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Abstract This study proposes an effective method to measure
centrosymmetric 3D static and dynamic deformations from
the microscale to macroscale using grid method with a single
camera. The camera was tilted at a particular angle and used to
observe specimen grids in order to acquire coupling fields of
both in-plane and out-of-plane displacement. This study also
analyzes the decoupling methods of these two displacement
types, and a systematic deduction of a theoretical equation for
3D deformation analysis was conducted based on the method.
The sensitivity of morphology measurement was then evalu-
ated and the elimination of noise and rotational errors was
discussed. The efficiency and accuracy of this technique was
verified through a microscale static feasibility test and a high-
speed impact experiment that simulated an underwater explo-
sion. The proposed approach uses minimal equipment, is sim-
ple and convenient, and can be used to measure centrosym-
metric 3D deformation in multi-scale both statically and dy-
namically. In addition, this method avoids the non-
synchronization problem of a pair of high-speed cameras in
high-speed 3D measurements.
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Introduction

Recent technological developments have increased the de-
mand for 3D deformation measurements in the microscale
field or for dynamic performance characterization. To under-
stand the mechanical properties of microstructures, the devel-
opment of a method to do this in the micro/nano scale has
become increasingly significant [1—4]. On the basis of previ-
ous studies, measurement methods for microstructural 3D de-
formation can be categorized into contact and non-contact
techniques. The former generally adopts a probe to evaluate
the surface topography and mechanical property of micro-
structures. An example of such a method is atomic force mi-
croscopy, which can measure the mechanical properties of a
material and obtain its surface topography [5, 6]. Then on-
contact measurement method is suitable for micro/nano struc-
tures and has a wide measurement range and high precision.
Arai used shadow moiré [7, 8] and projection moiré [9] in a
Scanning Electron Microscopy (SEM) to obtain a high-
precision 3D topography measurement of microstructures,
but the two methods failed to show convenience in performing
optimal projection angle and strain measurements. Non-
contact measurement methods combined with stereovision
technology have also been developed; to overcome the com-
plexity of calibration and the influence of gray variation in 3D
digital image correlation (3D DIC) proposed by Sutton [10,
11],Li[12, 13] developed 3D SEM moiré. Given that 3D DIC
and 3D SEM moiré use the principle of binocular vision, both
require tilting of a tested specimen to achieve different per-
spectives when observing the same region. Thus, before and
after tilting the micro-scale specimen, a gray difference and
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location variation can occur, thereby hindering location corre-
spondence. The aforementioned methods cannot be applied in
dynamic 3D deformation measurements because of the need
for a two-step tilting operation, which causes non-
synchronization before and after.

The characterization of dynamic properties of materials
requires improved high-speed 3D measurement methods to
simulate explosive blasts and high-speed loading in the chem-
ical engineering and nuclear industries, among others. Since
Barnard proposed computer vision technology [14] in 1982,
many measurement methods for 3D deformation have been
developed and applied in measuring different types of high-
speed deformation and dynamic mechanical performance.
These applications include random nonlinear dynamic re-
sponse [15], simulation of artificial wing modal analysis of
an underwing beetle [16], high-speed impact [17-19], and
Hastelloy-X high-temperature vibration response [20].
However, system errors caused by the non-synchronization
of the acquisition time are inevitable because of the use of a
pair of high-speed cameras.

Centrosymmetry is a significant and common deformation
type that occurs in almost all types of 3D deformations, such as
the 3D deformation of a spherical pressure vessel or indentation
[21, 22], caused by impact waves [18, 19, 23-25],and in bulge
experiments [26, 27]. A multi-scale static and dynamic 3D de-
formation measurement technique was developed in this study
on the basis of the characteristics of centrosymmetric deforma-
tion. Systematic theoretical deduction of the developed centro-
symmetric 3D deformation measurement method was conduct-
ed based on a single grid image. The effectiveness of this meth-
od was verified through two experiments; static 3D deformation
in microscale and an underwater explosion high-speed 3D de-
formation in macroscale. The technique of using a single camera
has broad application prospects, especially in ultra-high-speed
3D deformation measurement for centrosymmetric, as it over-
comes inconvenient operation and errors caused by using a pair
of high-speed cameras, such as complex calibration processes
and non-synchronization the high-speed cameras [28].

Principle of Centrosymmetric 3D Deformation
Measurement Based on Single-Camera and Grids

Centrosymmetric deformation has a significant feature; the ab-
solute values of displacement at two random points are equal if
the distance between these points and the symcenter are equal.
An example of this deformation can be demonstrated in a spec-
imen with a specimen grid of horizontal and vertical lines fab-
ricated onto a surface to be measured, as shown in Fig. 1.
Suppose that a specimen exhibits centrosymmetric 3D de-
formation as shown in Fig. 1, where o is the symcenter. When

camera

Fig. 1 An illustration showing the relative location of the specimen grid
and the camera

a camera is used to observe the specimen grid and its optical
axis is parallel to the z-axis, the absolute value of the displace-
ment V(x;, ;) of point A in the y-axis equals to that of the
displacement U(x;, y;) of the point B in the x-axis, if their
distances from the symcenter are equal. When the camera is
rotated along the oy axis by an angle (, the displacement fields
U'(x;, ;) and V'(x;, y;) in the x- and y-axes are obtained simul-
taneously. The displacement field V'(x;, ;) in the y-axis is not
influenced by the angle of view, and the displacement field
V'(x;, ) is equal to V(x;,y,). Meanwhile, the displacement
field U'(x;, ;) in the x-axis is influenced by the angle of view
¢ and height information /A(x; y;); in addition, the displace-
ment field U'(x;, y)) is the coupling field of the in-plane dis-
placement (in the whole paper, in-plane refers to the specimen
plane) U(x;, y;) and height field A(x;, y;). The height informa-
tion can be obtained by analyzing the displacement fields
U'(x;y;) and V(x;,y)). The specific theoretical equation for
measuring the height field was deduced in the following anal-
ysis. It is notable that the effect of rotating the specimen or
tilting the camera is always equivalent in the experiment, thus
both the rotating specimen and tilting camera are applied in
this investigation when describing the principle.

When the observation angle changes as shown in Fig. 2, the
image size of the tested specimen on the imaging plane of the
camera also changes. When the camera optical axis is parallel
to the z-axis, the projected size of the specimen plane on the
imaging plane is marked as /; and /,, as shown in Fig. 2(a).
Either before or after the centrosymmetric 3D deformation,
the specimen is rotated by an angle ¢ around the oy axis.
The projected length in the y direction is identical to the orig-
inal length, namely, /;, which remains unchanged. While, the
original length /, in the x direction transforms into the
projected length />, as shown in Fig. 2(b) and (c). Thus, in
Fig. 2(c), the in-plane displacement in the y direction does
not change before and after the rotation of the specimen,
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Fig. 2 An illustration of the change in picture size caused by the variation in relative location of the grid specimen grid and camera

whereas that in the x direction it could change significantly
depending on the angle ¢.

When observing a specimen that undergoes centrosymmet-
ric 3D deformation from an angle ¢, it is similar to when the
specimen is rotated by an angle ¢ when the observing angle is
unchanged, as shown in Fig. 3(a). Across section OAB of the
tested specimen through the symcenter can be simplified fur-
ther, as shown in Fig. 3(b). After rotation, the arbitrary arc AB
transforms into A’B’, and the following equation can be ob-
tained through the geometric relation analysis from Fig. 3(b):

AB= AB=~s
llz(xAB, YAB) = § cosb (1)
Lxyy yyg) =Scosp

where S is the chord length of AB and A'B’; 0 is the angle
between line AB and the ox axis; 3 is the angle between line A’
B’ and the ox axis; L(xap, yap) is the projected length of AB;
and [,(x, v, ) is the projected length of A'B". Equation
(1) can be simplified as follows:

l>(xaB, YaB)

050 cos(p—b) (2)

by gy y) = Scos =

Supposing that all deformations in this study are small defor-
mations, the following equation can thus be derived:

(X8, YaB)
cosf

cos(p—0)=l>(xap, ya5)c080(0 < < @-cosf=1)

(3)

I (g yug) =




540

Exp Mech (2017) 57:537-546

Fig. 3 A schematic diagram x'
showing the position relation of ; z
the centrosymmetric deformation = B Y s
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Then the following can be obtained:

l; = lcosp

orthogonal grid image

A schematic diagram of the 3D deformation measurement

principle using a singl

e-camera is shown in Fig. 4. If the tested

specimen with a specimen grid undergoes centrosymmetric

Fig. 4 A schematic diagram showing the 3D deformation measurement
principle using a single camera: (a) is the specimen grid as observed from
angle 0; (al) is the grid after deformation; (a2) and (a3) are the decoupled
unidirectional grid images in two perpendicular directions; (a4) is (a3)
rotated by 90°; (b) is the specimen grid observed from angle ; (bl) is the
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projected image of grid (b) on the imaging plane; (b2) and (b3) are the
decoupled unidirectional grid images in two directions; (b4) and (b5) are

evenly stretched images
projection of a cross-secti

of (b2) and (b3) respectively; and (c) is the
on of the deformation surface
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3D deformation, then each grid image captured can be
decoupled into two unidirectional grid images that are mutu-
ally vertical by using a fast Fourier transform and inverse fast
Fourier transform. In Fig. 4(a) and (al) to (a4), the optical axis
of the camera is parallel to the oz axis, and the displacement
fields U(x;, y;) in the x-axis and V(x;, ;) in the y-axis can be
obtained by calculating the decoupled unidirectional grid im-
ages shown in Fig. 4(a2) and (a3). In accordance with the
characteristics of centrosymmetric deformation, when
Fig. 4(a3) is rotated by 90° around the symcenter and
Fig. 4(a4) is obtained, the displacement field V(x; y)) in
Fig. 4(a4) has a similar distribution as that of the displacement
field U(x;, y; in Fig. 4(a2). The U(x;, y;) in Fig. 4(a2) can be
obtained directly by V(x;, y;) in Fig. 4(a4). If the specimen grid
is observed from angle ¢ in Fig. 4(b), Fig. 4(bl) is the
projected image of grid 4(b) on the imaging plane;
Fig. 4(b2) and (b3) are the decoupled unidirectional grid im-
ages of Fig. 4(bl). As shown in Fig. 4(b3), the displacement
field V'(x;,y;) can be obtained from the decoupled unidirec-
tional grid images. Figure 4(b2) can be used to calculate the
‘virtual® displacement field U'(x;, y;), which is the coupling
field that contains information of the displacement field
Ulx;, ;) and height field A(x;, y;). Meanwhile, the displacement
field U(x;,y;) can be obtained by rotating the displacement
field V'(x;, y,) in Fig. 4(b3) and (b5) by 90°. The height infor-
mation /(x; y;) can then be deduced. Generally, the in-plane
displacement field U(x;, y;) can be directly obtained, and the
height information A(x; y;) can be decoupled using a single
specimen-grid image captured at a viewing angle of .
Geometric Phase Analysis (GPA) was used to calculate all
the displacement fields herein. The GPA method was first in-
troduced by Hytch [29, 30] and has already been applied suc-
cessfully in the displacement and strain field analysis of artifi-
cial periodic lattice structures [3 1, 32]. The executing processes
of GPA are introduced briefly with a more detail overview
available in [30]. In this paper, the reference lattice phase is
2mg - x or 2mg - y. The phase is related simply to the displace-
ment field U'(x;, ;) and V'(x;, y;) by the following equation:

Pg(x;) = %T [xi—U/ (xi,yj)}

) =2 b o)

Where g is the reciprocal lattice vector of the grids, and
Py(x;) and P,(y;) are the phase fields in the x and y directions.
In accordance with the geometric relation in Fig. 4(c) on the
imaging plane, when the specimen undergoes centrosymmetric
deformation and is observed at viewing angle , point A on the

specimen surface becomes point A’. The following equation
can then be derived through GPA for the grid deformation.

x,,yj> U xi,y]>cosg0+h(xi,y,->singg

(
o)

(6)

On the basis of the above analysis, the displacement field
U(x;,y;) can be replaced by the displacement field
VilfiGe, ), /o(x;, y)], which is obtained by rotating the dis-
placement field V'(x;, y;) around the symcenter by 90°.
Height information can then be obtained by further simplifi-
cation:

h(x,»,y,) _ U (xhy,v)*U(Xny,v)cosv N U (xu,y,-)*V'. {f; (xf,yb,)yfz (xi,y,v)}cow

sing sing

- {ron) )]} o

(7)

h (x,jyj) = secy {xff—ﬂPg(x‘)]

In this investigation, it is not necessary to directly measure
the viewing angle ¢. Indeed, ¢ can be obtained by measuring
l, and 1'2 with equation (4), in which /, is equal to /;. Typically,
I, and 1, are more than 100 pixels in specimen grid images,
with a measuring absolute error of Al, and Al, guaranteeing
less than 1 pixel. In addition, the displacement measurement
sensitivity is no more than {55 by using GPA [18], note g also
could bring an uncertainty and the measuring relative error of
g guarantees less than 1 % through repeated measurement
[33]. Thus, the height measurement relative error with equa-
tion (7) is:

|An| | |AL)]
b * l

(8)

’ Ah ‘ B ’Apgw) ‘Achm
n P | T2
< 1%+ 1% +2%+ 1%+ 1% = 6%

A
+2.28
g

While, for actual experiments, the combined standard uncer-
tainty can be calculated using the uncertainty formulas in ref-
erence [33].

The aforementioned analysis indicates that the specimen
undergoes centrosymmetric deformation; the in-plane strain
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distribution in the x direction in total equals to that in the y
direction after rotation by 90°. Thus, the equation for measur-
ing the in-plane strain field is:

(i’ ) i
Exx (x,-,yj) — 6(]6% _ _ %8%)6(56)

_ 6V(xi’yf> _ g an(yj)
Ey)’(xiayj) = Tj— ET
Exx (Xi,yj) = rot90° % = rot90° {E;y (xi7yj):|

©)

Not all observing angles are appropriate as the limitation of
the viewing angle is related to the reciprocal lattice vector g,
height information /(x;, y;), and computing sensitivity of the
displacement computing method. The minimum viewing an-
gle can be determined from:

1

W'h(xi,yj) (10)

(©>min | arcsin

To ensure the accuracy of the developed method, the
sources of measurement error and how to eliminate them are
discussed in detail here. The two main types of error are noise
error and rotational angle error. The noise error was related to
the quality of the surface grid fabrication and the imaging
system used; the quality of the surface grid was dependent
on the quality of the grid pitch and the pitch error of the laser
marking system here was no more than 1 %. Imaging distor-
tion caused by the imaging system error was always present
no matter which imaging system was used, such as camera
lens distortion in a CCD chip and nonlinear higher order dis-
tortion in SEM. Using a parametric distortion model can cor-
rect lens distortion [34]. Based on the non-parametric distor-
tion model [35], a correction method for nonlinear higher
order distortion terms using DIC metrology proposed by
Sutton [10] and the secondary moiré method could effectively
eliminate the imaging distortion in SEM. Here, a relative sim-
ple method was used to remove the noise error: Because there
was zero distortion in the center of image, in order to reduce
imaging system error, the central region of the tested specimen
needed to be placed near the center of the whole field of view
before testing.

In this paper, the distortion deformation caused by a noise
error U, contains that of the grid fabricating error Ug,ying
and the imaging system error Ugigor. Because Uy, qsing and

SEM

Ulisior: almost do not vary during the whole experiment, the
displacement field caused by Ug,gsing and Uyisso can be
regarded as an original carrier U..,.., before, during and after
loading. The real displacement can be obtained from the de-
formed displacement field by directly subtracting the original
carrier:

(11)

Ureal =U deﬁ)rm_Ucarrier

The rotational error was caused by the camera rotation or
direction of the specimen grid. Both have the same influence;
the specimen grid in the imaging plane may not be completely
parallel to the horizontal or vertical direction. In this case, the
rotational error can be reduced by actually measuring the an-
gle between the grid line and horizontal or vertical direction
and adjusting the specimen or camera to make the angle error
small enough to be ignored. Even if the rotational error cannot
be ignored, the displacement distribution in the x and y direc-
tions can be corrected automatically using the GPA method
[36]. The noise error and imaging system error can be reduced
or eliminated through such simple methods.

The specific operating steps of the proposed method were
as follows: (1) a grid was fabricated on the tested object sur-
face with a particular frequency that satisfies the measurement
requirement. (2) An appropriate image acquisition device with
an appropriate camera lens was selected to clearly observe
grids. Steps were taken to ensure that the focus was not lost
during deformation and after the specimen had been rotated.
(3) The grid image was acquired before deformation and ro-
tation, which was selected as the first reference image. (4) The
specimen was fixed on the specimen table (5D adjustable
platform). The direction of the two grid lines were parallel
or vertical to the rotation axis of the specimen table. The tested
specimen was rotated around the rotation axis by a specific
angle, and the current grid figure was used as the second
carrier reference image. (5) The specimen was loaded, and
the grid images sequence during deformation was acquired
in real time. (6) The obtained grid images were decoupled
through fast Fourier transform and inverse transform to ac-
quire two unidirectional grid images that corresponded to the
observation angles of the view and to calculate the ‘virtual’
displacement field U'(x;, y;) and the displacement field V'(x;,
;). Thus, the 3D deformation distribution at different loading
times could be obtained.

It should be ensured that whether the deformation is cen-
trosymmetric or not before the measurement, which can be
judged through two conditions: (1) the shape of loading region
of the tested specimen is centrosymmetric and (2) the applied
loading is uniformly distributed. A microscale static feasibility
test and a high-speed impact experiment that simulates an
underwater explosion are conducted to verify the efficiency
and accuracy of the developed method.
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Feasibility Experiments
Static 3D Deformation Measurement in Microscale

A sub-microscale 3D static deformation test was completed in
a SEM, in which a 1200 line/mm holographic orthogonal
grating was used as a specimen grid. If such a holographic
orthogonal grating was placed in a humid environment for a
long period, then bulge damage would occur because of the
oxidation of photoresist, which appears as a circular bulge on
the grid surface with a diameter of tens of micrometers. Thus,
a deformation measurement on the grid surface is necessary to
evaluate the grid quality, with most bulges satisfying the re-
quirements of centrosymmetry. The specific steps of the pro-
cedure are as follows: the unbroken holographic orthogonal
grating on which bulge occurs was fixed on the specimen
table, and the central region of a tested bulge was placed near
the center of whole field of view in SEM. The magnification
times and working distance were adjusted to obtain a clear
SEM image. The specimen table was rotated at an angle ¢,
and the SEM images were then acquired. The experimental
view is shown in Fig. 5(a). The SEM image captured after the
specimen was rotated by 10° and was decoupled; two unidi-
rectional grid lines were obtained, as shown in Fig. 5(b) and
(c). The two grid lines were used to calculate the coupled
displacement field U'(x;,y,) and displacement field U(x;, y)),
and the displacement field U(x;, y;) was obtained by rotating
the displacement field V'(x;, y;) around the symcenter by 90°,
as shown in Fig. 5(d) and (e). The 3D morphology of the bulge
can be reconstructed and calculated by using equation (7), as
shown in Fig. 5(f). Compared with the 3D SMM (3D SEM
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Fig. 5 Experimental results showing: (a) a SEM image of a holographic
orthogonal grating captured after the specimen is rotated by 10° along the
oy axis; (b) and (¢), the unidirectional grid images after decoupling; (d)
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moiré) results [12], the error of the highest point in the calcu-
lation result was approximately 2 %. The following computa-
tional formula was used to measure sensitivity:

U (x,-,yj)—U<x,-,yj) cosy
h(&'»)’j) =

sing

_ |:Nu’ (xi7yj) 7NU (xiayj) COS(,Oi|p
N sing

(12)

where p=830nm and N (x,-,yj) =Ny (x,-,yj) = 1, the ro-

tation angle of the specimen was 10°, and the measurement
sensitivity of the out-of-plane height was 72.62nm (the grid
pitch is 830 nm). The aforementioned sensitivity meets the
experimental requirements. The experimental results and anal-
ysis has verified the accuracy of this technique.

3D Dynamic Deformation Measurement under a Shock
Load

The process of high-speed dynamic deformation of a sample
panel was investigated in this study, which could resemble
impulsive loading to simulate underwater explosions. The ex-
perimental equipment and optical paths are presented in
Fig. 6. The scaled Fluid—structure Interaction (FSI) experi-
mental setup (as in Fig. 6(a)) is similar to that used by
Espinosa et al. [19] which uses a laboratory setting for under-
water explosive loading conditions. In the FSI setup, a water
chamber made of a steel tube was incorporated into a gas gun
apparatus [37]. The specimen panel and a 22 mm thick piston
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the coupled displacement field U'(x;, ,); (e) the displacement field
U(x;, y)); and (f) the reconstructed 3D topography
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Fig. 6 Photos showing: (a) the experimental equipment used for simulating underwater explosions; and (b) the optical path of the experiment

were installed at the rear and front ends. Exponentially
decaying pressure was produced by impacting the piston with
a 5 mm thick flyer plate launched by a gas gun [37]. More
details on the experimental principles and the impact process
of pulse loading can be found in the literature [19, 37]. The
experiment used an aluminum plate as the sample panel and a
single-camera and grid to measure the dynamic 3D deforma-
tion under impulsive loading. The thickness of the aluminum

plate was 3.0 mm and the diameter of the specimen exposed to
the water blast pressure was 152.4 mm. To obtain a clamped
boundary condition, 12 ring spacers were inserted to prevent
core crushing during the clamping process, as shown in
Fig. 6(b).

The specific steps for the experiment were as follows: a flat
lacquer was uniformly sprayed on the rough aluminum plate
surface. Laser marking was used to manufacture a grid of
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Fig. 7 Experimental results showing: (a) the deformed grid sequence
during a high-speed impact experiment; (b), (¢), and (d), the front, back,
and side of the plate; (e), (f), (g), (h), (i), and (j), the typical full-

SEM

field height displacements at different time steps for the plate; and (k) is
the displacement profile along the x-axis
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3 mm/line, as shown in Fig. 6(b); this step was significant
because the experimental results could be affected if the flat
lacquer falls off during the process. The grid line direction of
the grid was adjusted to a position parallel and vertical to the
ground, and the specimen was clamped using a steel ring with
12 screws at the rear of the anvil tube. The optical axis of the
camera was adjusted in the horizontal direction using a
gradienter, and the high-speed camera was positioned behind
the anvil tube with a viewing angle of 14° to record the grid
images on the back of the sheet, as shown in Fig. 6(b). The
central region of tested aluminum plate was placed near the
center of the whole field of view. A complete optical path was
established, along with the parameter adjustment of instru-
ments, thereby ensuring that the camera and the bullet were
triggered simultaneously. The experiment was then initiated.
The experimental instruments included a Photron SA-4 high-
speed camera and two halogen lamps, and the parameters
were as follows: a frame rate of 42,000 frames/s (an inter-
frame time of 23.8 ps) was set with an image resolution of
512 x 320 pixels for 1 s time duration, with the impact veloc-
ity of the flyer at 90 m/s.

During impulsive loading, the sequence images of the grid
on the sample panel surface were captured as shown in
Fig. 7(a), which were used to calculate the profile deformation
process of the sample panel. The measured out-of-plane dis-
placements are shown in Fig. 7(e)—(j), and the cross-section
variation of the profile is shown in Fig. 7(k). Figure 7(e)—(f),
and (k), show that the deformation of the sample panel during
impulsive loading experienced a process from edge to center,
and the shape of the sample panel at the first moments is
similar to the “M”-shaped revolved body, namely, the center
pits. The bulging parts were increasingly closer to the center,
and the center pits began to plump up; the out-of-plane dis-
placement reached a peak at 952 us. This phenomenon was
similar to that reported in [37], in which a pair of high-speed
cameras was used.

Compared with the maximum value of the out-of-plane
deformation measurement using a laser displacement sensor
after deformation, the result obtained using the method devel-
oped here had an error of less than 5 %. The height measure-
ment sensitivity in this experiment was 369 um (the grid pitch
is 3 mm). The feasibility experiments verified that the devel-
oped method could be applied not only in microscale, but also
in high-speed dynamic deformation measurement with only
one camera, which avoids the non-synchronization problem.

Conclusions

To meet the measurement requirements of centrosymmetric
deformations, a multi-scale method for static and dynamic
3D deformation measurements based on a single-camera and
grids have been proposed. The theoretical equation of this

technique was deduced. This technique not only reduces the
cost of the experiment, but also solves most of the problems
caused by non-synchronization of time in using a pair of high-
speed cameras during dynamic measurement.

On the basis of theoretical analysis and experimental fea-
sibility verification, this study confirms the feasibility of pro-
file measurements using a single-camera and grids. A confir-
matory experiment of holographic grating bulge deformation
proved the effectiveness of this method in a micro 3D static
deformation measurement, in which surface topography was
measured. Compared with the morphological results mea-
sured by 3D SMM, the results obtained through the proposed
method have a 2 % error. Sample panel 3D deformation mea-
surement in a simulated underwater explosion experiment
confirmed the effectiveness of this approach in a high-speed
impact experiment compared with experimental results in lit-
erature [19, 37]. The centerline deformation processes of the
sample panel were identical. The error of the measured defor-
mation was less than 5 %. Two experiments verified the fea-
tures of this method; these features are minimal equipment,
simplicity and convenience, and can be used to measurement
centrosymmetric 3D deformation of multi-scale from static to
dynamic, among others. The use of only one camera avoids
the non-synchronization problem that occurs when a pair of
high-speed cameras are used during common high-speed 3D
measurements. Thus, this method is practical for multi-scale
static and dynamic centrosymmetric 3D deformation
measurement.
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