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Abstract: To achieve full-surface strain measurement of variable curvature objects, a 360° 3D digital image

correlation (DIC) system is proposed. The measurement system consists of four double-camera systems, which

capture the object’s entire surface from multiple angles, enabling comprehensive full-surface measurement. To

increase the stitching quality, a hierarchical coordinate matching method is proposed. Initially, a 3D rigid body

calibration auxiliary block is employed to track motion trajectory, which enables preliminary matching of four 3D-DIC

sub-systems. Subsequently, secondary precise matching is performed based on feature points on the test specimen’s

surface. Through the hierarchical coordinate matching method, the local 3D coordinate systems of each double-camera

system are unified into a global coordinate system, achieving 3D surface reconstruction of the variable curvature

cylindrical shell, and error analysis is conducted on the results. Furthermore, axial compression buckling experiment

is conducted to measure the displacement and strain fields on the cylindrical shell” s surface. The experimental results

are compared with the finite element analysis, validating the accuracy and effectiveness of the proposed multi-camera

3D-DIC measuring system.
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0 Introduction

Digital image correlation (DIC) method is a
non-contact modern optical measurement technique.
Due to its advantages, such as good environmental
adaptability, full-field measurement, and a wide
range of applications, it has been widely used in var-
ious scientific and engineering fields, including aero-
space, civil engineering, materials science, biomed-
ical engineering, manufacturing, manufacturing,
welding, and so on''". In these fields, buckling prob-
lem is consistently a significant topic. Validating
buckling response through simulation and experi-
mentation, engineers can predict and prevent poten-
tial failure modes, ensuring that the structure can
maintain its performance even after prolonged use.

For example, the design of cylindrical shells for
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spacecraft must remain stable under extreme pres-
sures and temperatures, and buckling analysis helps
ensure that the structure can work properly under
these conditions™. Overall, the study of buckling
problem is crucial for enhancing the safety, econo-
my, and reliability of structural design.

For objects with variable curvature surface, an-
isotropy, or asymmetric shape, it is unreasonable to
conduct full-field analysis only through a certain sur-
face. In order to fulfill the deformation measurement
of the full surface of the measured object, the effec-
tive field of view of the camera must cover the full
surface of the object. However, the conventional
3D DIC using two cameras can only obtain a certain
surface of the measured object, which cannot meet
the requirements of full surface measurement'®. To

meet this requirement, researchers have proposed a
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series of methods. Rotating a single camera around
the test object for shooting is a low-cost and space-
saving method. Spera et al."' sequentially moved a
single camera through seven fixed positions in order
to cover the desired angle of vision to realize the full-
field deformation measurement of porcine interverte-
bral disc.” Genovese et al."”" developed a single-cam-
era 3D-DIC system, where the camera was mount-
ed on a designed rotary bearing ring to rotate around
the sample and capture images, and completed a
360° surface and deformation measurement of a
Grade X65 steel sample under tensile loading. In or-
der to solve the problem of image acquisition and
processing in the full-field displacement measure-
ment of large-scale structure, Guo et al.'"® proposed
a large-scale structural displacement field calculation
framework, which realizes the imaging and splicing
of large structures with a single camera and automat-
ic rotation platform. Conversely, the camera can be
fixed in place while rotating the object for measure-
ment. Badel et al.'” placed arterial wall samples on
a rotary table for rotating shooting and presented an
inverse approach based on a finite element model to
determine the local distribution of residual strain and
stress from full-field digital image correlation mea-
surements. Heuer et al.'® placed an intervertebral
disc on a rotating arm and performed imaging using
a laser scanner to investigate the annular fiber
strains and disc bulging under simple and complex
spinal loads. Although the two methods mentioned
above are simple and quick to operate, they are
merely suitable for situations where no load is ap-
plied. When it is necessary to apply a load to the
specimen, one must either pause the loading at spe-
cific moments or wait until the specimen reaches a
stable state such as destruction after loading to con-
duct full-field measurements. In other words, the
above two methods can only meet static or quasi-
static measurement requirements.

In order to conduct dynamic measurement of
the full field , the scholars have proposed the mirror-
assisted DIC method"”"” and multi-camera DIC
method "', Chen et al."" used a pair of synchro-
nous cameras and two planar mirrors to achieve the
dynamic measurement of full-field shape and defor-

mation of human parts, showing the great potential of

DIC for skin biomechanical research. Zhu et al. '™
used two planar mirrors and a single camera at-
tached with a four-mirror adapter to capture stereo
images of the front and rear surfaces of a test ob-
ject, achieving panoramic/dual-surface shape and
deformation measurements. Xie et al.'"" established
a cost-effective and easy-to-implement mirror-assist-
ed multi-view high-speed DIC method for the dy-
namic deformation measurement of the full-field,
and verified the effectiveness and accuracy of the es-
tablished system through modal test of a cantilever
aluminum sheet. Compared with the first and sec-
ond methods mentioned above, the mirror-assisted
DIC method still maintains a relatively cost-effec-
tive and compact space while meeting the require-
ments of dynamic measurement. However, during
the experimental process, the planar mirror may in-
troduce extra optical distortion and reflection error,
which requires additional correction procedure.
Moreover, this method requires to simultaneously
capture both the front image of the subject and the
back image reflected through the mirror. When the
test subject 1s large, the depth of field problem may
lead to lower image sharpness, which may affect the
measurement accuracy. The multi-camera DIC
method, which capture images simultaneously from
different angles with multiple cameras, can provide
more comprehensive, accurate, and reliable full-
field measurement data. It is also the most widely
used method in engineering applications. Li et al."'"
set up a multi-camera DIC system used to measure
the whole-field thickness strain, capturing the full-
field deformation and thickness strains throughout
the entire stretching process. Genovese et al."'* de-
signed, set up, and validated a four-camera pan-
oramic-DIC system for testing murine arteries and a
multi-biprism DIC system for testing human arter-
ies. Both systems enable dynamic 360° measure-
ments with refraction correction over the entire sur-
face of submerged samples in their native geome-

tries. Zhu et al.""”’

established a multi-camera array
system and proposed a reliability-guided frequency-
domain-based DIC method, addressing the limita-
tions of traditional DIC measurement methods in
full-field modal measurement. They validated the

method’ s accuracy by conducting the modal test of
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a solar panel using a four-camera system.

However, the drawbacks of multi-camera DIC
measurement methods include high equipment cost,
larger space requirements during experiments, and
potential interference among camera systems, such
as reflections or occlusions. Careful planning of the
equipment layout before the experiment is necessary
to avoid these issues. Additionally, addressing the
unification of coordinate systems and data stitching
among the camera subsystems is a critical challenge
for multi-camera DIC measurement methods.

In this paper, a multi-camera 3D-DIC system
is built for the cylindrical shell of variable curvature.
In order to accommodate the slender shape of the
specimen, the two cameras within each subsystem
are arranged vertically to make full use of the cam-
era resolution and improve the overlapping field of
view. Through a synchronous controller triggered
by hardware, the cameras synchronously capture im-
ages from four different angles'™’. A hierarchical co-
ordinate matching method is proposed to achieve the
unification of the coordinate systems of all camera
systems and perform initial point cloud matching by
tracking the motion trajectory of a 3D rigid calibra-
tion block using speckle information. Secondly,
point cloud matching is completed based on the gray-
scale feature of surface characteristic points, result-
ing in obtaining a complete and accurate topography
pattern. Ultimately, full surface compression buck-
ling test of variable curvature cylindrical shell is vali-
dated"*"*.

1 Hierarchical Coordinate Match-
ing Method

1.1 Multi-camera calibration method based on

rigid body motion

The first step of this method is multi-camera

calibration method based on rigid body motion**.
Select a rigid block of the same size as the specimen
and make speckle patterns on its surrounding sur-
face. Determine the relative extrinsic parameters be-
tween subsystems by moving and capturing the rigid
body calibration block. Compared to traditional
multi-camera calibration methods based on overlap-

ping fields of view, the multi-camera calibration

method based on rigid body motion does not require
overlapping fields of view between camera systems,
and it is very convenient to make a calibration block.
This method simplifies multi-camera calibration op-
erations and has strong applicability.

Step 1

calibrate each camera system, and obtain the inter-

The dot calibration board is used to

nal parameters and external parameters of each cam~-
era in each system ™.

This step is fundamental for unifying local coor-
dinate systems of all camera systems. Good calibra-
tion ensures that the projection errors calculated by
each subsystem are minimized, which guarantees ac-
curate tracking of the rigid body motion trajectory to
achieve precise multi-view matching.

Step 2

external parameters of each camera are relative to

In the previous calibration step, the

the local coordinate system of the camera system. It
is also necessary to unify all local coordinate sys-
tems to the global coordinate system using rigid
body calibration block.

A series of rigid motions are applied to the cali-
bration block in the center of the field of view, and
each camera system simultaneously captures the dif-
ferent surfaces of the calibration block. In the schemat-
ic diagram of the multi-camera system in Fig.1, the
geometric transformation relationship between cam-
era systems is shown. In Fig.1, O, X, Y..Z,, repre-
sents the auxiliary world coordinate system corre-
sponding to the front surface of the calibration block
taken by the first camera system (sys-1).
OuX.YuZ, and O-uyv; are the local coordinate sys-
tem and pixel coordinate system of camera system
1, corresponding to the auxiliary world coordinate
O, X, Y2

represents the auxiliary world coordinate system cor-

system O, "X, Y,nZ,,. Similarly,

responding to the surface of the calibration block
captured by the nth system (sys—=), and the expres-
sions for other coordinate systems are also similar.
Based on the rigid feature of the calibration block,
which do not deform during movement, these auxil-
iary world coordinate systems are situated within
the same global coordinate system established by
the rigid body calibration block. The binocular ste-
reovision technique is utilized to reconstruct the 3D

world coordinates of each surface point of the rigid
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body object, while simultaneously solving the vec-
tor motion trajectory of each surface in relation to
the center of gravity'®’. Additionally, the iterative

closest point (ICP) algorithm'*"’

is employed in con-
junction with the least square method to obtain the
rotation matrix and translation matrix between dis-

tinct camera local coordinate systems.

sys-3
Calibration block
oD P -

sys-2

Fig.1 Schematic diagram of geometric transformations in

the multi-camera 3D-DIC system

Here, the camera coordinate system of sys-1 is
used as the reference global coordinate system.
Thus, the rotation matrix R,_, and translation ma-
trix T,;_, of any system i relative to the sys-1 can be
determined, ultimately achieving global calibration
of multiple cameras. The expression for converting
coordinates from other camera local coordinate sys-
tems to the reference global coordinate system is

Q:'=R (H,Q)+ T,y i=1,2,,n(1)
where Q. ' representing the coordinate of the spa-
tial point within the local coordinate system of sys-
tem 7 is transformed into the world coordinate sys-
tem. R; ;and T, ; are the rotation matrix and trans-
lation matrix from local coordinate system of system
7 to global coordinate system. H,, is the projection
transformation matrix between the pixel coordinate
system and the local coordinate system of the cam-
era system 72, which has been obtained through cali-
bration in Step 1. Q. is the pixel coordinate of the
center of a selected subset in the pixel coordinate
system of camera O, which is the main camera in the
system 7. H,,Q! is the 3D coordinate of the spatial
point calculated in local coordinate system of system

7. After converting all local coordinate systems to

the reference global coordinate system, the com-
plete 3D topography of the specimen can be ob-

tained.

1.2 Point cloud matching based on feature

point grayscale information

The multi-camera calibration method based on
rigid body motion can perform the calibration be-
tween multiple camera systems simultaneously, re-
ducing the operation steps and avoiding the error
transmission between systems. However, this meth-
od is affected by factors such as the flatness of the
rigid body surface, calibration errors, environmen-
tal noise, and lighting conditions, so there are still
certain errors in the registration. Therefore, further
matching of the point cloud data after the coordinate
system is required. As shown in Fig.2, three charac-
teristic points are randomly distributed at each quar-
ter position of the specimen surface, and the gray
values within these points gradually distribute along
the radius. The spatial correspondence is established
from these characteristic points, and the rotation
matrix and the translation matrix between the point
clouds acquired by each system are obtained by the

singular value decomposition (SVD) method.

Fig.2 Schematic diagram of feature point distribution and

point set matching

The multi-camera system captures images of
the specimen from four different angles, three non-
collinear feature points can be found within the over-

! obtained by any adjacent two-camera

lapping area
systems. Since the grayscale values of feature points
decrease gradually along the radial direction, mean-
ing the grayscale value is maximum at the center of
the point, identifying the point with the highest
grayscale value allows for locating the center of the
feature point. By using the traversal comparison al-

gorithm, each pixel point’s grayscale value within
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the feature points is compared individually to accu-
rately identify the circle’ s center coordinates, and
spatial correspondences are established based on
these coordinates.

Due to the inability to set the step size to one
pixel during calculation, which requires a large
amount of computational cost and may cause exces-
sive sensitivity to noise, resulting in a decrease in
accuracy, when the center coordinates of feature
points are identified, their corresponding 3D coordi-
nates may not be directly obtained. In this case, in-
terpolation method is used to obtain their 3D coordi-
nates through the nearest data points around them.
The centers of the three feature points in the left pic-
ture of Fig.2 are defined as the point set to be regis-

tered P{ p,jp.€ P,i=1, 2, 3}, and the centers of the

three feature points in the right picture are defined as
the target point sets Q{q.lq,.€Q,i=1,2,---,3}.
The matching of overlapping areas is to obtain the
coordinate transformation relationship between two-
point sets, namely the rotation matrix R and the dis-
placement matrix 7. After obtaining the correspond-
ing point sets, the rigid transformation matrices R
and T can be obtained by minimizing the objective

function, shown as

,
7=>l4q.
i=1

where £ is the number of matching points. Assum-

—(Rp.+T)| 2)

ing the least-squares solutions are R’ and T, then

R'p,+ T'and Q are the same,

i.e. Q= Q’, where Q and aare as follows

J— 1 &
. Q=>4 (3)
1 klil

P of point set P is

2 (4)

the centroids of g/ =

&

x| =

5:

=

The centroid

i \

Then, we have
d=p—P. d=q¢—-Q (5)
The objective function now can be rewritten as
L 2
J=>ld —Rd,| (6)
i=1

Then J is expanded into

3
J=>(d'—Rd)" (d/—Rd,)=
i=1

k

SNd"d; — d"Rd,~ d'R"d; + dR"Rd,)=

k
Sd"d; +d'd —2d" Rd,) (7)
i=1

To minimize J, it is necessary to take the deriv-
ative of J to obtain J' and maximize it.
k k
J=>d"Rd,=1tr ( > Rd, d,*’f) =tr(RH ) (8)
i=1 i=0

where H is a third-order square matrix, shown as

k
H - zdz d:"l‘ (9)
i=1
Matrix H is decomposed by SVD, shown as
H=UAV" (10)
Let
X=VU"

Then, we have
XH=VU'UAV'=VAV" (1)
It can be seen that XH is a symmetric positive
definite matrix, so there is tr( XH )= tr( BXH ) for
any third-order orthogonal matrix B. Thus, all third-
order orthogonal matrices, only when the determi-
nant of X is close to or equal to 1 (transformed to
make it completely coincident) , then the rotation
matrix R = X. The translation matrix is

T=QR- sz (12)

2 Experiment

2.1 Experimental preparation and arrangement

The corrugated surface of a variable curvature
cylindrical shell is obtained by superimposing a sine
curve on a reference circle. The expression for a
sine curve can be written as p = 22.5 + 3sin(44),
where the unit is mm, p and ¢ are the polar coordi-
nates of the point on the curve, and 22.5 mm is the
radius of the reference circle. Fig.3 shows the sec-
tional shape of the shell, with a thickness of 4 mm.

The variable curvature cylindrical shell speci-
men is generated using soft adhesive material by 3D
printing technology. In order to reduce the reflective
effect on the surface of the variable curvature cylin-
drical shell, the specimen on the left is treated with

matte white paint (Fig.4(a) ). A layer of matte
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Fig.3 Sectional shape of the shell

white paint is uniformly sprayed on the surface of
the specimen, which can also improve the contrast
of the obtained image. During the process, it is nec-
essary to avoid the phenomenon of excessive paint
film thickness and paint film sagging, which will af-
fect the accuracy of subsequent experiments. After
the paint is completely dry and cured, a digital
speckle pattern is generated by using the software
Speckle Generator and prefabricated on transfer pa-
per. Then, the transfer paper is firmly pressed onto
the surface of the specimen and evenly wetted with
a wet wipe, which is called hydro transfer printing,
allowing the entire speckle pattern, including fea-
ture points, to adhere to the surface of the speci-

men. The speckle is shown in Fig.4(b).

(b) Speckle made by hydro
transfer printing

(a) Matte white paint spraying

Fig.4 Surface pretreatment of specimen

The experimental setup comprised eight Basler
industrial cameras (model acA4112-30 pm) , each
possessing a resolution of 4 096 pixel X 3 008 pixel
and capable of capturing 300 frame/s. On the prem-
ise of meeting the measurement requirement of a
360" full surface field of view, in order to improve

the field of view utilization of each camera system

and simplify the experimental steps, this paper
adopts the arrangement'”’ shown in Fig.5 for the

multi camera system.

sys-3 sys-2

Sy

sys-4

sys-1

Fig.5 Camera arrangement

The eight cameras are divided into four pairs,
each pair forming a stereo DIC measurement sys-
tem. The front, left, right, and rear surfaces of the
specimen are then photographed by the four measur-
ing systems. Due to the long length of the speci-
men, as well as the large curvature and variable cur-
vature characteristics, in order to fully utilize the
resolution of the cameras and improve the overlap-
ping field of view between them, the two cameras
in each system are arranged vertically and fixed on a
pillar. By vertically arranging the cameras, the over-
lapping field of view of the two systems can be
equivalent to the field of view of a single camera by
adjusting the pitch angle.

Fig.6 presents the experimental setup em-
ployed for the variable curvature cylindrical shell
specimen. The cameras adopt the arrangement
shown in Fig.5, with four blue light sources with bi-
ased filters symmetrically placed between each sys-
tem, and the brightness of the light sources is con-
sistent to ensure uniform illumination of the speci-
men. Through the synchronous controller, eight
cameras are synchronized for image acquisition in
hardware triggered mode. The specimen is loaded
by using a hand-operated pressure testing machine
with a range of 1 000 N and a resolution of 1 N,
which can display the load size in real-time. The
load is used by rotating the joystick of the hand-oper-
ated pressure testing machine slowly and continu-
ously. Whenever the load reaches a series of fixed
values, the camera is automatically controlled to
capture pictures, and then the joystick can be al-

lowed to be rotated continuously.
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Compression
testing machine
Variable curvature
cylindrical shell

Rigid body
S calibration block
board

Fig.6 Experimental diagram of compression measurement

Synchronous

controller
—

of variable curvature cylindrical shell

2.2 Experimental result

2.2.1 360° 3D shape measurement and match-
ing

The present study involves the selection of the
region of interest (ROI) from the four camera sys-
tems. The 3D coordinates of the ROI are then calcu-
lated using the conventional 3D-DIC system. The
subset and step are determined as 57 pixel X 57 pix-
el and 11 pixel based on image quality and noise lev-
el. Then, based on the multi-camera calibration
method based on rigid body motion, the positional
relationships between the four camera systems were
obtained. The point cloud of the four systems were
unified in the same global coordinate system, and
the complete 3D shape of the variable curvature cy-
lindrical shell specimen is obtained, as shown in
Fig.7.

As can be seen, the splicing is not continuous,
which is caused by a series of factors such as calibra-

tion error, surface flatness of rigid body, environ-

Z/ mm
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-475.219
-478.438
-481.656
-484.875
-488.094
-491.313
-494.531
-497.750
-500.969
-504.188
-507.406
-510.625
-513.844
-517.063
-520.281
-523.500

Fig.7 3D shape diagram of the variable curvature cylindri-

cal shell after multi-camera calibration

mental noise, and imaging quality. Therefore, fur-
ther precise matching is required.

Based on the gray-scale information of the fea-
ture points, the central coordinates of the feature
points can be obtained. These feature points are in
the region of overlap between different camera sys-
tems and own the same world coordinates. By using
the SVD method, the transformation relationship
between corresponding point pairs based on the lo-
cal coordinate values is calculated, which is applied
to the point cloud to be registered. The coordinate
system of sys-1 is used as global coordinate system
for point cloud matching. Since sys-2 and sys4 both
have overlapping fields of view with sys-1, the data
of the point cloud of sys-2 and sys-4 can be correct
ed directly by the conversion matrix calculated using
the corresponding point pairs. However, there is no
overlapping area between sys-3 and sys-1, so it is
impossible to directly correct syst-3. Therefore, the
data of the point cloud of sys-3 must be corrected to
the corrected sys-2 or sys4 first, and then corrected
to sys~1. The point cloud matching between adja-
cent systems is shown in Fig.8, and the corrected

3D shape diagram is shown in Fig.9.
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=

Fig.8 Point cloud matching between adjacent systems

0
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Fig.9 Corrected 3D shape diagram
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The matching results of the variable curvature
cylindrical shell in the initial state are compared with
the reference diameter of 50.98 ¢cm (maximum diam-
eter) measured by a vernier caliper. Absolute error
and relative error at the two-maximum diameter af-
ter rigid body calibration and point cloud matching
are shown in Table 1, where 1 and 2 represent the
maximum diameters of the specimen along X- and
Z-axes,

respectively. After point cloud matching

correction, the error is significantly reduced.

Table 1 Errors at the two-maximum diameters (refer-

ence diameter: 50.98 mm)

0 . Maximum Absolute Relative
pe:atlon diameter/mm  error/mm error/ %
ste

P 1 2 1 2 1 2

Rigidbody™ oo 16 5067 117 169 230 3.31

calibration

Pointeloud ) 41 5o 66 013 032 026 0.63
matching

2.2.2 360° compression measurement of the
variable curvature cylindrical shell

Fig.10 and Fig.11 show the displacement and
strain fields at 0, 60, 120, and 180 N, and unstable
state, respectively. The unstable state occurs at ap-
proximately 190 N. As the load increased to the crit-
ical value of specimen instability, the convex region
of the variable curvature cylindrical shell exhibits an
S-shaped bending. Anti-symmetric protrusions and
depressions developed in the concave regions on ei-
ther side of the convex area. In the displacement
field, the displacement distribution in the compres-
sion direction is uneven, suggesting eccentric load-
ing during compression. When the specimen became
unstable, there is a significant variation in displace-
ment distribution at the same height of the speci-
men. The compressive strain of specimen increased
with the load in general, but in the concave regions
where protrusions occur, the stress initially in-
creased and then decreased with the load. In the un-
stable state, the stress variation in the concave re-
gions with protrusions and depressions is significant-
ly higher than in other areas.

Fig.12 and Fig.13 are the evolution of displace-
ment in the direction of compression and evolution

of compressive strain in finite element simulation.

Displacement /
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Loads: 0 N 60 N 120N 180 N Unstability

Fig.10 Evolution of displacement in the direction of com~-
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Fig.11 Evolution of compressive strain
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Fig.12 Evolution of displacement in the direction of com-

pression in finite element simulation

-0.08
-0.10
-0.12

Loads: ON 60 N 120N

180N Unstablhty

Fig.13 Evolution of compressive strain in finite element

simulation

Compared with the experimental results, it can be
confirmed that eccentric loading did occur during the
experiment. However, as the load increased, the ef-

fect of eccentric loading gradually decreased.

3 Conclusions

A multi-camera 3D-DIC measurement system
is built, which has potential advantages in measur-
ing objects with complex geometric shapes, asym-
metric deformations, or significant curvature. The
camera synchronization issue is resolved using a

hardware trigger mode through a synchronized con-
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troller. The local coordinate systems of the multi-

camera system are unified by using a multi camera

calibration method based on rigid body motion.

Then, through point cloud matching based on gray-

scale

of feature points, the transformation matrix be-

tween feature point pairs is solved using SVD meth-

od to further correct the point cloud data. 360" com-

pression buckling measurement is carried out on

variable curvature cylindrical shell, and displace-

ment and strain nephogram of the full-surface are ob-

tained.
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