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ABSTRACT Three-dimensional Digital Image Correlation (3D-DIC) is a non-contact optical-numerical
technique for evaluating the dynamic mechanical behavior at the surface of structures and materials,
including biological tissues. 3D-DIC can be used to extract shape and full-field displacements and strains
with high resolution, at various length scales. While various commercial and academic 3D-DIC software
exist, the field lacks 3D-DIC packages which offer straightforward calibration and data-merging solutions for
multi-view analysis, which is particularly desirable in biomedical applications. To address these limitations,
we present MultiDIC, an open-source MATLAB toolbox, featuring the first 3D-DIC software specifically
dedicated to multi-view setups. MultiDIC integrates robust two-dimensional subset-based DIC software with
specially tailored calibration procedures, to reconstruct the dynamic behavior of surfaces from multiple
stereo-pairs. MultiDIC contains novel algorithms to automatically merge meshes from multiple stereo-
pairs, and to compute and visualize 3D shape and full-field motion, deformation, and strain. User interfaces
provide capabilities to perform 3D-DIC analyses without interacting with MATLAB syntax, while stand-
alone functions also allow proficient MATLAB users to write custom scripts for specific experimental
requirements. This paper discusses the challenges underlying multi-view 3D-DIC, details the proposed
solutions, and describes the algorithms implemented in MultiDIC. The performance of MultiDIC is tested
using a low-cost experimental system featuring a 360° 12-camera setup. The software and system are
evaluated using measurement of a cylindrical object with known geometry subjected to rigid body motion
and measurement of the lower limb of a human subject. The findings confirm that shape, motion, and full-
field deformations and strains can be accurately measured, and demonstrate the feasibility of MultiDIC in
multi-view in-vivo biomedical applications.

INDEX TERMS Biomedical image analysis, full-field 3-D deformation, material mechanical properties,
open source software, skin shape and strain, soft tissue biomechanics, stereo-DIC, strain map.

I. INTRODUCTION

Digital Image Correlation (DIC) is a full-field non-contact
optical-numerical technique to measure shape, motion, and
deformation, on almost any kind of material, even in extreme
experimental settings, as long as the region of interest (ROI)
on the sample’s surface is provided with a natural or syn-
thetic speckle pattern [1], [2]. This allows the DIC algorithm
to match dense sets of corresponding points in differ-
ent images of the ROI, based on the local pixel inten-
sity distribution. Specifically, local two-dimensional DIC
(2D-DIC) [2] defines a pixel subset around a point of interest
in a reference image and evaluates the parameters describ-
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ing its motion and deformation in a given target image. In
three-dimensional DIC (3D-DIC), two cameras view an ROI
from different angles (i.e. a stereo-camera pair), and capture
a sequence of images representing a reference configura-
tion (typically an undeformed configuration) and a required
number of current configurations (typically deformed con-
figurations). Next, 2D-DIC is used to correlate a given set
of points in the two stereo-views of the reference configu-
ration (spatial correlation) and track these points through-
out the sequence of stereo-images representing the current
configurations (temporal correlation). The correlated sets
of image points are then used to reconstruct and track the
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3D position of the material points of the ROI over time, via
stereo-triangulation [1], [3].

DIC was originally developed for experimental mechanics,
where it has become a standard technique for characterizing
material properties and the response of structures to loads [4].
The non-contact, full-field, and large deformation capa-
bilities of DIC make it particularly suited for shape and
deformation measurements for a wide range of biomedical
applications [5]-[11]. DIC methods have been used in com-
bination with advanced inverse characterization methods to
identify the mechanical properties of natural and synthetic
biological materials and body parts [5]-[8].

Substantial work has been done in recent decades
to improve the performance of computational algori-
thms [12]-[17], to define good practices for performing
experiments and calibration [18], to assess the measure-
ment errors [19], [20], and to extend the capabilities
of 3D-DIC [15], [21]. Furthermore, various commercial and
academic software packages now exist. However, there is
currently a lack of available 3D-DIC software specifically tai-
lored for multi-view analysis, a feature which is highly desir-
able for biomedical applications. It is challenging to study the
shape, motion, and deformation of tissues and organs in-vivo,
due to the often complex geometries, the large deformations
that can occur, and the risk of undesired motions. To over-
come these challenges, simultaneous multi-view imaging is
often utilized [11], [22]. Moreover, in a clinical environment,
a fast and flexible image acquisition and calibration process
is highly desirable [23].

Several multi-view DIC systems have been proposed in
the literature (e.g. [22], [24]-[29]), where multiple cameras
with partially overlapping fields of view (FOVs) allow for the
imaging of large portions of an object surface. The multitude
of cameras can be arranged in a 2D array when large quasi-
planar objects need to be measured. Alternatively, for non-
planar objects, the set of cameras are placed around the
object, e.g. in a surrounding fashion, to obtain the 3D shape
of the entire object (as illustrated in Fig. 1). In this work,
we refer to the latter configuration, which is suitable for many
biomedical applications.

Furthermore, in scientific research reproducibility,
verifiability, and validation are key [30]. Only open-source
software tools offer full insight into the computational frame-
work these aspects demand. Moreover, open-source software
enable customizability, which is important since each sci-
entific application offers its own unique computational and
experimental challenges. There is hence a pressing need for
open-source software implementing algorithms specifically
tailored for multi-view 3D-DIC, which allow for customiza-
tion and easy adaptation to different experimental settings.

A. THEORETICAL BACKGROUND

Two key issues entailed in the implementation of multi-
view setups are system calibration (required for stereo trian-
gulation) and data merging (required for combining results
from multiple stereo-pairs). For each camera of a typical
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FIGURE 1. Multi-view stereo system schematic. A circular array of
cameras (in transparent color) surrounding the object, with highlighted
two contiguous stereo-pairs (in solid color), sharing a common field of
view on the object’s surface. The ROI for each pair is depicted on the
object’s surfaces with dots, and the overlapping ROI for the two pairs is
depicted with solid color.

stereo-pair, calibration aims to find the intrinsic parameters
(defining the geometric and optical characteristics of the cam-
era) and the extrinsic parameters (defining the position and
orientation of the camera with respect to a reference coordi-
nate system). Together, the intrinsic and extrinsic parameters
serve to describe the transformation that maps each 3D mate-
rial point P (X, Y, Z) in the global coordinate system into its
image point on the camera sensor I (xp, yp), according to the
pinhole optical model [3], [31]. Specifically, the coordinates
(X,Y,Z) are first rigidly transformed into the coordinates
(Xc, Yc, Zc) in the camera coordinate system by

Xc Ri1 R Ri3 X Ty
Yo | =| R R R Y |+ [Ty |, (D
Zc R31 Rz R33 Z 1z

where R;; (i,j = 1,2, 3) and Ty, Ty, T, are the components
of the rotation matrix and the translation vector, respectively.
Next, the (ideal) normalized image point coordinates are
calculated as

x=Xc/Zc;y=Yc/Zc. ()

Then, the intrinsic camera parameters, i.e. the focal lengths
in pixels [f,f,] , the principal point (optical center) coordi-
nates [Cy, Cy|, and the skew coefficient s = fytana, where
« is the angle between the horizontal and vertical axes of the
sensor (@ = s = 0 if the axes are perpendicular), are used to
calculate the image point coordinates I (xp, yp), in the sensor
coordinate system, by

Xp fi s Cy x
Yp | = 0 fy Cy y 1. 3)
1 0 o0 1 1
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Next, combining Eq. (1)-(3) and further assuming that
s = 0 yields to
R\ X +Rpp2Y +R;3Z +T.
X = fo 11 12 13 Lo
R31X +R3Y +R33Z + T,
Ro1X + RpY + Rp3Z + T,

W = R X + RaY + RsZ + 1.
which can be rearranged into the form
LiX+ LY +13Z+ 1y

X, =
P LoX + LioY +LinZ + 1
LsX + LeY + L7Z + Lg

= . 5
Ve LoX + LioY +Li1Z +1 )

Eq. (5) represents the basis of the Direct Linear Transfor-
mation (DLT) method [31] which allows for implicit camera
calibration. The DLT method derives the (unphysical) param-
eter set L; j=1,2,...,11) by solving a linear system of
equations, based on a single image containing a non-planar
set of calibration points whose position s (X, Y, Z) are known
with high accuracy. DLT, however, relies on an idealized
distortion-free camera model which might yield inaccurate
results, especially when high-distortion or low-quality lenses
are used.

The most common stereo calibration technique used in 3D-
DIC methods is the Bundle Adjustment (BA) method [1]. BA
is an explicit calibration method that allows for the estimation
of both the intrinsic and extrinsic camera parameters by using
repetitive observations of sparse scene points in different
viewing directions [32]. BA allows for lens distortion cor-
rection based on a non-linear distortion model. Specifically,
the idealized image point coordinates (x,y) in Eq. (3), are
replaced by the distorted normalized coordinates (xg, yq)
defined by

[xd] = (1 +kir? + kort + k3r6) [x]
Yd y

[Zplxy +p2 (r2 + 2x2) :| )
p1 (2 +2%) + 2poxy |

+ Gy, “

where r2 = x% + y2, [k1, k2, k3] are the radial distortion

parameters, [p1, p2] are the tangential distortion parameters,
and the skew parameter in (3) can be non-zero.

Successful BA typically requires a large number of
images (approximately 50 [33]) of a planar calibration target
acquired in different orientations and positions in the field
of view (FOV) of both cameras. Although BA is highly
accurate, and is typically the first choice for calibrating a
two-camera system, the associated practice of calibrating one
camera with respect to a given ‘master’ camera can limit
its applicability to multi-view stereo systems. To calibrate
a large number of camera-pairs, each camera-pair has to be
calibrated separately. Then, the images of a given set of mark-
ers [27], or of a speckled surface [34], which can be viewed
by each contiguous pair of cameras, are used to: 1) find the
geometric transform between the pairs, and 2) combine the
data into a mutual coordinate system [34]. This process must
be repeated for each additional camera-pair [34]. Clearly, this
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approach is very time-consuming, especially in case a large
number of cameras is required or when the camera poses
change during a data collection session, potentially causing
error accumulation. Furthermore, this method does not enable
combining data from camera-pairs for which the FOV do not
overlap.

In contrast, the DLT method can use a single image acqui-
sition of a 3D (non-planar) calibration target placed in the
scene, captured by all the cameras of the multi-view sys-
tem. This arrangement allows one to calibrate each camera
with respect to a common reference system associated to the
3D target, thus enabling an automatic data merging, even
in cases where the FOV of different camera-pairs do not
overlap. The main limitation of this approach is that the
calibration target usually covers only a portion of the work-
ing volume and this may affect the accuracy of the calibra-
tion results, even when distortion correction procedures are
adopted [35]-[37].

B. OVERVIEW OF THE CURRENT WORK

A specific aim of this work was to overcome the above-
mentioned limitations of existing multi-view methods. To this
end, we present MultiDIC, a free open-source software
library for analyzing multi-view stereo images and obtaining
3D shapes and full-field displacements, deformations, and
strains. Specific consideration is given to develop a procedure
for multi-view stereo calibration and data merging, which
enables camera poses to be changed as needed, without
requiring a long re-calibration process.

MultiDIC utilizes the high-quality open-source 2D-DIC
software Ncorr [38], which was previously verified and vali-
dated by processing standard sets of synthetic and experimen-
tal images [18]. In the present study, a combined approach
for calibration was developed, whereby both BA and DLT
are used in different steps, to harness the advantages of each
method. Particularly, BA is used for obtaining the distortion
and skew parameters, which can be used to correct the effect
of distortion on the image points extracted from both the
stereo calibration images and the speckled object images.
BA is only required once per camera, as long as the cam-
era’s internal settings remain unaltered. DLT is then used
on the undistorted image points for retrieving the internal
(distortion-free) and external (camera pose) parameters of
the cameras, combined into the DLT parameters. The DLT
parameters refer to a common global coordinate system asso-
ciated with the 3D calibration object, which is seen simul-
taneously from all the cameras. Since only a single image
per camera is required, DLT can also be used to check the
stability of the system whenever experiments are prolonged
in time, and to quickly re-calibrate the system in case cam-
eras are intentionally or accidentally moved. Moreover, this
rationale allows one to eventually keep the original images
and skip the distortion correction step in cases where images
are obtained with high quality optics and sensors [25], or if
the distortions are known to be negligible with respect to the
required precision for the specific application.
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FIGURE 2. MultiDIC algorithm workflow. Step 0 is optional, and is only required if distortion correction is necessary. Steps 1-3 comprise the
core components of the 3D-DIC process. Moreover, step 3.2 is optional, and is only required if merging of surfaces into one continuous mesh

is desired.

When a large number of views is required, as is often
the case in biomedical applications, imaging systems can
become prohibitively expensive. In this study, we present
an inexpensive system using low-cost camera modules, with
which we test the capabilities of the toolbox. This paper
describes the workflow of MultiDIC, the algorithms imple-
mented in it, the experimental setup, and the data analysis
procedures. Then, results of several tests that both validate
it and showcase its capabilities are reported and discussed.
Finally, measurement on the lower limb of a human subject
demonstrates the typical shape and deformation information
obtainable for in-vivo studies.

Il. MATERIALS AND METHODS
A. OVERVIEW OF SOFTWARE ARCHITECTURE
AND ALGORITHMS
MultiDIC is an open-source (Apache 2.0 licensed) library
written in MATLAB (R2017b, The Mathworks Inc., USA),
a programming language widely used among engineers
and scientists. Users may visit the GitHub repository
(http://www.github.com/MultiDIC) to obtain the most recent
version (this paper refers to release version v1.0, which is also
archived at http://doi.org/10.5281/zenodo.1256041), to join
development, and to post issues. The toolbox is accompanied
by a comprehensive instruction manual and sample data.
MultiDIC was designed as a flexible library of functions
and scripts that users can freely adjust to fit their experimental
requirements. The implementation as a toolbox enables users
to perform 3D-DIC analyses and to visualize the results
using user interfaces (Uls) which do not require interaction
with MATLAB syntax. As such, these Uls provide access
to the most common functionality as well as usability for

non-code experts. For customization, proficient MATLAB
users can also use the stand-alone functions and data-
structures to write custom scripts and analyze large data-
sets semi-automatically. Moreover, users are encouraged to
extend the toolbox’s functionality by implementing addi-
tional algorithms.

MultiDIC integrates the 2D-DIC open-source soft-
ware Ncorr [38] with the BA algorithm included in the
MATLAB computer vision toolbox [39], and the DLT algo-
rithm implemented in MATLAB by the authors, to perform
the reconstruction of 3D surfaces from multiple stereo-image
pairs. Moreover, it contains algorithms for merging surfaces,
and for computing full-field 3D displacements, deformations,
strains, and rigid-body motion (RBM). In addition, extensive
plotting and visualization functions are offered, which inte-
grate tools from the open-source GIBBON toolbox [40].

Fig. 2 outlines the workflow of the entire 3D-DIC proce-
dure. In the optional step 0, the distortion and skew param-
eters are calculated using BA on multiple images of a flat
checkerboard pattern. These parameters can be used to cor-
rect for the effect of distortion on the points detected on
both the calibration object images and the speckled object
images. Step 1 comprises the calculation of the DLT cali-
bration parameters of each camera, using images of a 3D
calibration object seen simultaneously from all the views.
Step 2 involves matching corresponding points on sets of
stereo images of the speckled object using 2D-DIC. In step 3,
the calibration parameters from step 1 are used to perform a
stereo-triangulation which transforms the 2D points matched
in step 2 for each stereo-pair into 3D triangular meshes.
Furthermore, this step may optionally involve the merging
together of multiple obtained surfaces. Lastly, step 4 includes
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algorithms for computation and visualization of the full-field
displacement, deformation, strain, and RBM. The methods
implemented in each of these steps are detailed in the next
sub-sections.

B. DISTORTION CORRECTION

The purpose of this step is to find the parameters for cor-
recting the lens distortions and skew affecting the acquired
images. This step has to be executed only once per camera
and needs not be repeated if a camera pose is changed,
as long as the camera’s intrinsic parameters remain unaltered.
The MATLAB Camera Calibration Toolbox [39] was uti-
lized, which is based on previous works [35], [41]-[43] for
evaluating the camera intrinsic parameters, including distor-
tion parameters, using the BA method. Specifically, multiple
images of a planar checkerboard pattern are acquired by
each camera. Then, the algorithm utilizes BA to minimize
the overall re-projection errors of the corner points of the
checkerboard pattern. The implemented model allows for
the computation of up to six parameters: three for radial
distortion, two for tangential distortion, and one for skew,
as detailed in Eq. (3) and (6). These parameters are later used
before the 3D reconstruction in step 3, to correct the points
detected on both the stereo calibration images and the speckle
images.

C. STEREO CALIBRATION

In this step, the mapping between 2D image points and
3D world points is established, using Eq. (5). Since each
control point provides two equations, a minimum of six points
is required to obtain the set of 11 DLT parameters. Neverthe-
less, a greater number of points is preferred, as the effect of
experimental errors is reduced by solving an overdetermined
system through least-squares minimization.

In practice, this step requires a 3D (non-planar) calibration
object having control points whose 3D positions are known
with sufficient accuracy. The use of a 3D object with axial-
symmetry (a cylinder in the current study) represents the opti-
mal solution for a 360° multi-view system, since images of
the calibration object can be acquired from all cameras simul-
taneously. The calibration images are then analyzed using
MultiDIC to detect the image points (xp, yp) corresponding
to the calibration object’s control points, and to sort and
match them with their known 3D positions (X, Y, Z). Next,
the DLT parameters L; G = 1,2, ..., 11) and the associated
reconstruction errors are calculated and plotted.

D. 2D-DIC OF STEREO IMAGE PAIRS

In this step, which has to be conducted for each camera-
pair, corresponding image points are detected using 2D-DIC,
on sets of images of a speckled object acquired from two
angled views, as illustrated in Fig. 3. First, a reference image
is selected, typically the image acquired in the undeformed
configuration from either one of the views. Second, a ROI is
selected, which corresponds to an area of the object which is
visible from both views. Third, a point grid is obtained inside
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the ROI according to selected subset size and spacing, and
the corresponding points are detected on all the remaining
images using Ncorr [38]. Ncorr is an open-source subset-
based 2D-DIC software, described in detail in [38] together
with validation results of its metrological performances tested
with images from the 2D-DIC-Challenge [18]. Briefly, Ncorr
implements a first order shape function to describe the pixel
subset transformation [2], the least-square correlation cri-
terion Crg as a correlation cost function [38], the Inverse
Compositional Gauss-Newton method as a nonlinear opti-
mizer [44], and the Reliability-guided method [45] to prop-
agate the analysis over the ROI, starting from user-defined
seed points.

Moreover, a triangular mesh is defined on the point
grid and saved for the 3D reconstruction step. Specifically,
MultiDIC’s step 2 serves as a wrapper for Ncorr, which allows
users to select camera-pairs for analysis and draw the ROI.
These data are automatically transferred into Ncorr for further
analysis, and the corresponding image points, together with
the associated correlation coefficients [38] are returned for
defining the triangular mesh, for plotting the results, and for
saving the variables necessary for 3D reconstruction.

Fig. 3 illustrates how Ncorr was able to obtain high corre-
lation accuracy (low values of Crg) over most of the selected
ROI with exception of the right border, where the affine func-
tion could not accurately describe the subset transformation
in this portion of the surface [46]. In this work, a sufficiently
large number of cameras (i.e. narrow ROI for each camera
pair) were chosen to ensure high accuracy correlation, even
on complex shapes.

E. 3D RECONSTRUCTION
In this step, the sets of DLT parameters chk and
LJ.CI G=1,2,...,11) associated with the cameras Cy and C;

(k and [ represent the indices of the cameras in a specific
stereo-pair), are used to transform each pair of corresponding

image points, from their image coordinates <x,,c k, y[gk> and
(x,,c h yg’ ), into the 3D coordinates (X, Y, Z), by rearranging
Eq. (5) into the form

U =AP, )
where
1
ka _ LCk X
U = pC 8C M P - Y 5
x;' — L
P 4 Z
G LC]
L Yp )
r 7 Cx Cr  Ck Ck Cr  Ck Ck Cr  Ck
L™ =Ly xp Ly" = Liyxp Ly" = LiTxp
Ck Cr . Cy Ck Cr . Cy Ck Cy . Cy
A — Ls Ly yp Lg™ = Ligyp L™ =Lty
= G a_¢ G a._G G a._G
L Ly xp Ly — Lipxp Ly —Ljxp
C C.C C .G o] . G
L Ls" — Ly yp Lg —Lypyp Ly = Lyyyp
(3
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FIGURE 3. Point matching of stereo images using 2D-DIC. Portions of a speckled cylindrical object imaged by
cameras positioned with an angular displacement of 30° between them are shown. The corresponding image
points detected using DIC inside the ROI are shown on the reference (left) and current (right) images, with

colors depicting the values of the correlation coefficient.

Then, the least-squares solution for P is obtained by
~1
P=[aTa] ATv. ©)

Consequently, a 3D point cloud is obtained from each
stereo-pair. Since the coordinates of the control points on
the calibration are expressed in the global coordinate system
for all camera-pairs, all point clouds are automatically recon-
structed in the global coordinate system, without the need to
perform any additional coordinate transformation procedure.

Moreover, each set of N reconstructed points coordinates
[Xn, Yn, Z,] (n = 1,2...N) on the calibration object, and the
associated true coordinates [X,(f), Y,Y), z,i”] can be used to

calculate the reconstruction errors [AX,, AY,, AZ,] as
AXp, =X, — XD, AY,=Y, YD, Az, =27,-27".

(10)

Then, the mean error ¢); and the root mean square (RMS)
error gg are defined as

2 2 2

1 N N N
en = ;AX,,) +<HX=;AY,,) +(;AZ,, :

1 N
= | D (AXD AT+ (AZ) (11)

n=1

F. SURFACE MERGING

The tessellation defined in step 2 is used here to form sets
of 3D triangular meshes. The meshes obtained from each
camera pair are independent, not connected to each other, and
may locally overlap. In order to construct a single continuous
and merged surface, the overlap between meshes needs to
be resolved and adjacent meshes should be stitched together.
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FIGURE 4. Surface merging example. (a) The green and blue 3D meshes were reconstructed from two adjacent camera-pairs. (b) The overlap regions are
identified, and faces are removed from the boundaries until the overlap is resolved and a minimum gap exist between the surfaces. The gap which needs
to be filled with new triangles is marked with a magenta line. (c) The gap is filled with new triangular faces by locally applying Delaunay triangulation,

using only vertices existing in the original data.

An example schematic for resolving the overlap and for

merging two adjacent surfaces is shown in Fig. 4.

To resolve the overlap, an algorithm was developed,
whereby redundant faces are iteratively removed from the
boundaries of overlapping regions until a user-defined mini-
mum gap exists between the meshes. The following heuristics
are employed to select which faces to remove:

1. The correlation coefficient Cy s, representing the matching
quality of each vertex (removing vertices with poorer
correlation first).

2. The distance between the meshes in the overlap region
(removing faces having larger distance to the other mesh
first).

3. The difference in the local orientation between the meshes
in the overlap region (removing faces having larger angu-
lar displacement from the other mesh first).

4. A combination of 1, 2, and 3, with optional weights.
Once the overlap is resolved, as depicted in Fig. 4(b), the

meshes are merged by introducing new faces along the gap,

connecting original vertices from both meshes, as depicted
in Fig. 4(c). The algorithm uses only vertices which exist
in the original data. Introduction of new vertices which do
not originate from an actual measurement is not desirable,
since these vertices cannot be tracked in the deformed con-
figurations and cannot provide reliable displacement and
strain measurements. Moreover, keeping all the points and
re-meshing the overlapping regions is not preferred because
it results in a denser and often lower quality mesh, and might
result in a jagged surface in regions where the two surfaces
could not accurately merge. Stitching of the gap is performed
by locally applying Delaunay triangulation between the ver-
tices on the boundaries of the meshes, which maximizes
the minimum angle of the triangles and ensures that quality
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triangles are formed. Figure 4 demonstrates how overlapping
triangular meshes are successfully merged using the original
vertices only, despite having different element sizes.

G. POST-PROCESSING

In this step, the 3D coordinates of the triangular mesh’s
vertices in the reference and current configurations are
used to derive the full-field displacement, deformation, and
strain. For each triangular element and for each config-
uration, the deformation gradient tensor F is calculated
using a variation of the triangular Cosserat point element
method [47], [48]. Assuming a homogenous deformation
field within each element, this method obtains the finite
(nonlinear) deformation field with the same spatial resolution
as the DIC measurement, and independently from adjacent
data points and numerical derivatives.

The reference configuration of a given triangular element
is denoted by the position vectors {P{, P, P3} of its three
vertices, and the values of these position vectors in a current
configuration are denoted by {pl P2, P3 } Moreover, the ref-
erence and current configurations are characterized by the
director vectors {D1, D>, D3} and {d1,d>, d3}, respectively,
defined as

Di =Py Py:Dy—Ps— Py Dy = 21202
1\ =0 — ;) =r3—r;P3 = ———
Dy x D]
d1Xd2
dy=p,—p;;dy=p;—p;;ds = ———
D, x D, -D; = 24, (12)

such that D3 and d3 are unit vectors normal to the plane
of the triangle in its reference and current configura-
tions, respectively, and A is the triangle’s reference area.
Then, the reference reciprocal vectors {DI,DZ,DS} are
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defined by
D1_D2XD3_ 2:D3XD1_
24 7 24 7
p =2l (13)
=1 =Ds

such that D'-D ) =& j’f, where § ]‘ is the Kronecker delta symbol.
Consequently, the deformation gradient tensor F is defined by

3
F=)doD, (14)
i=1
where ® is the tensor (outer) product. F' transforms any
material line in the triangular element from the reference to
the current configuration, including the director vectors and
the principal directions, such that it satisfies

d; = FD;
n; = FN,'. (]5)

Next, the right and left Cauchy-Green deformation tensors
(C and B, respectively), and the associated Green-Lagrangian
and Eulerian-Almansi finite strain tensors (E and e, respec-
tively), are defined by

C =F'F, B=FFT
1 1 .
E=3(C-D: e_E(I—B ) (16)

where I is the unity second order tensor. Moreover, the spec-
tral decompositions of these tensors are given by

C=2(N1®N1)+ 23 (N2®N2) + 23 (N3 ® N3)

B =17 (m ®@m) + A5 (m2 @) + 23 (n3 @ n3)
E=E (Ni1®N)) +E(N2®N>2)+E3 (N3 ®N3)
e=¢ (n®n))t+em@n)+e3mz®n3), (17)

where A; are the principal stretches, N; and n; are the prin-
cipal directions in the reference and current configurations,
and E; and e; are the principal Green-Lagrangian and Euler-
Almansi strains, respectively. Since each triangular element
is planar, one of the principal stretches must equal to one
(e.g. A3 = 1), and one of the principal strains must equal
to zero (e.g. E3 = ez = 0). Furthermore, their associated
directions are normal to the triangle’s surface (N3 = D3 and
n3 = d3).Itis noted that although strains are more commonly
presented, stretches are often preferred in the case of large
deformation, since their definition is unique, while numer-
ous strain definitions exist besides the ones described above
(e.g. Seth-Hill class strains [49], [50] and Bazant strains [51]).
Furthermore, the dilatation J, which corresponds to the
relative surface area change of the triangle, is given by

J = det (F) = A ra. (18)

When the deformation includes large motion, it is often
desirable to subtract the average RBM such that the defor-
mation can be visualized without large movement of the
object. Therefore, the average RBM is estimated for each
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configuration using the least-squares minimization approach
(rigid superimposition) [52], [53].

MultiDIC offers functions for the dynamic visualization
of the displacements, stretches and strains (magnitude and
direction), surface area change, as well as additional measures
such as the correlation coefficient and the color texture from
the original images.

H. EXPERIMENTAL SETUP

A 360° stereo camera rig was designed and fabricated, to hold
up to 30 cameras (Raspberry Pi Camera Module V2, featuring
a Sony IMX219 8-megapixel 3.674 x 2.760 mm> CMOS
sensor, connected to Raspberry Pi Zero-w) in a 700 mm
diameter circle, as shown in Fig. 5. The objects to be imaged
were placed in the center of the circle where it could be uni-
formly illuminated by circular arrays of flexible LED strips.
All cameras were connected through an Ethernet hub and
synchronously controlled using a PC. For the experiments
described in this paper, twelve cameras were placed coaxially,
resulting in twelve stereo-pairs with an angular displacement
of 30°, such that the distance between each pair of contigu-
ous cameras was about 181 mm. This stereo-angle is small
enough to provide both a sufficient overlapping portion and
an acceptable level of distortion between image-pairs, and
at the same time large enough to allow for accurate out-
of-plane displacement measurements [19], [20]. The system
was very low-cost (<$1,000 total, including 12 cameras,
cables, LEDs, Ethernet hub, power supplies, and building
materials for the rig). A 3D calibration object was prepared
by accurately lathing a 250 mm long, 114 mm diameter alu-
minum cylinder, to achieve a uniform diameter throughout the
cylinder’s length. This cylinder was then wrapped in a white
adhesive paper with a printed grid pattern of black square dots
(4 mm by 4 mm squares, 12 mm spacing), as shown
in Fig. 5(a).

I. METROLOGICAL PERFORMANCE ASSESSMENT

To evaluate the errors associated with stereo calibration inde-
pendently of the DIC process, an experiment was performed,
whereby the 3D positions of the centroids of the black dots
on the calibration object were analyzed before and after
a 5 mm displacement was applied with a motorized linear
stage (Zaber Technologies A-LSQO075B-E01, max 0.5 pum
microstep error), as shown at the bottom of the cylinder
in Fig. 5(a), and the in Fig. 5(d). The reconstructed 3D points
were then superimposed into their reference positions by
estimating the optimal RBM between them. The Euclidian
distances between corresponding points represent the stereo
calibration errors.

The next set of verification experiments involved a
3D speckled test object which was prepared by applying an
adhesive paper with a speckle pattern (black 1.4 mm circles
printed in a random pattern on white paper) to the aluminum
cylinder (see Fig. 3). The cylinder’s surface was imaged using
the camera rig and analyzed using MultiDIC. The perfor-
mance of the complete 3D-DIC algorithm and experimental
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FIGURE 5. Experimental setup. (a) The 360° rig holding 12 Raspberry Pi camera units, one of which is shown enlarged
in (b). Each pair of adjacent cameras [C;, C;], [C, C3]...[C;5, C;], constitute a stereo-pair (P;, P, . ..P;;). The
calibration object is placed at the center of the rig and illuminated using flexible LED strips, which are shown enlarged
in (c). A motorized translation stage (d) was placed under the calibration object for the validation experiments.

system was evaluated by analyzing the accuracy of the recon-
structed shape, the merging error between adjacent camera-
pairs, the displacement error, and the strain error, as detailed
below.

The accuracy of the shape measurement was evaluated
by comparing the fitted diameter of the reconstructed cylin-
der to the diameter measured using a large-capacity caliper
(£0.01 mm accuracy). Next, the merging errors between sur-
faces reconstructed by different camera-pairs were evaluated
by reconstructing a portion of the surface visible by three
adjacent cameras (such as the overlapping region illustrated
in Fig. 1). The center camera (C,) was defined as the ref-
erence camera for the two pairs: [C2, C1] and [C3, C3], such
that the same reference point grid was used for both pairs. The
3D point clouds reconstructed by the two camera-pairs should
theoretically be identical. Therefore, any distance between
them represents a merging error.

Next, the speckled cylinder was translated using the motor-
ized linear stage, in 10 steps of 0.1 mm increment, and
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the displacements errors were calculated by comparing the
displacements measured using 3D-DIC and those measured
using the stage. Moreover, the 3D strains, which should the-
oretically equal to zero, were analyzed to evaluate the overall
accuracy of the strain measurement.

Finally, to demonstrate the capability of the proposed
methods to measure in-vivo shapes and deformations, the sur-
face of the lower limb of a human subject (healthy 34 y.o.
female) was measured. A custom speckling stamp was made
by laser-engraving a rubber sheet with the same speckle
pattern described above. A uniform layer of white temporary
tattoo ink (ProAiir, ShowOffs Body Art LLC., USA) was
applied to the skin surface to enhance contrast and to create a
homogenous background. Next, a speckle pattern was applied
with black temporary tattoo ink (ProAiir, ShowOffs Body
Art LLC., USA) using the stamp. The lower leg of the sub-
ject was imaged while the subject performed unconstrained
ankle plantarflexion (from the most dorsiflexed position to
the most plantarflexed position). The experimental procedure
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FIGURE 6. Stereo calibration error analysis. Two sets of calibration object images (before and after 5 mm displacement) were analyzed.
(a) The 3D positions of the control points on the calibration object, as reconstructed in the first set (black hollow circles), and their
positions measured in the second (displaced) set superimposed into the first set (plotted with colors depicting the absolute distance
between them). (b) The error statistics for all the control points, obtained with and without distortion correction, in the x, y, and

z directions, and the error magnitude (Mgn). The boxplots report the median (red line), 25th and 75th quartiles (blue box), and outliers
(red crosses). The green dashed line represents zero error, and the magenta dashed line represents the RMS error.

was approved by the Committee on the Use of Humans
as Experimental Subjects of the Massachusetts Institute of
Technology (COUHES protocol: 1101004280).

All the DIC analyses were performed using 20 pixels
subset radius and 10 pixels step size at a ~10 pixel /mm
ratio. All the results represent raw data. No kind of filter-
ing or smoothing procedures were applied.

IIl. RESULTS

A. CAMERA INTRINSIC PARAMETERS AND

3D RECONSTRUCTION ERRORS

Table 1 reports the mean =+ standard deviation (STD) of
the intrinsic parameters calculated using the BA method
for the twelve cameras. For each camera, 50 images of a
flat checkerboard pattern with 15 x 20 black and white
10 x 10 mm? squares were acquired. The number of signifi-
cant digits for each parameter is based on its estimation error,
as computed by the BA algorithm. The distortion parameters
calculated using the original images were used for correcting
the distortion on the detected image points. The corrected
points were then used again for estimating the parameters.
Therefore, the distortion parameters in the right column of
Table 1 represent the values of the residual distortion.

10

TABLE 1. Statistics of the estimated intrinsic parameters.

Parameter Original image After distortion correction
fx 2611.7+5.8 2611.9£5.7

Iy 2615.4+5.6 2615.7%5.5

Cx 1246.5 + 34.5 1247.7 £ 36.4

Cy 1627.7 £ 16.9 1627.2+17.4

s —1.37+£0.37 —1.37+£0.34

ki 0.17862 4 0.01803 0.00002 = 0.0001
ko —0.295+0.167 0.002 £ 0.001

k3 —0.19 £ 0.45 0.00 £ 0.00

P1 0.00015 £ 0.00023 0.00004 £ 0.00006
P2 0.00068 £ 0.00066 0.00009 =+ 0.00001

The values of the 3D reconstruction errors &) and &g,
obtained for all camera-pairs using DLT with and without
distortion correction, are reported in Table 2.

B. STEREO CALIBRATION TEST
Fig. 6 reports the stereo calibration errors, represented by
the Euclidian distances between corresponding points of the
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FIGURE 7. 3D-DIC results of a rigid speckled cylinder. (a) Merging error depicted as the Euclidian distance between the points reconstructed by two
adjacent camera-pairs (such as the overlapping region in Fig. 1); (b) Results from a set of 10 imposed translations (dgy) with a 0.1 mm increment.
The measured displacements (top), displacement errors (center) and Green-Lagrangian strain magnitude (bottom) are plotted as error bars which
represent + one STD over all data points; (c) The Green-Lagrangian strain magnitude distribution plotted on half of the cylinder, for the 0.5 mm

displacement step.

TABLE 2. Reconstruction errors for all camera-pairs.

Pair Camera  With DC' Without DC'
number numbers ey[mm] eg[mm]  ey[mm] ep[mm]
1 [1,2] 0.002 0.051 0.003 0.446
2 [2,3] 0.003 0.045 0.005 0.375
3 [3.4] 0.001 0.058 0.009 0.357
4 [4,5] 0.001 0.059 0.007 0.364
5 [5,6] 0.001 0.046 0.003 0.332
6 [6,7] 0.002 0.034 0.003 0.343
7 [7.8] 0.003 0.055 0.008 0.425
8 [8,9] 0.002 0.041 0.006 0.366
9 [9,10] 0.002 0.042 0.003 0.345
10 [10,11] 0.002 0.042 0.004 0.338
11 [11,12] 0.001 0.054 0.003 0.414
12 [12,1] 0.003 0.038 0.006 0.442
All cameras 0.002 0.047 0.005 0.379

'DC = Distortion Correction

calibration object measured in two configurations and rigidly
superimposed. Fig. 6(a) illustrates the error magnitudes of
individual points, and Fig. 6(b) summarizes the statistics of
the 3D components of the errors obtained with and without
distortion correction. The mean errors were very small both
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with and without distortion correction (~ 10~ mm) , but the
RMS of the error magnitudes was smaller when the distortion
correction was employed (0.017 mm) than when it was not
employed (0.026 mm).

C. 3D-DIC TESTS OF A RIGID SPECKLED OBJECT

The errors reported in this section are associated with the
entire 3D-DIC procedure. The correctness of the shape mea-
surement was evaluated by comparing the fitted diameter
of the reconstructed cylinder to the 114.00 mm diameter
(including the adhesive paper) measured using the caliper.
The mean £ STD of the diameter measured using 3D-DIC
was 113.93 £0.27 and 113.91 & 0.56 mm, with and without
distortion correction, respectively.

The merging errors between surfaces reconstructed by two
different camera-pairs are shown in Fig. 7(a). The recon-
structed points are plotted with colors depicting the mag-
nitude of the Euclidean distance between the two sets. The
mean £ STD of the errors were 0.06 £ 0.03 mm and
0.08 £+ 0.06 mm, with and without distortion correction,
respectively. As expected, the distortion correction improved
the merging accuracy mostly in the ROI’s upper and lower
ends, corresponding to the marginal areas of the images.

The displacements and displacement errors are summa-
rized in Fig. 7(b) (top and center) as a function of the
imposed displacement. Fig. 7(c) shows the strain magni-
tude distribution over half of the cylinder, for the 0.5 mm
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FIGURE 8. In-vivo body segment test — Correlation maps. Sub-figures (a)-(d) show images from adjacent cameras in the reference (a, b) and
deformed (c, d) configurations. The ROI is plotted with colors depicting the correlation coefficient, and zoomed-in portions are enlarged in insets.

displacement step, while the statistics for all displacement
steps are summarized in Fig. 7(b) (bottom).

D. 3D-DIC IN-VIVO TEST OF A DEFORMABLE

BODY SEGMENT

Mlustrative results from the 3D-DIC in-vivo measurement are
shown in Fig. 8. The full surface of the calf region of the
lower leg was imaged five times while the subject performed
ankle plantarflexion. Results of the first and the last configu-
rations are illustrated in Figs. 8 and 9. Fig. 8 illustrates the
2D-DIC results for one stereo-pair. Fig. 8(a) shows the
reference image, on which the point grid was defined.

12

The images in Fig. 8(b-d) represent deformed states of (a).
Note that the image distortion with respect to (a) is due
to perspective in (b), due to deformation in (c), and due
to perspective and deformation in (d). Fig. 9 plots the full
surface reconstructed by 12 cameras in the reference (a) and
deformed (b and c) configurations, which corresponds to
the same configurations shown in Fig. 8. The colors on the
surface depict the local values of the first and second princi-
pal stretches, and the black lines represent their directions,
with lengths proportional to the stretch magnitude. Since
(a) shows the reference configuration, the stretch values equal
to one by definition, and no stretch direction are shown.
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FIGURE 9. In-vivo body segment test - Deformations. The full 360° surface reconstructed from 12 cameras is shown in its reference
(a) and deformed (b, c) configurations. The face colors depict the principal stretch values 1; (b) and 1, (c), and the black lines represent
the principal directions N, (b) and N, (c). Lighting was added to better visualize the surface contours.

The deformation fields are visibly smooth, despite the
facts that it was computed independently on each triangu-
lar face and that no smoothing or filtering was applied to
the raw data, contrarily to common DIC strain calculation
schemes [1], [54]. Animated figures plotting the dynamic
values of the displacement magnitude, the Lagrangian strain
magnitude, the principal stretches, the surface area change,
and the effect of RBM subtraction, are provided in the online
Graphical Abstract video.

IV. DISCUSSION

This paper describes the principal algorithms implemented
in MultiDIC, a newly developed 3D-DIC MATLAB tool-
box for multi-camera systems. The methods and system
were designed to overcome some of the limitations involved
with the calibration and data merging techniques commonly
used in 3D-DIC. One primary advantage of MultiDIC is
that it allows for a simple calibration process even when
using a large number of cameras, without losing the ability
to compensate for lens distortions. Consequently, the new
method offers the flexibility of modifying the camera poses
during experiments without requiring substantial additional
re-calibration time.

The metrological capabilities of MultiDIC were vali-
dated by several experimental tests using a low-cost multi-
camera setup. The errors associated with the proposed
stereo calibration method were examined independently of
the DIC procedure, by analyzing the 3D positions of the
calibration object’s control points in two configurations.
The errors when using distortion correction procedure were
0.000 £ 0.017 mm (STD and RMS 35% lower than with-
out distortion correction). These errors are relatively low
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considering the large size of the calibration object, and the
cameras’ large FOV and very low price.

Next, the metrological errors associated to the entire multi-
view 3D-DIC procedure were evaluated by measuring the
shape, displacement and strain error with a speckled cylindri-
cal object. The shape measurements revealed errors smaller
than 0.01 mm (<0.1%) in obtaining the cylinder’s diameter.
The merging errors and displacement errors were also found
to be in the order of 0.01 mm, which is comparable to the
stereo calibration errors. Furthermore, the strains measured
as a result of RBM were in the range of 10_3, which is
sufficiently accurate in our case, and is acceptable in most
biomechanical applications, in which large deformations are
involved. Moreover, this strain error is relatively low con-
sidering that, contrarily to commonly adopted DIC strain
calculation schemes, no kinds of filtering and smoothing were
applied to the raw data.

The MultiDIC toolbox and camera rig were utilized for in-
vivo measurements to further illustrate capabilities of the
system in clinical settings. It was shown that the dynamic
behavior of the entire surface of the shank segment of a
human subject can be reconstructed, that a smooth strain field
can be obtained from the raw data, and that large deforma-
tions can be tracked. The results in Fig. 9 and in the online
Graphical Abstract illustrate how the subject’s lower limb
shape changes due to the contraction of the calf muscles
and the plantarflexion of the ankle joint. This test served as
a proof of principle, and was not intended to provide any
physiological or biomechanical finding.

The main limitation in this study is that the metrologi-
cal performance tests were performed using very low-cost
camera modules. Therefore, the accuracies reported here are

13



IEEE Access

D. Solav et al.: MultiDIC: Open-Source Toolbox for Multi-View 3-D DIC

adequate only for certain applications. However, the entire
procedure is expected to outperform when high quality cam-
eras and lenses are used. The use of low-cost hardware was
motivated by the large number of cameras required, and was
encouraged by previous studies which demonstrated the fea-
sibility of using consumer-grade cameras [16], [55]. Future
research could determine the performance of MultiDIC using
high quality optics. Another limitation is that only one multi-
view setup and calibration object was used in this study.
However, the toolbox can be easily adapted to any multi-view
setup, as long as a calibration object with a proper geometry
is used.

It is noted that additional algorithms for 3D-DIC exist
(e.g. [12]-[17], [56]), some of them offer significant
advances. Moreover, an increasing number of DIC-related
open-source tools is seen lately (e.g. [17], [38], [57]-[59]).
In order to make these techniques more accessible and the
results more reproducible, researchers are encouraged to
extend the functionality of the toolbox by implementing addi-
tional algorithms as contributors [30], [60].

Future research by the authors will incorporate the tools
established here in biomechanical studies, whereby the
measured dynamic shapes of the residual limbs of lower-
limb amputees will be used to inform the computational
mechanical design of subject-specific optimized prosthetic
sockets [61]. Moreover, the subject-specific soft-tissue
mechanical properties will be evaluated, by analyzing
simultaneous force/torque measurements and surface defor-
mation measurements of the entire residual limb during
in-vivo indentations. Then, the hyper-elastic and visco-elastic
properties will be characterized using inverse finite element
analysis [62], [63].

V. CONCLUSION

This paper presents a newly developed open-source
MATLAB toolbox for 3D-DIC, which implements algo-
rithms specifically tailored for multi-camera applications,
which are often desirable in biomechanics. Several verifica-
tion tests have confirmed that accurate measurements can be
achieved using MultiDIC and low-cost hardware. The devel-
opment of a user-friendly, high-quality and freely available
software, will greatly increase the availability of 3D-DIC to
the scientific community. The capabilities to efficiently mea-
sure in-vivo skin shape and deformation were demonstrated,
and future research will utilize these methods in various
biomechanical studies.

ACKNOWLEDGMENT

The authors would like to thank Dr. Lisa E. Freed for her
valuable suggestions to the manuscript, Matthew E. Carney
for his contribution to the graphical abstract, and the MIT
Undergraduate Research Opportunity Program (UROP) stu-
dents who assisted throughout the development and testing.

REFERENCES

[1] M. A. Sutton, J.-J. Orteu, and H. Schreier, Image Correlation for
Shape, Motion and Deformation Measurements. Boston, MA, USA:
Springer, 2009.

[2]

[3]
[4]

[5]

[6]

[7

—

[8

—

[9]

(10]

(11]

[12]

[13]

[14]

[15]

(16]

(17]

(18]

[19]

(20]

(21]

[22]

(23]

(24]

B. Pan, K. Qian, H. Xie, and A. Asundi, “Two-dimensional digital image
correlation for in-plane displacement and strain measurement: A review,”
Meas. Sci. Technol., vol. 20, no. 6, p. 62001, Jun. 2009.

O. Faugeras, Three-Dimensional Computer Vision: A Geometric View-
point. Cambridge, MA, USA: MIT Press, 1993.

F. Hild and S. Roux, “Digital image correlation: From displacement mea-
surement to identification of elastic properties—A review,” Strain, vol. 42,
no. 2, pp. 69-80, May 2006.

M. Palanca, G. Tozzi, and L. Cristofolini, “The use of digital image
correlation in the biomechanical area: A review,” Int. Biomech., vol. 3,
no. 1, pp. 1-21, 2016.

K. Genovese, L. Casaletto, J. D. Humphrey, and J. Lu, “Digital image
correlation-based point-wise inverse characterization of heterogeneous
material properties of gallbladder in vitro,” Proc. Roy. Soc. A, Math. Phys.
Eng. Sci., vol. 470, no. 2167, p. 20140152, 2014.

P. Badel, S. Avril, S. Lessner, and M. Sutton, ‘“Mechanical identification
of layer-specific properties of mouse carotid arteries using 3D-DIC and a
hyperelastic anisotropic constitutive model,” Comput. Methods Biomech.
Biomed. Eng., vol. 15, no. 1, pp. 37-48, Jan. 2012.

S. Avril, “Hyperelasticity of soft tissues and related inverse problems,”
in Material Parameter Identification and Inverse Problems in Soft Tissue
Biomechanics. Cham, Switzerland: Springer, 2017, pp. 37-66.

A. S. Dickinson, A. C. Taylor, H. Ozturk, and M. Browne, “Experimental
validation of a finite element model of the proximal femur using digi-
tal image correlation and a composite bone model,” J. Biomech. Eng.,
vol. 133, p. 14504, Jan. 2011.

R. Maiti et al., “In vivo measurement of skin surface strain and sub-surface
layer deformation induced by natural tissue stretching,” J. Mech. Behav.
Biomed. Mater., vol. 62, pp. 556-569, Sep. 2016.

K. Ito et al., “Dynamic measurement of surface strain distribution on
the foot during walking,” J. Mech. Behav. Biomed. Mater., vol. 69,
pp. 249-256, May 2017.

Y. Gao, T. Cheng, Y. Su, X. Xu, Y. Zhang, and Q. Zhang, ‘“‘High-efficiency
and high-accuracy digital image correlation for three-dimensional mea-
surement,” Opt. Lasers Eng., vol. 65, pp. 73-80, Feb. 2015.

K. Genovese and D. Sorgente, “A morphing-based scheme for large defor-
mation analysis with stereo-DIC,” Opt. Lasers Eng., vol. 104, pp. 159-172,
May 2018.

L. Wittevrongel, P. Lava, S. V. Lomoyv, and D. Debruyne, ““A self adaptive
global digital image correlation algorithm,” Exp. Mech., vol. 55, no. 2,
pp. 361-378, Feb. 2015.

M. A. Sutton et al., “‘Recent progress in digital image correlation: Back-
ground and developments since the 2013 W M Murray lecture,” Exp.
Mech., vol. 57, no. 1, pp. 1-30, Jan. 2017.

B. Pan, L. Yu, and D. Wu, “High-accuracy 2D digital image correlation
measurements using low-cost imaging lenses: Implementation of a gener-
alized compensation method,” Meas. Sci. Technol., vol. 25, no. 2, p. 25001,
2014.

A. K. Landauer, M. Patel, D. L. Henann, and C. Franck, “A g-factor-based
digital image correlation algorithm (qDIC) for resolving finite deforma-
tions with degenerate speckle patterns,” Exp. Mech., pp. 1-16, Mar. 2018,
doi: 10.1007/s11340-018-0377-4.

P. L. Reu et al., “DIC challenge: Developing images and guidelines for
evaluating accuracy and resolution of 2D analyses,” Exp. Mech., pp. 1-33,
Dec. 2017, doi: 10.1007/s11340-017-0349-0.

Y. Q. Wang, M. A. Sutton, X.-D. Ke, H. W. Schreier, P. L. Reu, and
T. J. Miller, “On error assessment in stereo-based deformation measure-
ments,” Exp. Mech., vol. 51, no. 4, pp. 405-422, 2011.

X.D. Ke, H. W. Schreier, M. A. Sutton, and Y. Q. Wang, ““Error assessment
in stereo-based deformation measurements. Part II: Experimental valida-
tion of uncertainty and bias estimates,” Exp. Mech., vol. 51, pp. 423-441,
Apr. 2011.

M. A. Sutton and F. Hild, “Recent advances and perspectives in digital
image correlation,” Exp. Mech., vol. 55, no. 1, pp. 1-8, Jan. 2015.

E. W. Obropta and D. J. Newman, ““Skin strain fields at the shoulder joint
for mechanical counter pressure space suit development,” in Proc. IEEE
Aerosp. Conf., Mar. 2016, pp. 1-9.

M. Hokka, N. Mirow, H. Nagel, M. Irgsusi, S. Vogt, and V.-T. Kuokkala,
“In-vivo deformation measurements of the human heart by 3D digital
image correlation,” J. Biomech., vol. 48, no. 10, pp. 2217-2220, Jul. 2015.
Y. Wang, P. Lava, S. Coppieters, P. V. Houtte, and D. Debruyne, “Appli-
cation of a multi-camera stereo DIC set-up to assess strain fields in
an Erichsen test: Methodology and validation,” Strain, vol. 49, no. 2,
pp. 190-198, 2013.

VOLUME 6, 2018



D. Solav et al.: MultiDIC: Open-Source Toolbox for Multi-View 3-D DIC

IEEE Access

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]
[44]
[45]

[46]

[47]

[48]

K. Genovese, L. Cortese, M. Rossi, and D. Amodio, “A 360-deg digital
image correlation system for materials testing,” Opt. Lasers Eng., vol. 82,
pp. 127-134, Jul. 2016.

J.-J. Orteu, F. Bugarin, J. Harvent, L. Robert, and V. Velay, “Multiple-
camera instrumentation of a single point incremental forming process pilot
for shape and 3D displacement measurements: Methodology and results,”
Exp. Mech., vol. 51, no. 4, pp. 625-639, Apr. 2011.

M. Malesa et al., ““Non-destructive testing of industrial structures with the
use of multi-camera digital image correlation method,” Eng. Failure Anal.,
vol. 69, pp. 122-134, Nov. 2016.

J. E. Dufour, F. Hild, and S. Roux, ‘““Shape, displacement and mechanical
properties from isogeometric multiview stereocorrelation,” J. Strain Anal.
Eng. Des., vol. 50, no. 7, pp. 470-487, 2015.

F. Chen, X. Chen, X. Xie, X. Feng, and L. Yang, “Full-field 3D measure-
ment using multi-camera digital image correlation system,” Opt. Lasers
Eng., vol. 51, no. 9, pp. 1044-1052, 2013.

A. Erdemir et al., “Perspectives on sharing models and related resources in
computational biomechanics research,” J. Biomech. Eng., vol. 140, no. 2,
p. 24701, Jan. 2017.

Y. I. Abdel-Aziz, “Direct linear transformation from comparator coordi-
nates in close-range photogrammetry,” in Proc. Amer. Soc. Photogramm.
Symp. Close-Range Photogramm., 1971, pp. 1-19.

B. Triggs, P. F. McLauchlan, R. I. Hartley, and A. W. Fitzgibbon, “Bun-
dle adjustment—A modern synthesis,” in Vision Algorithms: Theory and
Practice. Berlin, Germany: Springer, 2000, pp. 298-372.

P. L. Reu, “A study of the influence of calibration uncertainty on the global
uncertainty for digital image correlation using a Monte Carlo approach,”
Exp. Mech., vol. 53, no. 9, pp. 1661-1680, Nov. 2013.

Correlated Solutions Inc. CSI Application Note AN-722 Cylinder
Data With Vic-3D. Accessed: Jan. 24, 2018. [Online]. Available:
http://www.correlatedsolutions.com/supportcontent/cylinder-data-
stitching.pdf

J. Heikkila and O. Silven, “A four-step camera calibration procedure with
implicit image correction,” in Proc. IEEE Comput. Soc. Conf. Comput. Vis.
Pattern Recognit., Jun. 1997, pp. 1106-1112.

J. Weng, P. Cohen, and M. Herniou, “Camera calibration with distortion
models and accuracy evaluation,” IEEE Trans. Pattern Anal. Mach. Intell.,
vol. 14, no. 10, pp. 965-980, Oct. 1992.

G. Besnard, J.-M. Lagrange, F. Hild, S. Roux, and C. Voltz, “Charac-
terization of necking phenomena in high-speed experiments by using a
single camera,” Eurasip J. Image Video Process., vol. 2010, no. 1, 2010,
Art. no. 215956.

J. Blaber, B. Adair, and A. Antoniou, “Ncorr: Open-source 2D digi-
tal image correlation MATLAB software,” Exp. Mech., vol. 55, no. 6,
pp. 1105-1122, 2015.

What Is Camera Calibration?—MATLAB & Simulink. Accessed:
May 5, 2018. [Online]. Available: https://www.mathworks.com/
help/vision/ug/camera-calibration.html

K. M. Moerman, “GIBBON: The geometry and image-based bioengineer-
ing add-On,” J. Open Source Softw., vol. 3, no. 22, p. 506, 2018.

J. Bouguet. Camera Calibration Toolbox for MATLAB. Accessed:
Jan. 25, 2018. [Online]. Available: http://www.vision.caltech.
edu/bouguetj/calib_doc/

Z. Zhang, “A flexible new technique for camera calibration (techni-
cal report),” IEEE Trans. Pattern Anal. Mach. Intell., vol. 22, no. 11,
pp. 1330-1334, Nov. 2000.

G. Bradski and A. Kaehler, Learning OpenCV, 1st ed. Newton, MA, USA:
O’Reilly Media, Inc., 2008.

S. Baker and I. Matthews, ‘““Lucas-Kanade 20 years on: A unifying frame-
work,” Int. J. Comput. Vis., vol. 56, no. 3, pp. 221-255, 2004.

B. Pan, “Reliability-guided digital image correlation for image deforma-
tion measurement,” Appl. Opt., vol. 48, no. 8, pp. 1535-1542, Mar. 2009.
H. Lu and P. D. Cary, “Deformation measurements by digital image cor-
relation: Implementation of a second-order displacement gradient,” Exp.
Mech., vol. 40, no. 4, pp. 393-400, Dec. 2000.

D. Solav, M. B. Rubin, A. Cereatti, V. Camomilla, and A. Wolf,
“Bone pose estimation in the presence of soft tissue artifact using tri-
angular cosserat point elements,” Ann. Biomed. Eng., vol. 44, no. 4,
pp. 1181-1190, Apr. 2016.

D. Solav, H. Meric, M. B. Rubin, D. Pradon, F. Lofaso, and A. Wolf,
“Chest wall kinematics using triangular cosserat point elements in
healthy and neuromuscular subjects,” Ann. Biomed. Eng., vol. 45, no. 8,
pp. 1963-1973, Aug. 2017.

VOLUME 6, 2018

(49]

[50]

(51]

[52]

(53]

[54]

[55]

[56]

(571

(58]

[59]

[60]

[61]

[62]

[63]

B. R. Seth, “Generalized strain measure with applications to phys-
ical problems,” Math. Res. Center, U.S. Army Univ. Wisconsin,
Madison, WI, USA, Tech. Rep. 248, 1961, pp. 1-18. [Online]. Available:
http://www.dtic.mil/get-tr-doc/pdf?AD=AD0266913

R. Hill, “On constitutive inequalities for simple materials—II,” J. Mech.
Phys. Solids, vol. 16, no. 5, pp. 315-322, Sep. 1968.

Z, P. Bazant, “Easy-to-compute tensors with symmetric inverse approxi-
mating hencky finite strain and its rate,” J. Eng. Mater. Technol., vol. 120,
no. 2, pp. 131-136, Apr. 1998.

M. B. Rubin and D. Solav, “Unphysical properties of the rotation tensor
estimated by least squares optimization with specific application to biome-
chanics,” Int. J. Eng. Sci., vol. 103, pp. 11-18, Jun. 2016.

D. Solav, M. B. Rubin, and A. Wolf, “Soft tissue artifact compensation
using triangular cosserat point elements (TCPEs),” Int. J. Eng. Sci., vol. 85,
pp. 1-9, Dec. 2014.

P. Reu, ““Virtual strain gage size study,” Exp. Tech., vol. 39, no. 5, pp. 1-3,
Sep. 2015.

L. Yu and B. Pan, “In-plane displacement and strain measurements using
a camera phone and digital image correlation,” Opt. Eng., vol. 53, no. 5,
p. 54107, 2014.

H. Nguyen, H. Kieu, Z. Wang, and H. N. D. Le, “Three-dimensional facial
digitization using advanced digital image correlation,” Appl. Opt., vol. 57,
no. 9, pp. 2188-2196, Mar. 2018.

D.Z. Turner, “Digital image correlation engine (DICe) reference manual,”
Sandia Nat. Lab., Livermore, CA, USA, Sandia Rep. SAND2015-10606 O,
2015. [Online]. Available: https://github.com/dicengine/dice#citing-dice
F. Sur, B. Blaysat, and M. Grédiac, ‘“Rendering deformed speckle images
with a Boolean model,” J. Math. Imag. Vis., vol. 60, pp. 1-17, Jun. 2018.
J. B. Estrada and C. Franck, “Intuitive interface for the quantitative eval-
uation of speckle patterns for use in digital image and volume correlation
techniques,” J. Appl. Mech., vol. 82, no. 9, p. 95001, Sep. 2015.

R. D. Peng, “Reproducible research in computational science,” Science,
vol. 334, no. 6060, pp. 1226-1227, Dec. 2011.

K. M. Moerman, D. Sengeh, and H. Herr, “Automated and data-
driven computational design of patient-specific biomechanical
interfaces,” 2016. [Online]. Available: https://engrxiv.org/g8h9n/,
doi: 10.17605/0SF.IO/G8HON.

K. M. Moerman, C. A. Holt, S. L. Evans, and C. K. Simms, “Digital
image correlation and finite element modelling as a method to determine
mechanical properties of human soft tissue in vivo,” J. Biomech., vol. 42,
no. 8, pp. 1150-1153, 2009.

D. M. Sengeh, K. M. Moerman, A. Petron, and H. M. Herr, ‘““‘Multi-material
3-D viscoelastic model of a transtibial residuum from in-vivo indentation
and MRI data,” J. Mech. Behav. Biomed. Mater., vol. 59, pp. 379-392,
Jun. 2016.

DANA SOLAV (M’18) received the B.Sc. degree
in geophysics and atmospheric science from Tel
Aviv University, Israel, in 2006, and the M.Sc.
and Ph.D. degrees in mechanical engineering
from the Technion Israel Institute of Technology,
in 2013 and 2016, respectively. She is currently a
Post-Doctoral Associate with the Biomechatron-
ics Group, MIT Media Lab. Her main research
interests are soft tissue biomechanics and human
movement analysis.

KEVIN M. MOERMAN (M’10) received the
B.Eng. degree in mechanical engineering from
The Hague University of Applied Sciences, The
Hague, The Netherlands, in 2004, the M.Sc. and
Ph.D. degrees in bioengineering from the Univer-
sity of Dublin, Trinity College, Dublin, Ireland,
in 2005 and 2012, respectively. He was a Post-
Doctoral Researcher with the Academic Medical
Centre Amsterdam from 2011 to 2015. He is cur-
rently a Research Scientist with the Biomechatron-

ics Group and the Center for Extreme Bionics, MIT Media Lab. He is also a
Visiting Research Fellow with the Centre for Bioengineering, University of
Dublin. His main research interests are biomedical device design, soft tissue
biomechanics, image-based modeling, and inverse finite element analysis.

15



IEEE Access

D. Solav et al.: MultiDIC: Open-Source Toolbox for Multi-View 3-D DIC

AARON M. JAEGER received the B.S. degree
in robotics engineering from the Worcester Poly-
technic Institute (WPI) in 2017. In 2015, he was
with the Humanoid Robotics Lab, WPI, involved
in the DARPA Robotics Challenge. He is currently
a member of the Biomechatronics Group, MIT
Media Lab. His research interests include biome-
chanics, robotic locomotion, exploration, and
disaster response.

KATIA GENOVESE received the B.S. and M.S.
degrees in mechanical engineering from the
Polytechnic University of Bari, Italy, in 1998, and
the Ph.D. degree in mechanical engineering from
Federico II University, Napoli, Italy, in 2002.
She has been an Assistant Professor with the
School of Engineering, University of Basilicata,
Potenza, Italy, since 2002, and an Associate Pro-
fessor since 2015. She has authored or co-authored
40 journal papers, book chapters, and over 60 inter-
national conference papers. Her research areas concern optical methods for
shape and deformation measurement (fringe projection, electronic speckle
pattern interferometry, and digital image correlation) and hybrid experimen-
tal/numerical methods for material characterization.

HUGH M. HERR (M’04) is currently a Professor
within the Program of Media Arts and Sciences,
Massachusetts Institute of Technology (MIT).
He also directs the Biomechatronics Group at
the MIT Media Lab. His research program seeks
to advance technologies that promise to accel-
erate the merging of body and machine, includ-
ing device architectures that resemble the body’s
musculoskeletal design, actuator technologies that
behave like muscle, and control methodologies

that exploit principles of biological movement.

VOLUME 6, 2018



	INTRODUCTION
	THEORETICAL BACKGROUND
	OVERVIEW OF THE CURRENT WORK

	MATERIALS AND METHODS
	OVERVIEW OF SOFTWARE ARCHITECTURE AND ALGORITHMS
	DISTORTION CORRECTION
	STEREO CALIBRATION
	2D-DIC OF STEREO IMAGE PAIRS
	3D RECONSTRUCTION
	SURFACE MERGING
	POST-PROCESSING
	EXPERIMENTAL SETUP
	METROLOGICAL PERFORMANCE ASSESSMENT

	RESULTS
	CAMERA INTRINSIC PARAMETERS AND 3D RECONSTRUCTION ERRORS
	STEREO CALIBRATION TEST
	3D-DIC TESTS OF A RIGID SPECKLED OBJECT
	3D-DIC IN-VIVO TEST OF A DEFORMABLE BODY SEGMENT

	DISCUSSION
	CONCLUSION
	REFERENCES
	Biographies
	DANA SOLAV
	KEVIN M. MOERMAN
	AARON M. JAEGER
	KATIA GENOVESE
	HUGH M. HERR


