandwich panels. For shape con-
trol, the key issue aims to search optimum position and
adjustment volume of control points where actuators are
installed. Toward the end, the FE simulation method is de-
ployed to optimize actuator position and adjustment vol-
ume one by one. Finally, an active control platform based
on multi-point adjustment is developed to verify the prac-
ticability of the approach proposed in this paper. Through
the experiment of shape control, the root mean square
(RMS) of surface deviation of sandwich panel is decreased
from 62.7pm to 15.5pum. The results show that the shape
control can significantly improve the surface accuracy of
the sandwich panels, and the validity of equivalent mate-
rial parameters is also proved from the side.
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1 Introduction

The sandwich panels with aluminum honeycomb, for their
advantages of light weight, high rigidity, great intensity
and good electrical property, have been widely used in
fabrication of the reflectors for microwave communication
equipment, such as compact antenna test range (CATR),
radio telescope, millimeter-wave radar, etc. The sandwich
panels obtained by vacuum flexible forming proposed
by professor ZHOU (Beihang University) have been suc-
cessfully applied in fabrication of the reflectors for many
CATRs [1-3]. Although these sandwich panels obtained
from this forming process provides high-precision surface,
it cannot satisfy high-precision requirements of the re-
flector panels when the working frequency is 110GHz or
higher. According to American construction standards of
the CATR, the RMS value of the surface deviation of re-
flector panels should be better than one percent of wave
length corresponding to working frequency [4, 5]. There-
fore, it is very meaningful to study the method of further
improving surface precision of the sandwich panels for ex-
panding application scope and reducing scrap rate.

In recent years, a large number of investigations have
focused on improving precision and controlling shape of
the reflectors used in microwave communication equip-
ment. Washington et al. [6, 7] investigated the optimiza-
tion method of mechanically reconfigurable aperture an-
tennas. A method termed as greatest error suppression
method was proposed to optimize actuator position and
actuation value. Theunissen et al. [8] developed a mechan-
ical FE code that is incorporated into a diffraction synthe-
sis code to enable direct synthesis of a reconfigurable dual
offset reflector antenna contour beam in terms of the ac-
tuator amplitudes and positions. Ray M C. et al. [9, 10]
conducted investigations on the active control of geomet-
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Figure 1: Geometric size of the sandwich panels with regular hexagonal honeycomb

rically nonlinear vibrations of doubly curved smart sand-
wich shells and functionally graded laminated compos-
ite shells using 1-3 piezoelectric composites. A three di-
mensional FE model was developed to study this coupled
nonlinear electro-elastic problem. Wang et al. [11] estab-
lished the FE model of the active structure with PZT ac-
tuator to adjust the shape profile of cable net structures.
The optimal actuation voltages for the desired shape were
evaluated by the quadratic criterion and min-max scheme
respectively. The above approaches of shape control are
more suitable to ameliorate surface precision of the pan-
els fabricated by piezoelectric materials or weak rigidity
plates. However, the sandwich panels involved in this
study are made of ordinary aluminum plates and honey-
combs, and this structure has a relatively high stiffness.
It is very difficult to greatly improve and chronically en-
sure high-precision of the surface for sandwich panels just
using the above method. Throughout these investigations,
the key issues of shape control mainly involve two aspects:
position optimization and adjustment optimization of the
control points. Therefore, the FE method is deployed to op-
timize actuator position and adjustment volume for shape
control of sandwich panels.

It is the first prerequisite to establish an accurate FE
model of sandwich panels during FE analysis of shape con-
trol. Considering the computational efficiency, the honey-
comb core must be equivalently modeled in actual engi-
neering analysis. Wherefore, how to obtain effective ma-
terial parameters plays an extremely important role in FE
analysis of shape control. For similar materials, large num-
bers of investigations have focused on solving their pa-
rameters. A high-efficiency method of mixed numerical-
experimental was proposed to estimate material parame-
ters in 1990s [12, 13]. With the development of optimiza-
tion algorithm and computer technology, the methodology

is frequently employed to inversely seek mechanical and
thermal properties of composite panels [14, 15], not only
for homogeneous materials, but also anisotropic materi-
als, such as laminated plates [16], sandwich panels [17, 18]
and functional composite materials [19]. Based on the anal-
ysis of these researches, a mixed numerical-experimental
method using GA will be investigated to evaluate material
parameters of the sandwich panel with aluminum honey-
comb.

As mentioned above, this study mainly focuses on two
issues: material parameter solution of honeycomb cores
and shape control of sandwich panels. Firstly, a mixed
numerical-experimental method using GA is established
to inversely solve equivalent material parameters of the
sandwich panel based on stiffness experiment by four-
point supporting and center loading. Then, the FE simu-
lation method is deployed to optimize actuator position
and adjustment volume for shape control of sandwich pan-
els. The final meaningful work is to develop an active con-
trol platform based on multi-point adjustment to verify the
practicability of the shape control for improving surface
precision of the sandwich panel.

2 Methodology Formulation

2.1 Equivalent FE model of sandwich panels

The panel fabricated by vacuum flexible forming has a
sandwich structure constituted of three-layer aluminum
plates and two-layer aluminum honeycombs which are
tightly spliced by enhanced epoxy glue [2]. Figure 1 shows
the sketchy structure and key dimensions (a, b, hy, h>,
hs, hy, hs) of the panel. According to the different anal-
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ysis objectives, there are many different equivalent mod-
eling methods for sandwich panels with aluminum hon-
eycomb. In order to improve the calculation efficiency,
most of the finite element models of sandwich panels use
two-dimensional shell units [20]. However, this modeling
method cannot achieve the analysis requirements in this
paper. In order to meet the analysis requirements of shape
control, the equivalent FE model of sandwich panels is es-
tablished based on sandwich panel theory. The three-layer
aluminum plates are modeled as homogeneous isotropic
shell with the same thickness as hq, h, and h3. The two-
layer honeycomb cores are equivalent to a homogeneous
orthotropic solid with the same thickness as h, and hs.
The aluminum plate is meshed by a quadrilateral shell ele-
ment (S4R), and the honeycomb core is meshed by a three-
dimensional solid element (C3D8R) [21, 22], and the con-
tact surface constraint type between the aluminum plate
and the honeycomb core is tie. The equivalent FE model of
the sandwich panel is shown in Figure 2.

Explosion modell
Front plate

Mid
plate

Back plate

Honeycomb core

Figure 2: The equivalent FE model of the sandwich panels

2.2 Inverse solution method of material
parameters

In the equivalent FE model of sandwich panels, the mate-
rial parameters of the three-layer aluminum panels are ob-
vious. However, the equivalent parameters of honeycomb
core are relatively incomparable. In order to obtain these
equivalent parameters, a mixed numerical-experimental
method is proposed to inversely solve them using GA. To-
ward this end, stiffness experiment of sandwich panels
is designed by four-point supporting and center loading.
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Load zone, supporting position (S1~S4) and sample points
(1~16) are shown in Figure 3. Due to the symmetry of the
stiffness experiment, sample points are selected in a quar-
ter area of the panel, and the choice of sixteen sample
points is considered from the maximum deformation posi-
tion to the minimum deformation position. Similarly, the
corresponding FE analysis model of the stiffness experi-
ment is established using the ABAQUS software. The defor-
mation of the sample points can be respectively obtained
by experiment and FE simulation. The deformation value
obtained by the FE simulation can be made incompara-
bly close to the experimental value by modifying the ma-
terial parameters of the equivalent honeycomb core. The
solution process is actually a Single-objective multivariate
optimization problem. The GA is very suitable for solving
this kind of problem, because of the advantage of global,
robustness, universality and expandability.

Figure 3: Load zone, support position and sample points of stiffness
experiment

The effective Young’s module, shear module and Pois-
son’s ratio of the equivalent honeycomb core as optimiza-
tion variables, as shown in equation (1).

X= 4]

[Ecx, Ecy, E, chy, Gexzs chz, MHcxys Uexzs ]chz]

The experiment and simulation value of deformation
at sample points are used to model the objective function

f(X) as:

min f(X) = 2

1 n
LS - 62
i
Where §; is the experiment value of the deformation of the
i-th sample point, §; is the simulation value of the defor-
mation of corresponding sample points.
The optimization process is divided into forward anal-
ysis and inverse analysis. For the forward analysis, FE
model is established for stiffness experiment of sandwich
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Figure 4: Inverse solution flow-chart for equivalent material parame-
ters of honeycomb core

panels which the equivalent material parameters are es-
timated. For the inverse analysis, the GA method is em-
ployed to optimize and iterate the variable of material pa-
rameters according to the deviation between experiment
value and simulation value. In order to improve the effi-
ciency of parameter optimization, the GA method and FE
analysis is seamlessly encapsulated by iSIGHT software.
The optimization process of solution does not require hu-
man intervention, such as parameters modification, job
creation, task submission, etc., which can greatly improve
the efficiency of calculation. This routing optimization of
reversing material parameters of this kind of sandwich
panels is shown in Figure 4.

2.3 Optimization method of shape control

In this section, two optimization problems are solved: ac-
tuator position optimization and adjustment volume opti-
mization. The geometric model truly reflecting actual er-
ror of the sandwich panel is firstly reconstructed as FE
model according to the point-cloud data measured by laser
tracker (Leica AT901-B). The maximum deviation will be
chosen as corresponding position and adjustment of the
first actuator. The comparison is done by imposing the dis-
placement identical to the max error value on the recon-
structed geometric model to force it into taking the shape
of the designed CAD at the position with the max deviation.
After the first simulation, the node coordinates on the sur-
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Figure 5: Optimization process flow-chart of shape control

face of the panel are output to a file. And then, the RMS
value and maximum deviation of the adjusted surface are
calculated according to the file. The aforementioned simu-
lation process is repeated again and again until obtaining
the desired RMS value of the surface error. The whole op-
timization process of the actuator position and actuation
value is illustrated in Figure 5.

3 Results and discussion

3.1 Equivalent material parameters

The geometric size of the specimen used to solve the equiv-
alent material parameters of the honeycomb core are fol-
lowed as: a = 2450mm, b = 1305mm, h, = h3 =
1.5mm, h, = 1.0mm, hy = hs = 48mm, l; = 5.0mm and
tc = 0.04mm.

The specification of the three-layer aluminum plate is
YL12CZO, whose elastic modulus is 70000Mpa and pois-
son’s ratio is 0.33. The honeycomb cell is a regular hexagon
with aluminum alloy 5052. Stiffness experiment based on
four-point supporting and center loading is shown in Fig-
ure 6, and the deformation of sample points is measured
by laser tracker. At the beginning of inversing equivalent
materials, the initial value and feasible value range of the
design variables are determined by theoretical explana-
tion [23], as shown in Table 1.
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Table 1: Initial value and feasible domain of equivalent material properties
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Young’s modulus/MPa Shear modulus / MPa

Poisson ratio

Ecx E cy Ec, Gt:xy Gexz chz Ucxy Ucxz Ucyz
Initial value 0.09 0.09 886.8 0.02 124.7 124.7 0.33 - -
Feasible domain 0~2000 0~500 0.1~0.5
Table 2: Optimized equivalent material parameters of honeycomb core
Young’s modulus / MPa Shear modulus / MPa Poisson ratio
Ecx E cy Ec, chy Gexz chz Ucxy Ucxz Ucyz
Equivalent value 0.136 0.136 975.5 0.06 118.47 118.47 0.34 0 0
50000 |
Il
40000 [
S 30000 -
E
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O 20000 F
10000 |
Figure 6: Stiffness experiment of the sandwich panels ol

The exactly equivalent material parameters of the
panel are obtained through the optimization process
shown in Figure 4. During the inverse seeking, elitist strat-
egy is adopted, the mutation rate is set at 1% and the
crossover rate is set at 8%. The convergence history of the
synthesis algorithm is displayed in Figure 7. It is evident
that the optimal solution is obtained when the GA proce-
dures run for 1000 generations with objection better than
2.9um. At this time, the equivalent material parameters of
honeycomb core are optimized and solved through mixed
numerical-experimental method, as listed in Table 2. In or-
der to prove the reliability of equivalent parameters, exper-
iment and simulation results are separately compared un-
der bearing load 100N, 200N, 300N and 400N. The com-
parison curves between experiment and simulation results
are respectively drawn in Figure 8. As known from Figure
8, the dispersion between the simulated and experimen-
tal values is larger at low loads. A possible reason is that
there is a system error in the stiffness experiment, such
as measurement uncertainty. The deformation amount of
the sample points increases with the load increasing, how-
ever the system error may be constant. The ratio of the sys-
tem error to the deformation is decreasing with the load in-
creasing. Excepting this situation, the consistent between
experiment and simulation is quite high. The stiffness ex-

400 600 800 1000
Run counter

Figure 7: Convergence history of material parameters reverse solu-
tion using GA

periment results show that the equivalent model of the
sandwich panel is effective, and the solution of the equiv-
alent material parameters of the honeycomb core is accu-
rate.

3.2 Shape control of sandwich panels

On the basis of equivalent material model, FE Analysis ex-
ample of shape control for the sandwich panel is carried
out. The experiment piece used for the shape control has
the same geometry as that of stiffness test. The deviation
between the actual surface and the theoretical surface is
measured and calculated by laser tracker system (Leica
AT901-B). The RMS of surface deviation is 0.0627mm with
max error 0.178mm and min error-0.142mm, as shown in
Figure 9.

In the first place, FE simulation of shape control pro-
cess for the specimen is carried out. From Figure9 it can
be found that the initial maximum deviation occurs at the
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Figure 8: Results comparison between experiment and simulation bearing load 100N (a), 200N (b), 300N (c) and 400N (b)
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Figure 9: Surface deviation distribution of experimental piece

four corners of the sandwich panel. Therefore, the first
simulation of the shape control for the panel is done by
imposing respective displacement on the four corners of
the model. After the first adjustment, the surface precision
(RMS value) of the panel is improved from 0.0627mm to
0.038mm, and the peak-to-peak value of the deviation is

ameliorated from 0.320mm to 0.138mm. The actuator po-
sition and error distribution of the panel surface after the
first adjustment is shown in Figure 10.

Although the surface precision of the panel has been
greatly improved through the first adjustment, it still does
not meet the target precision. And therefore, another ad-
justment is needed. The second adjustment is conducted
under the results of the first simulation. The four control
points of the first regulation should be set as fixed con-
straint along z-direction of the panel. The second simu-
lation is executed by imposing actuator value at the mid-
dle position of the two long sides. The RMS and peak-to-
peak value of the panel respectively reach to 0.024mm and
0.108mm. Figure 11 displays the position of the actuator
and corresponding error distribution of the surface after
the second adjustment. Figure 12 displays the position of
the actuator and corresponding error distribution of the
surface after the third adjustment. This simulation pro-
cess is repeated until the surface precision achieves the
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Figure 10: Actuator position (a) and error distribution (b) of the sandwich panel after first adjustment
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Figure 11: Actuator position (a) and error distribution (b) of the sandwich panel after second adjustment
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Figure 12: Actuator position (a) and error distribution (b) of the sandwich panel after third adjustment
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Figure 13: Actuator position (a) and error distribution (b) of the sandwich panel after final adjustment

required accuracy of the panel. Finally, the surface preci-
sion of the panel comes up to 0.011mm through four times
adjustment. Ultimate actuator position and deviation dis-
tribution of the panel are shown in Figure 13.

Through comprehensively analyzing the results of

above simulation, eleven actuators are necessary to im-
prove the surface precision of the sandwich panel with
deviation caused by insufficient spring-back. The actua-
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Table 3: Actuator position and value obtained by FE simulation

Actuator Actuator Actuator Actuator
NO. value/mm NO. value/mm
PO 0.116 P6 0.109
P1 -0.095 P7 0.032
P2 -0.149 P8 0.054
P3 -0.075 P9 -0.060
P4 -0.164 P10 -0.085
P5 0.138 - -

Figure 15: Adjustment experiment of shape control

tion values are calculated by four-point-constrain least-
squares method, as depicted in Table 3.

In order to verify the effectiveness of the shape con-
trol method proposed in this paper, a test platform based
on multi-point adjustment is established. The platform
mainly consists of back support structure and vacuum sys-
tem, as shown in Figure 14. The actuator is movable along
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(d) Fourth shape control experiment

Figure 16: Error distribution of the test panel through shape control
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x-direction and y-direction, and the adjustment along z-
direction is performed through screw driver, and the panel
is bonded to the back structure by vacuum chuck.

The sandwich panel is mounted on the back structure
by the way shown in Figure 15. Before that, these actua-
tors required are installed on the back support structure
according to the position coordinates obtained by simu-
lation. Eleven actuators required are set according to the
position coordinates shown in Figure 13a, and the corre-
sponding actuation value listed in Table 3 is imposed on
the panel one by one. According to the FE optimization
process of shape control,five actuators (PO, P1, P2, P3, P4)
are applied to the panel with the actuation value in Ta-
ble 3 in the first. After the first adjustment, surface devia-
tion of the panel is decreased from 62.7pum to 42.0pm, and
the error distribution is shown in Figure 16(a). The whole
surface deviation of the panel is redistributed after five ac-
tuators are added. As known from comparing Figure 16(a)
and 10(b), the deformation trend of simulation and exper-
iment is substantially unanimous. Then two actuators (P5,
P6) are added to the panel again, and the surface accu-
racy reaches 29.5um, as shown in Figure 16(b). The sur-
face accuracy reaches 22um after two more actuators (P7,
P8), as shown in Figure 16(c). Finally, P9 and P10 actu-
ators are applied to complete the fourth adjustment. Fig-
ure 16(d) displays the final error nephogram after shape
adjustment test, with the RMS value 15.5pm and peak-to-
peak value 69um. Through shape control, surface accu-
racy of the sandwich panel increased by 75% (RMS). The
results show that the method of shape control based on
multi-point adjustment is effective to improve the surface
precision of the sandwich panel. From the other hand, the
results also show that the solution of the equivalent mate-
rial parameters of honeycomb core is accurate. Comparing
experiment results and simulation results of shape control,
the consistency between experiments and simulations of
the shape control is good. This result indicates that actua-
tor position and adjustment value obtained by FE simula-
tion can be used to guide the actual production. Number
and position of the necessary actuators should be deter-
mined according to the accuracy requirements of the reflec-
tor panels.

4 Conclusion

The equivalent FE model of sandwich panels with hon-
eycomb core is established based on sandwich panel
theory. The honeycomb core is equivalent to a homoge-
neous orthotropic layer with uniform thickness. A mixed

DE GRUYTER

numerical-experimental method combining stiffness ex-
periment and FE simulation with four-point support and
center loading is designed to inversely solve the equiva-
lent material parameters of the honeycomb. The optimal
equivalent parameters of the honeycomb core are obtained
by GA. The experiment and FE simulation under bearing
load 100N, 200N, 300N and 400N are carried out to prove
the reliability of equivalent parameters. The results show
that the equivalent model of the sandwich panel is effec-
tive, and the solution of the equivalent material parame-
ters of the honeycomb core is accurate.

On the basis of equivalent FE model, the FE analysis
method of shape control is developed to optimize actu-
ator position and adjustment volume. The shape control
method and experiment platform based on multi-point ad-
justment is established to improve the surface precision
of the sandwich panel. Through shape control, the sand-
wich panel with initial surface deviation 62.7um (RMS)
is decreased to 15.5um (RMS). The results indicate that
shape control based on multi-point adjustment is higher
efficiency and better adaptability to improve shape preci-
sion for sandwich panels. On the other hand, the result
also shows that the solution of the equivalent material pa-
rameters of honeycomb core is accurate.
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