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Abstract: Aiming to solve the problem of the high-precision deformation measurement of large-scale
satellite structures in manufacturing and testing environments, this paper proposes a measurement
method based on the idea of fusing actual measurements with finite element analysis. The digital
image correlation (DIC) method is used to obtain the high-precision deformation of the honeycomb
panel, and the finite element method (FEM) model is introduced to remove the limitations of existing
pure measurement methods. Data fusion based on a machine learning neural network is proposed to
fuse high-precision deformation and physical information such as temperature to conduct multi-level
training on FEM parameters. Through an interpolation of the analysis and calculation results after
training, not only can the accuracy of the finite element be improved, but difference and extrapolation
of the digital image correlation measurement results can be performed. In the experiments, the
satellite on-orbit temperature data are substituted into the modified finite element model. The testing
results shows that the prediction accuracy of the model under different temperature loads can be
E'f;eéi;(tfg; controlled within 10 um under an 840 mm x 640 mm scale. A high predictive accuracy can be
achieved for the revised model for the complete deformation of large structural sections.
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https:/ /doi.org/10.3390/
photonics10020217 With continuous increases in the demands regarding satellites” observation accuracy

and working stability, the problem of the micron-scale deformation of large-scale honey-
comb panels is receiving widespread attention [1-3]. Since satellites are always exposed in
a harsh in-orbit environment with high- and low-temperature changes, strong radiation
and weightlessness, structural deformations are inevitable. When the key installation or
reflective surface of a satellite structure is thermally deformed, the change in the relative
position and angle of payload equipment may seriously degrade the performance or even
BY lead to failure in the entire satellite. Therefore, monitoring the deformation of the satellite’s
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pattern interferometry [15], active infrared thermal imaging technology [16], shearogra-
phy [17], scanning laser Doppler vibrometry (SLDV) [18] and the digital image correlation
(DIC) method [19,20]. Piezoelectric strain sensors and fibre Bragg grating sensors need
to be mounted on the surface of the structure; these can be highly integrated with the
satellite but can only measure discrete deformation data. Piezoelectric strain sensors are
often considered to have low precision, require many wirings, and have a limited range,
and are susceptible to electromagnetic interference. Fibre Bragg grating sensors are more
flexible during installation but the Bragg grating will be completely erased when the fibre
temperature reaches a certain threshold; therefore, the thermal insulation must be seriously
considered, which greatly increases the difficulty of the overall satellite design. Compared
to the above method, active infrared thermal imaging, shearography, SLDV, electronic
speckle pattern interferometry and digital image correlation are all based on the optoelec-
tronic measurement principle, which is non-contact, with the advantages of high speed
and high precision. This is a research hotspot at present. Active infrared thermal imaging
technology is a fast and accurate non-destructive testing technology. These technologies are
relatively low-cost and, combined with advanced signal processing tools, can successfully
evaluate various types of material defects. However, active infrared thermography is still
insensitive to deep damage and microcracks ranging from 10 um to several millimeters
in size [21]. Shearography and electronic speckle pattern interferometry can detect the
displacement and deformation of the object surface using the speckle formed in space when
coherent light shines on the rough object’s surface. De Angelis et al. [22] used shearing
photography to evaluate the defect depth of composite materials used in aviation. Shear
speckle is very suitable for detecting object defects but will lead to a loss of correlation
between speckle due to excessive rigid body motion. SLDV is used to study the interaction
between guided waves and cracks, as well as holes and slits in metal plates, and can be
used to measure strain and stress. Pawel Kudella et al. [18] applied SLDV to the delamina-
tion detection of composite structures, and provided the measurement results of simple
composite plates, honeycomb core plates and actual stiffened composite plates through
experiments. The DIC method, based on the principle of visual measurement, can achieve a
micron-level accuracy and perform dynamic measurement. However, when determined by
principle, the measurement range and resolution of the existing DIC measuring systems are
usually limited by the image sensor, struggle to measure discontinuous complex structures
and may be affected by environment interference. Thus, these methods are mostly used for
single-material, small-component measurements in the laboratory environment. Unlike
actual ground testing, the finite element simulation method is based on a digital model and
finite element analysis, and has the advantages of not being affected by field conditions,
full-field data acquisition, and adjustable multi-resolution. This is the main deformation
analysis method in the current design stage [23-26]. Stephen M Merkowitz et al. carried
out optical-mechanical thermal modelling and analysis for the Lisa satellite [27]. The
temperature field of thermal deformation analysis was simulated by I-IDEA software.
Robert Kovdcs et al. conducted a thermal analysis of the SMOG-1 satellite using the finite
element model method [28]. The mapping method of the temperature field, from thermal
analysis software to structural analysis software, is mentioned in the load design manual of
ESA [29]. The bottleneck of the FEM method comes from the fact that it can only use digital
design models in most cases; the empirical parameters used in FEM simulation differ from
the physical entity, resulting in limited simulation accuracy.

Different from the material mechanics measurement of a small, single part in the labo-
ratory environment, the aerospace honeycomb panel is a kind of large-scale structural part
with a discontinuous internal material structure and external dimensions that are usually
more than 1 m. The use of a single DIC or FEM method has obvious limitations in device
deformation analysis and measurement problems. However, if the advantages of the two
methods are combined, it will undoubtedly be very attractive to solve the above problems.
Therefore, research on the combination of DIC and FEM has been the focus of common
attention in the fields of manufacturing, mechanics, materials and measurement in recent
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years [30-33], and similar concepts have attracted the attention of many scholars [34,35].
The most common method is to use the measurement results to correct the finite element
parameters, making them close to the real material characteristics. Although the accuracy
of this method can be improved, it is still essentially a series of two single measurement
methods. There is a sequential relationship in the process, and the correction results are
limited by the accuracy of the finite element model and the DIC measurement accuracy;
therefore, the data are not efficiently integrated.

In this paper, taking aerospace honeycomb panels as the testing object, a data fusion
method based on machine learning is proposed, which introduces a neural network, selects
several local high-precision deformations measured by DIC, and fuses physical information
such as temperature to construct a training set and conduct multi-level training on FEM
parameters. Through an interpolation of the analysis and calculation results after training,
the accuracy of the finite element can be improved, and the difference and extrapolation
of the DIC measurement results can be determined, so that the measurement system has
the accuracy advantages of DIC and the coverage capability of FEM. Therefore, it can
effectively solve the above deformation measurement problems. The remaining parts of
this paper are organized as follows. In Section 2, the finite element correction method is
described in detail, including the digital image correlation (DIC) method, the design of
the BP neural network, and the design of the finite element optimization model. Section 3
presents the experiments verifying the accuracy of the 3D-DIC system and finite element
model modification. Finally, the conclusions of this study are reported in Section 4.

2. Methods

According to the measurement requirements in the space environment, a measurement
that hybridizes physical measurement and finite element model computing is proposed.
This section provides an account of a spatial structure measurement method based on the
digital image correlation measurement method and finite element model correction method.
A flow chart of this method is shown in Figure 1. The upper left corner of Figure 1 shows
the 3D-DIC system. The measured deformation field in the figure is the displacement field
that is measured by the measuring system (the X direction). The right side of Figure 1 shows
the finite element model established using material properties. The lower part of Figure 1
is the accurate finite element model obtained after fusion calculation. Using the neural
network as a parameter mapping method, a high-precision deformation fitting method
based on a mechanical finite element model was studied. The global deformation field of
the spacecraft structure in space environment was reconstructed by combining the digital
correlation three-dimensional deformation measurement data. Finally, the modified finite
element model accurately predicted the structural deformation prediction of the satellite
under different temperature environments. Thus, it has the function of monitoring the
stability of key satellite structures in a space environment.

2.1. 3D Digital Image Correlation

The imaging model of a single camera is the basis of binocular camera stereo vision. A
typical camera imaging model is shown in Figure 2. Four coordinate systems are defined
in the model:

1.  World coordinate system O, with a point in real space as the origin.

2. Camera coordinate system O, with the camera optical center position as the origin.

3.  Imaging plane coordinate system Os taking the intersection point of optical axis and
imaging plane as the origin.

4.  Image coordinate system O; with the upper left corner of the imaging pixel array
plane as the origin.
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Figure 1. Flow chart of finite element model correction method.
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Figure 2. Coordinate system conversion.

Let coordinate M of the space point in the world coordinate system be (X, Yo, Zw),
the coordinate system’s mapping transformation to the image coordinate system is point m;
the coordinate is (#,v). The mapping transformation relationship of two points is shown
in the following formula

Ri1 Rz Riz t] [Xw

u 0 uy O
_ fx 0 Ro1 Ry Ryz ty| | Yaw
alof =10 fy v 0O Rt Ro R 11z (1)

0 0 0 1 1
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where fy = f/dy, fy = f/dy and two parameters are the normalized focal length of the
camera; dx and dy, respectively, represent the distance of adjacent pixels in the image
coordinate system in the x and y directions; (ug, vg) is the coordinate where the optical
axis intersects the imaging plane; R is the coordinate system rotation matrix; and T is the
coordinate system translation vector.

The binocular vision system is based on the imaging theory of a single camera, and
combines the information of two cameras with different viewing angles. The transformation
relationship between the image coordinate system of two single cameras and the world
coordinate system is solved, and then, according to the calibrated camera’s internal and
external parameters, the pixel coordinates of two cameras can be fused and matched to
calculate and reconstruct the three-dimensional coordinates of the space points in the world
coordinate system.

The two-dimensional digital image correlation method obtains the displacement of
the corresponding centerpoint by matching the sub-regions in the speckle image of the
object surface before and after deformation. The specific steps are to establish the shape
function and correlation function of the image’s sub-region, and then iteratively calculate
the extreme value of the correlation function. In this paper, the first-order shape function is
used to describe the deformation sub-region, as shown in the following equation.

14+ Auy Auy Au| [Ax

wl(?,A?) =| Avy 1+Av, Av| |Ay (2)
0 0 1 1
_>
p = (u/ MXI uyl U/ UX/ Uy) (3)

In the formula: u, v are the displacement of the centerpoint of the image sub-area
in the x, y direction, uy, uy, vy, u, represent the strain of the image sub-area. Mainstream
sub-pixel displacement measurement algorithms include the gradient method, Newton—
Raphson method [36], Inverse compositional matching strategy and Gauss—Newton (ICGN)
method [37]. Among them, the ICGN method is the most widely used. The ICGN method
use an inverse synthesis matching method to update the affine deformation function. The
form of the zero-mean normalized sum squared difference (ZNSSD) based on the first-order
shape function is:

Cznssp(Ap1) =
M

8 vy a0 - - 3B k() -2} @

In the formula: Wy (Wys(x, y; Ap1);0) is the shape function of the reference sub-area,
g(Wi (x,y;p})) is the shape function of the next iteration of the deformation sub-area, f
is the average gray value of the reference sub-area, and g is the average gray value of the
deformed sub-area. The iterative process of the IC-GN method is shown in Figure 3. During
each iteration, the incremental deformation Wi (x, y; Ap1) is superimposed on the reference
subset, and the target subset is updated after transformation. In the ICGN method, the
Hessian matrix is only related to the original region and only needs to be calculated once.
Therefore, the ICGN method hugely improves computational efficiency.

The 3D digital image correlation method combines binocular vision with the 2D
digital image correlation method. The 3D reconstruction uses the internal and external
parameters of the dual camera calculated during the camera calibration process and the
point pairs calculated by matching the 2D speckle image to reconstruct the 3D point
cloud and obtain 3D coordinate points and 3D displacement. The principle is shown in
Figure 4. When the object is not deformed, the left and right cameras capture two images
of the object. The sub-region of the left camera, centered on (Xp, Y1), is selected, and
the two images are stereo-matched according to the binocular vision model. Then, the
three-dimensional coordinate (Xj, Y7, Z1) of the sub-region is reconstructed according to
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the internal and external parameters of the calibrated dual cameras. The left and right
cameras take two images of the deformed object. The corresponding deformation sub-
region (X11,Yr1) is obtained by computing the image correlation of the corresponding
pre-deformation and post-deformation images. After finding the matching sub-region, the
algorithm reconstructs the 3D coordinate (X5, Y, Z5) of the deformed sub-region. Finally,
the three-dimensional displacement data are obtained by subtracting the coordinates before
and after the deformation of the corresponding sub-region.

Current subset

g(WiGx,y;p1))

Reference subset

f(Wl (X, Vi 0))

Ll
-
="

o
Updated target subset
g(Wr (Wi (x, y; Apy); p1))

Incremental wrap of the |_.-=
reference subset

Wi (x,y; Apy)

Figure 3. Iteration process of IC-GN method.
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Figure 4. 3D-DIC measurement principle.

2.2. Finite Element Model Modification Method

The results obtained from the simplified finite element model often have errors when
compared to the actual situation. Therefore, the initial finite element model needs to be
modified. In essence, the finite element model correction problem is a multivariate function
constraint optimization problem. The difference between the characterized measurement
results and the calculated results is the goal of optimization. Appropriate constraints are
introduced to optimize the structural and state parameters. Finally, the theoretical calcula-
tion value of the structure approximates the measured value of the load experiment. Using
an implicit mathematical expression with forward differencing, the sensitivity analysis
method analyzes the degree of influence of the selected parameters on the final results. For
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the satellite structure, four main types of parameters are required to build the initial finite
element model, as follows:

1.  Geometry parameters: the size and the thickness of the skin.

2. Material property parameters: expansion coefficient, Poisson’s ratio.
3. Boundary condition parameters: constraint point location.

4. Load parameters: temperature load on the structure.

Establishing an appropriate objective function is an important link in the process of
finite element model correction. The goal of model correction is to make the calculated
model results approach the actual measured values. Therefore, the amount that character-
izes the difference between the calculated values of the model and the measured values is
generally taken as the objective function. The error value between the model simulation
value sim,;; and the actual measurement value u; is defined as err;. The optimization model
is constructed as follows.

{simm- : (simdxi,simd%,simdzi),i =1~ n} 5)
{ui : (dxirdyi/ le'),i =1~ Tl} (6)
{err,» : <simdxi — dx;, simgy, — dy;, simg,, — dzi),i =1~ n} (7)

n
minF(X) = ¥ err?

i=1
S.t. (8)
A<A
§<S

95] |

INIA
INIA

A is the design variable, including the geometric parameters and material properties
of the tested structure. A and A are the upper and lower limits of design variable A. S is
the state variable, including boundary condition parameters. S and S are the upper and
lower limits of state variable S. Parameter 7 is the number of selected feature points.

2.3. Design of Fusion Algorithm

As a typical complex sandwich structure, the FEM correction of the honeycomb panel
is a multi-variable and multi-parameter nonlinear and discontinuous model optimization
problem. It is difficult to solve the classical mathematical analysis model, but with con-
tinuing improvements in the current computing power, machine learning (ML) methods
provide an effective means of solving such problems. BP neural network is one of the most
representative neural network structures in the field of ML methods at present. The BP
neural network can store this complex mapping relationship by learning, without knowing
the specific mathematical expressions between input and output in advance. The finite
element model correction problem is a nonlinear mapping problem between model param-
eters and structural response values. Therefore, the BP neural network is used as a basis to
solve the model correction problem.

2.3.1. Training Data-Set

Training samples have an important impact on the performance of the BP neural
network. To train a network with a high-accuracy approximation capability, a sufficient
number of samples with distinctive features are necessary. In this way, the trained network
generally has a good generalization ability. Let the number of samples of the neural network
be N, the total number of weights and thresholds of the neural network be #, and the
network error accuracy be e. There is a reasonable corresponding relationship, as follows:

N =mny/¢ (9)
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A certain disturbance range is applied to the input parameters, and the structural
characteristic response is obtained and recorded through the model calculation. Python
and the ABAQUS script interface are used for the deep development of finite element
software. Automated iterative modeling and parametric analyses are achieved. Based on
this, sufficient datasets can be efficiently obtained to train neural networks.

Before training the neural network with the sample set, the samples need to be normal-
ized. Xy represents the original sample, X}; represents the normalized sample, and X,,;,
and X4y represent the minimum and maximum values of the sample, respectively. Con-
sidering the presence of displacement data in the sample set used in this paper, and in order
not to lose the symbolic features, the samples are normalized using the following equation.

. XN

X3 = - (10)
N max(|Xmilemax| XN € [_L 1]

2.3.2. Network Structure Design

In the structural design of the BP neural network, the number of nodes in the hidden
layer of the network has a great influence on the performance of the network. If the number
of hidden layer nodes is too small, the trained network has a poor mapping ability and low
precision. Conversely, an excessive number of nodes will lead to a substantial increase in
network training time. This also easily leads to overfitting of the network. After multiple
experiments, researchers have derived some empirical formulas as follows.

H=vI+0+a ae[1,10] (11)
H=log,I I€/[0.024I] (12)
N

H is the number of hidden layer nodes. I is the number of input layer nodes. O is the
number of output layer nodes. N is the number of training set samples. a is a constant.

2.3.3. Algorithm

The traditional BP neural network algorithm uses the gradient descent algorithm to
update the neuron weights and thresholds. When the function that is to be optimized is
complex, the gradient descent algorithm is prone to problems of slow convergence and low
computational efficiency. The error function of the actual problem is usually not convex,
and there are multiple local minimum points. The algorithm may converge to a local
minimum, making it difficult to obtain an optimal solution. To improve the problems
in the traditional BP neural network training algorithm, the Bayesian regularization (BR)
algorithm can be used to accelerate the solution convergence speed.

BR algorithm improves the optimization ability by modifying the performance func-
tion of the neural network. The performance function of the algorithm adds weight
feedback based on error feedback. The training function of the network is expressed as:

F = aEy, + BE (14)

where E; is the sum of squares of all network weights. E is the error value between the
network output value and the real value of each layer. « and B are the regularization
coefficients of the performance function. The value of the coefficient represents the focus of
network training. When a < f, the error of training samples gradually decreases with the
increase in training times. When & > B, the weight gradually decreases with the increase in
training times to smooth the network output.

The BR method assumes that the prior probabilities of the training dataset and the
weight set obey the Gaussian distribution. The network parameters are adaptively opti-
mized based on the Bayesian criterion. This maximizes the minimum point of the improved
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performance function by maximizing the posterior probability of « and . The method
optimizes the performance function by modifying it and adjusting the parameter size
during the training process. The algorithm ensures that the prediction accuracy meets the
requirements and reduces the network size.

3. Experiments
3.1. Construction and Accuracy Verification of 3D-DIC Measurement System

The camera model was HIKVISION MV-CA050-20GM (Hikvision, Hangzhou, China).
The resolution of the camera was 2592 pixel x 2048 pixel. The camera lens model was
HIKVISION KF2528M and its focal length was 25 mm. The common field of view of dual
cameras was 500 mm x 500 mm. The XL-80 interferometer (Renishaw, Wotton-under-Edge,
UK) was used to verify the in-plane and out-of-plane displacement accuracy of the system.
The length measurement results of the laser interferometer were used as the relative true
value of the displacement measurement. The physical pictures and parameters of the laser
interferometer are shown in Table 1.

Table 1. Parameters of RENISHAW XL-80 interferometer.

System accuracy +0.5 ppm (0.5 um/m)
Laser frequency stabilization accuracy +0.05 ppm (£0.05 pm/m)
Resolution 1nm
Measuring range 80 m
Maximum measuring speed 4m/s

The displacement test system is shown in Figure 5. Both the speckle-sprayed specimen
and the mirror of the laser interferometer were fixed on the precision stage. The laser
interferometer and 3D-DIC system simultaneously monitored the displacement of the test
piece. After the precise displacement stage was used to generate displacement during
the experiment, the actual displacement of the displacement stage was monitored by a
laser interferometer. The 3D-DIC system collected one speckle image of the specimen.
The position of the precision stage and the laser interferometer was adjusted. Testing
experiments included in-plane and out-of-plane displacements.

Speckled

test-piece e —
3D-DIC ‘ '

e B Spectroscope

‘ 3D-DIC : p .
B By % o ; . t 7\ »
Spectroscope \ % / R /

eflector

Speckled t N
/ ‘Reﬂector testplece © o ranlation
i ' stage

Translation l ‘ \
stage . S '. Laser

Laser interferometer

interferometer

(a) (b)
Figure 5. Displacement test system (a) in-plane displacement (b) out of plane displacement.

The size of the sub-region in the matching calculation affects the measurement ac-
curacy and calculation efficiency. If the sub-area is too small, the influence of noise will
increase and the measurement accuracy will be affected. Excessive subregions will lead
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to a decrease in spatial resolution and increase the amount of computation. The balance
between accuracy and efficiency was fully considered. After many test experiments, a
sub-region of 31 pixel x 31 pixel was finally selected for the matching calculation. The test
piece was repeatedly moved a certain distance, and the displacement was measured with a
laser interferometer and DIC measurement system. In Figure 6, the green polyline repre-
sents the displacement data measured by the laser interferometer, and the orange polyline
represents the displacement data measured by the DIC measurement system. Taking laser
interferometer as the standard, the average error of in-plane displacement measurements
by the DIC measurement system is 2.9 um and the error of out-of-plane displacement
measurements is 3.8 um when comparing the displacement data of the two. The results
verify that the 3D-DIC can complete high-precision displacement measurements.

—=— Laser interferometer | 150} " Laser interferometer (I
—e—DIC Ve —os—DIC /
_ - = S
1 £ ~
s Va
/ . S 100 / .
£ z
) z
o 7-
S Z
// | Zal A -
= /-/
/ e
e ,,/“/
L 1 0 1 1
5 10 15 0 5 10 15
Sequences Sequences
(a) (b)

Figure 6. Displacement measurement results (a) in-plane displacement (b) out-of-plane displacement.

3.2. Measuring System for Honeycomb Panels

The honeycomb structure is composed of three basic materials: honeycomb core,
aluminum skin, and adhesive. Honeycomb core material is made of aluminum foil and
a special structural adhesive. Structurally, it is composed of three parts: the middle
honeycomb core layer, and the upper and lower masks, shown in Figure 7a. In the finite
element analysis, the sandwich theory was used to equate the honeycomb core into an
anisotropic layer of constant thickness for the equivalent calculation [38]. The honeycomb
panel that was tested and its dimensional (840 mm x 640 mm) parameters are shown in
Figure 6.

Figure 8 shows the experimental measurement system. The honeycomb sandwich
plate was fixed on the measuring frame to simulate the actual assembly state. The hon-
eycomb plate was heated with a heating plate to simulate the high-temperature load.
Multiple detection points were evenly arranged on the surface of the honeycomb plate. The
temperature of the detection points was measured by a K-type thermocouple.

The experiment measured the three-dimensional deformation of honeycomb panel
under multiple working conditions. First, the measurement system collected the surface
image of the honeycomb plate when it was not deformed. Then, the honeycomb panel
was heated. When the surface temperature field of the honeycomb panel reached a steady
state, the surface temperature field was recorded. The measurement system collected
deformation images. Finally, the image data collected by the measurement system were
processed to obtain the three-dimensional displacement field under the corresponding
temperature field. Figure 9 shows the displacement fields in the X, Y and Z directions of
the honeycomb sandwich plate when the heating plate was 100 degrees.
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Figure 7. Honeycomb panel and dimensions (a) inner structure (b) schematic diagram
(c) physical appearance.

3.3. Finite Element Model Modification Experiment
3.3.1. Establishment of Finite Element Model

The finite element model of the honeycomb sandwich panel was established by
ABAQUS software. The geometric model was created according to the actual size pa-
rameters. Figure 10 shows the establishment process of the finite element model and the
four fixed points of the honeycomb panel. Figure 10a shows the geometric model in the
finite element described above. Figure 10b—d shows the finite element model substituted
with initial parameters, the four fixed points of the honeycomb panel and the finite element
model after meshing, which will be introduced in the following text.

According to the sandwich theory, the model is equivalent to a three-layer structure.
The initial material model parameters were calculated using the equivalent calculation
method. As shown in Table 2, the material properties of the model were set according to
the equivalent parameters, as shown in Figure 10b.

The measured temperature field was mapped to the finite element model to obtain
the surface temperature field of the model as the temperature load of the finite element
model. Figure 11 shows the temperature distribution field of the honeycomb panel after the
heating device heated the central position of the honeycomb panel to 100 degrees Celsius.
It can be seen from the figure that the surface temperature of the honeycomb panel was
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the highest in the center of the honeycomb panel, and the temperature value gradually
decreased around the center.

Constraint
point

Figure 8. Experimental device diagram.
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Figure 9. Three-dimensional displacement obtained by the measurement system.

Pointl °

Point3 -

Figure 10. Finite element model of honeycomb panel. (a) geometric model (b) input material
parameters (c) fixed points (d) divide into hexahedral mesh.

In the finite element simulation model, the constraint of the fixed point on the hon-
eycomb plate could become equivalent to the constraint of the displacement degree of
freedom of the corresponding point. Therefore, in the analysis step, the displacement
values in the X, Y, and Z directions were given to each fixed point. The fixed points are
shown in Figure 10c. The actual measured value was taken as the initial displacement
value, as shown in Table 3.

The mesh generation technology of solid elements in ABAQUS mainly includes struc-
tured mesh, scanning mesh, and free mesh. In this paper, this was divided into hexahedral
(Hex) mesh, and a three-dimensional solid element (C3D8) was used to establish the model.
The C3D8 element uses eight nodes to establish the finite element model with stress con-
centration. The calculation accuracy is very high and the calculation speed of the model
is fast. The number of cells in the honeycomb panel model is 18,632 (Figure 10d). After
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the initial model was established, the established finite element model was submitted to
the ABAQUS solver to obtain the deformation in the honeycomb plate’s structure and the
displacement field. The displacement values in the X, Y, and Z directions are shown in

Figure 12.

Table 2. Model’s initial material parameters.

Parameter Value
Modulus of elasticity 68,000 MPa
Aluminum skin Poisson’s ratio 0.36
Coefficient of expansion 2.32 x 107°/°C
El 0.0339 MPa
Modulus of elasticity E2 0.0339 MPa
E3 800 MPa
Nul2 0.33
Honeycomb core Poisson’s ratio Nul3 0
Nu23 0
G12 0.0065 MPa
Shear modulus G13 45.58 MPa
G23 68.37 MPa
Coefficient of expansion 2.3 x 107°/°C
Figure 11. Simulated temperature field (unit: centigrade).
Table 3. Equivalent boundary condition parameters.
Displacement X/um Y/um Z/um
Fixed point 1 —55.26 14.36 37.47
Fixed point 2 62.59 30.01 —12.50
Fixed point 3 —40.77 —2.88 18.73
Fixed point 4 19.27 —10.06 21.36
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-6.79e-02
-7.88e-02
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Figure 12. The results of the initial finite element model (unit: mm) (a) X-direction (b) Y-direction
(c) Z-direction.

Twelve pre-measured key positions on the surface of the honeycomb panel were
selected as calibration points, as shown in Figure 13 and Table 4. Figure 13 marks the
position of the calibration point with a red cross. Table 4 shows the specific coordinate data
of the calibration point, from the top to the bottom of the picture and from left to right. The
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calibration point covered a range of —344.058 mm to 347.026 mm in the X direction and
—286.581 mm to 281.114 mm in the Y direction. These points were distributed in four rows,
with three points evenly distributed in each row. The finite element model was modified by
calibrating these positions. Taking the three-dimensional displacement at the key positions
as an example, the error value between the calculated value of the initial finite element
model and the actual measured value was compared and analyzed.

Figure 13. Key positions on the honeycomb panel.

Table 4. X-Y positions of calibration points.

ID X/mm Y/mm
Point 1 —278.434 280.106
Point 2 3.143 280.160
Point 3 277.812 281.114
Point 4 —298.643 84.553
Point 5 —1.014 84.093
Point 6 297.361 83.892
Point 7 —323.300 —104.062
Point 8 —2.406 —104.195
Point 9 325.165 —103.593
Point 10 —344.058 —286.581
Point 11 1.602 —284.850
Point 12 347.026 —285.388

As shown in Figure 14, there is a large error between the calculation results of the
initial finite element model and the real value. The model cannot accurately reflect the
deformation at each position of the honeycomb structural plate.

3.3.2. Establish an Optimization Model

In this experiment, there were 13 material property parameters and 12 equivalent
boundary condition parameters of the honeycomb sandwich panel. Sensitivity analysis
was performed for all parameters by changing the parameter values of the parameters
to be analyzed by 10% relative to each other. The amount of change in the displacement
matrix of the honeycomb plate was calculated. Then, the mean value of displacement
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was compared with the parameter to obtain the parameter sensitivity. The results of the
sensitivity calculations for each parameter are shown in Table 5. The main body in Table 5
shows the 13 material properties of the honeycomb panels. The last column of values
represents their sensitivity to the change in displacement value after a 10% change in
material properties.

30 30 e 30
—_~ . . —~ " —~ A aN o
a0l S 7 TN {1 E20f A . { Ea20f \ ./ 3 N
- IIARAL L I AN AVARE IRVARV VA
B hd '\./ b~ [ B ¢ % .
210- gw- - \/ ° . glo-
= = =
0 —— T 0 e 0 e
0 2 4 6 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
key positions key positions key positions

(a)

(b) (©)

Figure 14. Calculation error of initial model at key positions (a) X-direction (b) Y-direction
(c) Z-direction.

Table 5. Parameter sensitivity analysis results.

Parameter Sensitivity

Modulus of elasticity 6.00 x 107>

Aluminum skin Poisson’s ratio 7.78 x 1074

Coefficient of expansion 45 %1078

El 1.65 x 1078

Modulus of elasticity E2 232 x 1078

E3 2.88 x 107°

Nul2 1.04 x 1078
Honeycomb core Poisson’s ratio Nul3 -
Nu23 -

G12 8.01 x 10~?

Shear modulus G13 541 x 10~°

G23 517 x 107°

Coefficient of expansion 229 x 1074

By analyzing the parameters in Table 5, parameters with a sensitivity lower than
10~* have were shown to have few errors in their results. In the case of a +10% variation
in these parameters, the effect on the results is less than 0.1 um. Therefore, only the
expansion coefficient of skin, Poisson’s ratio and expansion coefficient of honeycomb core
were considered in the finite element model modification process. Table 6 summarizes
the variables that were subsequently used to modify the finite element model, including 3
material properties and 12 boundary conditions. A total of 15 variables were used as the
output parameters of the neural network.

Table 6. Parameters of model correction.

Skin expansion coefficient, Poisson’s ratio,

ial : -
Material property parameters honeycomb core expansion coefficient

Boundary condition parameters Displacement parameters of fixed points 14
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3.3.3. Training BP Neural Network

In this section, a Python script was written for the secondary development of the
ABAQUS script interface. The established finite element model was parametrically an-
alyzed, and the software automatically obtained 1000 sets of neural network training
samples. According to the actual measured parameter values, the parameter disturbance
range can be determined, as shown in Table 7. There was no need to repeatedly build
and process models for each parametric analysis process; it was only necessary to modify
the corresponding parameters and add random disturbance. Then, the finite element
model was solved to obtain the structural response value. Finally, the three-dimensional
displacement values of these key positions were obtained.

Table 7. Range of parameter disturbance.

Parameter Range of Disturbance
Coefficient of skin expansion 4+0.02 x 107°/°C
Poisson’s ratio of skin expansion +0.02
The expansion coefficient of the honeycomb core 4+0.02 x 107°/°C
Displacement of fixed points £20 um

In the experiment, the BP neural network contained a hidden layer. The number of
neurons in the input layer of the network was 36, which were the X, Y, and Z displacement
values of 12 calibration points. The number of neurons in the output layer was 15, which
was the correction parameter of the finite element model. It is necessary to study the
number of neurons in the hidden layer. According to the estimation formula, the value
range of hidden layer nodes is 1~25. The number of hidden layer nodes were adjusted
within this range to build a neural network. The neural network was trained with the
training samples obtained from the parametric analysis. The root mean squared error (MSE)
of the training and test sets was obtained.

The overfitting degree is characterized by the ratio of the network error in the test set
and the error of the training set. Figure 15 shows how to determine the number of hidden
nodes in the neural network based on the training set and test set. The blue curve in
Figure 15 shows the MSE results of the neural network on the training set. The green curve
represents the MSE results of the neural network on the test set. The orange curve shows
the ratio of the first two values, which is used to indicate the degree of overfitting in the
neural network. When the value of the orange curve exceeds 100%, the greater the value,
the higher the degree of overfitting. The criterion formula for setting the number of hidden
nodes of the neural network is given in Section 2.3.2. Through calculation, it can be shown
that the appropriate number of hidden nodes is 8-11. The blue curve in Figure 15 is the
MSE result of the neural network on the training set, the green curve is the MSE result of
the neural network on the test set, and the yellow curve represents the overfitting of the
neural network during the training process. As shown in Figure 15, with the increase in
the number of hidden layer nodes, the error in the training set and the error in the test
set are significantly reduced. The degree of overfitting gradually becomes obvious; that
is, the network performed well in the training set and showed a large error in the test
set. Considering the network accuracy and generalization ability, the optimal number of
hidden layer nodes is 10.

The network parameters selected in the experiment are shown in Table 8. The network
converged after 53 epochs of iterative training, as shown in Figure 16. The blue curve in
Figure 16 is the MSE result curve when the neural network is iteratively trained on the
training set. The green curve is the MSE result curve when the neural network is iteratively
trained on the verification set. The red curve is the MSE result curve when the neural
network is iteratively trained on the test set. The dotted line is the minimum error of
the neural network during iterative training. The MSE of the results is 1.02 x 1078. The
magnitude of the error is small, meaning that the network meets the design requirements.
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The network accuracy can be determined by the correlation coefficient R. The calculation
formula of the correlation coefficient is:

R=V1-E (15)

220%

—A—MSE-Training
—0—MSE-Testing 200%
107 | —o—Testing/Training

180%
160%

140%

MSE(mm)

120%

100%
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Figure 15. The network error and overfitting analysis.

Table 8. Network parameters.

Number of

. The Hidden Layer Output Layer Optimization Gradient .
Neurons in the . . R Error Function
. Response Function =~ Response Function Function Threshold ¢
Hidden Layer
10 tansig purelin BR 1x1077 MSE

E is the average relative error. The accuracy of the BP neural network model is
r=0.9997. The larger the correlation coefficient, the better the model effect. Figure 17
shows the predicted correlation coefficients of the network on the training set, test set, and
all samples. The regression value R represents the correlation between the predicted output
and the target output. The closer the R value is to 1, the closer the relationship between
prediction and output data; the closer the R value is to 0, the greater the randomness of
the relationship between prediction and output data. The abscissa represents the target
output, and the ordinate represents the fitting function between the predicted output and
the target output. The figure shows that the data correlation of training set, test set and
overall results after neural network training is 0.99965, 0.99996 and 0.9997, respectively.

Based on previous experiments, the three-dimensional displacement data measured
for key positions were used as input parameters in the trained BP neural network. From
this, the modified finite element model parameters were obtained, as shown in Table 9.

The parameters of the finite element model were substituted into the established finite
element model to obtain the modified finite element model and calculate the displacement
field. The results are shown in Figure 18. The change from blue to red in Figure 18 shows
the change in displacement value. The specific changes in displacement values in the figure
are almost consistent with the displacement results of the previous DIC measurement
system. It can be seen that the correction of the finite element model is excellent.
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Table 9. Modified finite element model parameters.

Parameter

Value

The expansion coefficient of skin
Poisson’s ratio of skin

The expansion coefficient of the honeycomb core

233 x 1075/°C
0.362
2.30 x 1075/°C

—62.03 um

Displacement parameters of fixed point 1

X-direction
Y-direction
Z-direction

1.60 pm
37.22 um

Displacement parameters of fixed point 2

X-direction
Y-direction
Z-direction

70.15 pm
11.36 um
—27.54 pm

Displacement parameters of fixed point 3

X-direction
Y-direction
Z-direction

—39.98 um
—0.61 um
35.66 um

Displacement parameters of fixed point 4

X-direction
Y-direction
Z-direction

28.70 um
—7.73 um
36.85 um

U, U1
+7.84e-02
+6.57e-02
+5.31e-02
+4.04e-02
+2.77e-02
+1.50e-02
+2.32e-03
-1.04e-02
-2.31e-02
-3.57e-02
-4.84e-02
-6.11e-02
-7.38e-02

U, U2
+8.46e-02
+7.21e-02
+5.97e-02
+4.72e-02
+3.48e-02
+2.23e-02
+9.86€-03
-2.60e-03

-6.49¢-02

Figure 18. Cont.
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Figure 18. Calculation results of the modified finite element model (unit: mm) (a) X-direction
(b) Y-direction (c) Z-direction.

In the experiment, the actual 3D-DIC measured value is the true value compared with
the displacement at the key positions. The errors before and after model correction are
shown in Figure 19. The orange curve in Figure 19 represents the displacement measure-
ment error of the initial finite element model at the calibration point, and the blue curve
represents the displacement measurement error of the modified finite element model at the
same location. The error in the initial finite element model ranged from 10 pm to 30 pm,
while the error range of the modified finite element model was maintained below 10 pm.
The results show that these key positions can be used as calibration points to successfully
modify the finite element model.

(a)

r T 30 T T 30 T T
—=— Modified model —=— Modified model —=— Modified model
—— Initial model —— Initial model —=— Initial model
S~ — ~ N
L 7 N { Ea2of { E2of \ / N
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=] =]
S|/ N/ S
3 1 = 101 1 = 101 1
1 1 0 1 1 0 1 1
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key positions key positions key positions

(b) (©)

Figure 19. Comparison of calculation errors before and after finite element model correction at key
positions (a) X-direction (b) Y-direction (c) Z-direction.

To verify the accuracy of the modified finite element model, 18 feature points on the
surface of the honeycomb panel were selected as measurement points. This is shown in
Figure 20. The red cross in Figure 20 indicates the coordinate position of the measuring
point. All points were divided into four lines, with four points distributed in the upper
two lines and five points distributed in the lower two lines. The finite element model
that was corrected with the calibration point was used to compare the simulation value of
the finite element model at the feature point with the actual value measured by the DIC
measurement system. Figure 21 shows the displacement measurement error of the initial
finite element model and the modified finite element model at the selected measurement
points. The orange curve in the figure represents the initial finite element model data, and
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the blue curve represents the revised finite element model data. The errors in the initial
finite element model ranged from 10 pm to 30 um, and the error range of the modified
finite element model was below 10 um. The results shown in Figure 21 reveal that the error
in the corrected finite element model was significantly reduced, and the model correction
effect was remarkable. This proves the feasibility of the finite element correction method
based on the BP neural network.
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Figure 20. Schematic diagram of surface feature points.
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Figure 21. Comparison of calculation errors before and after finite element model correction at feature
points (a) X-direction (b) Y-direction (c) Z-direction.

3.4. Accuracy Analysis of Deformation Prediction

The deformation of the honeycomb structural plate is also different under different
temperature loads. Based on this, the parameters of the finite element model were further
optimized. The above model correction process was repeated, and the temperature load
was set at 60 °C, 80 °C, and 100 °C, respectively. The correction parameters under different
temperature loads were obtained according to the measured deformation results. According
to the least square method, polynomial fitting was carried out for multiple groups of
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model parameters to obtain the model correction parameters under the on-orbit simulation
temperature, as shown in Table 10. The parameters shown in Table 10 are the final modified
finite element model parameters. By writing these parameters into the finite element model,
the finite element model can accurately monitor the displacement of the honeycomb panel
within the set temperature range.

Table 10. Model correction parameters under in-orbit simulation temperature.

Parameter Value
The expansion coefficient of skin 2.33 x 107°/°C
Poisson’s ratio of skin 0.362
The expansion coefficient of the honeycomb core 2.30 x 107%/°C
X-direction —34.59 um
Displacement parameters of fixed point 1 Y-direction 1.36 um
Z-direction 21.45 um
X-direction 36.32 um
Displacement parameters of fixed point 2 Y-direction 7.91 um
Z-direction —16.52 um
X-direction —20.77 um
Displacement parameters of fixed point 3 Y-direction —0.34 um
Z-direction 14.76 um
X-direction 13.79 pm
Displacement parameters of fixed point 4 Y-direction —3.36 um
Z-direction 25.45 um

By substituting the parameters in the table into the finite element model, the error
between the corrected value of the model and the measured true value at 70 °C and 90 °C
is shown in Figure 22. The curve in Figure 22 shows a displacement value comparison
between the modified finite element model and the DIC measurement system to obtain the
error in the finite element model during displacement measurements. The results show that
the modified finite element model can predict the deformation of the honeycomb structure
under a simulated temperature field with high accuracy of better than 10um. The results
meet the requirements of high-precision prediction, which also verifies the reliability of the
proposed method. When it is difficult to carry out actual measurement, the deformation
of the satellite structure in the orbit environment can be predicted with high precision
according to the finite element model.
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4. Conclusions

Focusing on the problem of high-precision deformation measurements at key satellite
structures in the space environment, this paper proposes a new measurement method that
fuses physical measurement with FEM models, which can remove the limitations of existing
pure measurement methods. The idea of a hybrid physical computational measurement
is introduced and fully verified. The 3D digital correlation method is used to obtain the
high-precision deformation in the honeycomb panel in a ground simulation environment.
Through the trained neural network, high-precision deformation data are used to modify
the finite element model. After the finite element model is modified, multiple physical
parameters, such as deformation and temperature, are correlated. The large-scale thermal
deformation of the in-orbit satellite can be predicted using the temperature data of the
in-orbit satellite. The testing results show that the prediction accuracy of the model under
different temperature loads can be controlled within 10 pm at the 840 mm x 640 mm scale.
This shows that a high predictive accuracy can be received when using the revised model
for the complete deformation of large structural parts, suggesting a great application value
in the fields of satellite, aircraft, and other large-scale manufacturing.
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