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Abstract. Noninvasive, three-dimensional (3-D), full-field surface deformation measurements of the human
body are important for biomedical investigations. We proposed a 3-D noninvasive, full-field body sensor
based on stereo digital image correlation (stereo-DIC) for surface deformation monitoring of the human
body in vivo. First, by applying an improved water-transfer printing (WTP) technique to transfer optimized
speckle patterns onto the skin, the body sensor was conveniently and harmlessly fabricated directly onto
the human body. Then, stereo-DIC was used to achieve 3-D noncontact and noninvasive surface deformation
measurements. The accuracy and efficiency of the proposed body sensor were verified and discussed by con-
sidering different complexions. Moreover, the fabrication of speckle patterns on human skin, which has always
been considered a challenging problem, was shown to be feasible, effective, and harmless as a result of the
improved WTP technique. An application of the proposed stereo-DIC-based body sensor was demonstrated by
measuring the pulse wave velocity of human carotid artery. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE)
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1 Introduction
Surface deformation measurements of the human body in vivo
are important for biomechanical analysis and medical diagnosis.
Numerous biomedical investigations are based on surface defor-
mation, such as understanding the human tactile sensory sys-
tem,1 testing biomechanical properties (viscoelastic, nonlinear
elastic, and anisotropic) of skin,2 diagnosing the epidermis
and dermis,3 and characterizing skin stretch for cosmetic
surgery.4 Despite these studies, investigations into surface defor-
mation using a noninvasive, three-dimensional (3-D) full-field
technique still remain challenging since both accuracy and effi-
ciency are critical to in vivo measurements, which further
increase the difficulty of developing this technique.

To measure surface deformations and determine biomechani-
cal properties of a human body, many optical techniques have
been developed, including interferometry-based techniques
[laser speckle imaging (LSI),5,6 digital moiré interferometry
(DMI),7,8 electronic speckle pattern interferometry (ESPI),9

and digital holographic interferometry (DHI),10 etc.], noninter-
ferometry-based techniques [3-D motion capture,2,11 fringe pro-
jection (FP),12 digital image correlation (DIC),13–15 etc.], and
vision-based techniques (stereo-DIC,16–20 etc.). Most optical
techniques have full-field and noncontact superiorities, as
well as some disadvantages. For example, although most inter-
ferometry-based techniques (ESPI, DHI, DMI, etc.) are very
sensitive to small motions, the correlation of laser speckles
and interferometry of fringe patterns degrade with time and
large deformation. LSI generates random speckles by utilizing

laser to illuminate diffuse objects; however, these speckles are
uncontrollable and depend on the surface roughness. The 3-D
motion capture method, which is generally used for face recog-
nition and motion tracking, has limited spatial resolution, while
FP, which is widely used for profile measurements, is not suit-
able for deformation measurements. Conventional DIC, which
uses a single-camera, two-dimensional (2-D) imaging system to
monitor in-plane deformations of a perfectly flat specimen, is
usually accompanied by strain errors because of its inability
to isolate out-of-plane displacements. Based on the theory of
DIC, vision-based stereo-DIC was developed to measure 3-D
deformations (profile, in-plane displacements, out-of-plane dis-
placement, in-plane strain, etc.) of flat or curved objects with
full-field resolution. Although stereo-DIC is not as sensitive
as laser-based techniques, the advantages of its simple setup,
low environmental vulnerability, and ability to measure large
deformations make stereo-DIC very promising for measuring
surface deformations of the human body. Recent applications,
e.g., in vitro testing on biomedical components,16 in vivo testing
on the human heart,17 fingers,18 pulse frequency,19 and breast,20

have also demonstrated its practicality and potential. However,
there are three limitations of in vivo applications of stereo-DIC
in biomedical studies:21–27 troublesome calibration, poor effi-
ciency, and prefabricated speckle patterns. Many studies have
worked on improving these limitations. For example, Shao
et al.23 proposed a practical speckle-based calibration to
make the extrinsic parameters of the sensor cameras calibra-
tion-free, and the use of a single-lens system24–26 makes the cal-
ibration board unnecessary.25 Zhang et al.27 and Shao et al.19,28
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proposed parallel computing (graphical-processing-unit-based,
seed-point-based) and fast stereo-DIC methods to increase
computation efficiency. However, few studies have been con-
ducted on the prefabricated speckle patterns used on human
body.

Speckle patterns are usually prefabricated on sample
surfaces with even and random distributions. These speckle
patterns, which function as the deformation “sensing element”
for stereo-DIC, have been demonstrated to be essential for
obtaining accurate and efficient deformations.29–31 References
29–31 also showed that different distributions of speckle pat-
terns resulted in different theoretic accuracies of stereo-DIC.
However, most traditional techniques (e.g., spray paint, airbrush
gun, grinding, and markers) are artificial, time consuming, and
experience dependent; thus, the precision of such patterns fluc-
tuates, and different speckle patterns are generated. Some recent
techniques [e.g., stencil,32,33 toner transfer printing,34 UV photo-
lithographic,35 and water-transfer printing (WTP)]36 were devel-
oped to fabricate the same computer-designed speckle patterns,
i.e., the same “sensing element,” on different samples. However,
among the existing techniques, only WTP is suitable for use on
the human body. However, the existing WTP method cannot be
applied on different complexions. Therefore, improving the
WTP application on the human body needs to be comprehen-
sively investigated to further improve biomechanical analysis
and medical diagnosis using stereo-DIC.

In this paper, a noninvasive, 3-D full-field body sensor based
on stereo-DIC is proposed and carefully examined for surface
deformation monitoring of human body in vivo. First, we
describe the improved WTP method and body sensor based
on stereo-DIC. Then, we present the superiorities of the
improved WTP method by comparing the accuracy and effi-
ciency of applications to varying complexions. Moreover, we
validate this body sensor by measuring the pulse wave velocity
(PWV) of human carotid artery,37,38 and further suggest prom-
ising applications in the discussion and conclusion.

2 Noninvasive, Three-Dimensional Full-Field
Body Sensor

2.1 Stereo Digital Image Correlation

The stereo-DIC method is a noninvasive, 3-D full-field imaging
method that utilizes prefabricated surface speckle patterns as

deformation “sensing elements,” and stereo-DIC has been dem-
onstrated to be a powerful approach for quantifying surface
deformations through cross-correlating speckle patterns
between “reference” and “deformed” images.21,22 Unlike laser
speckles, which are a random scattering phenomenon that
occurs when coherent/laser light illuminates a diffuse object
or rough surface, speckle patterns of stereo-DIC are artificially
manufactured in order to improve the resolution of surfaces for
deformation tracking. A schematic diagram of the stereo-DIC
system is shown in Fig. 1(a). To monitor surface deformations,
two cameras were synchronized to a personal computer at a
proper stereo angle [θ, see Fig. 1(b)] between 10 deg and
30 deg to provide good sensitivity to out-of-plane motion while
maintaining in-plane accuracy.21 To ensure sufficient image con-
trast, the specimen was illuminated with blue light-emitting
diode sources that are insensitive to ambient light.32 Before
the experiment, various images of a translated, rotated, and tilted
board (e.g., chessboard) were used to the calibrate intrinsic
parameters (principle points, focal length, skew coefficient, and
distortions of lens) and extrinsic parameters (orientation and
position of optical center) of the two cameras based on Zhang’s
principle,39 which was used for 3-D reconstruction. The rela-
tionship between image coordinates Mi (ui, vi, i ¼ 0, 1) and
the unknown 3-D global coordinatesM ðxw; yw; zwÞ of interested
point M [see Fig. 1(b)] can be expressed using the following
equation:
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where aimm is the projection matrix that involves the intrinsic and
extrinsic parameters of the stereo-DIC system obtained from
calibration. Therefore, the global coordinates M ðxw; yw; zwÞ
can be calculated from four equations of Eq. (1) with matched
ðu0; v0Þ and ðu1; v1Þ. Here, ðu0; v0Þ and ðu1; v1Þ are the 2-D
image coordinates of camera 0 and camera 1, respectively,
which can be matched through the following zero-normalized
sum of squared differences correlation criterion

Fig. 1 Schematic diagrams of stereo-DIC: (a) setup and basic procedures, (b) stereovision theory, and
(c) correlation principles.

Journal of Biomedical Optics 095001-2 September 2017 • Vol. 22(9)

Chen et al.: Noninvasive, three-dimensional full-field body sensor for surface deformation. . .



EQ-TARGET;temp:intralink-;e002;63;740CZNSSD ¼
XN
u¼−N

XN
v¼−N

�
fðu; vÞ − fmffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

N
u¼−N

P
N
v¼−N ½fðu; vÞ − fm�2

p −
gðu 0; v 0Þ − gmffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

N
u¼−N

P
N
v¼−N ½gðu 0; v 0Þ − gm�2

p �
2

; (2)

where N is the half width of the subset defined in the reference
image and searched for in target image, fðu; vÞ and gðu 0; v 0Þ are
gray intensities of image points ðu; vÞ and ðu 0; v 0Þ in the refer-
ence and target subsets, respectively, and fm and gm are the
mean gray intensities of reference and target subsets, respec-
tively. DIC assumes that the intensity variations of reference
subset and target subsets remain unchanged, i.e., Eq. (2) equals
0 when the two subsets are perfectly matched [see Fig. 1(c)]. To
achieve accurate and efficient calculation, nonlinear iterative
algorithms [e.g., inverse compositional Gauss–Newton (IC-
GN) algorithm28] can be used to obtain optimal 2-D image coor-
dinates ðu1; v1Þ corresponding to ðu0; v0Þ for Eq. (1).

During experiments, speckle patterns were imaged at both
camera 0 and camera 1. A correlation algorithm [Eq. (2)] was
used to match image 0 and image 1 at time t ¼ t0 in order to
determine the global coordinates M (reference, t ¼ t0). After
deformation (deformed, t ¼ t1), Eq. (2) was used twice to match
image 0 and image 1, as well as reference image 0 and deformed
image 0, in order to determine the deformed global coordinates
M. Therefore, the displacements (in-plane, out-of-plane) were
calculated by subtracting the global coordinates of reference
M from the deformed M. Calculations of the full-field displace-
ments, strain, and other variables were all based on the proce-
dures described above.

2.2 Improved Water Transfer Printing

The correlation algorithm [Eq. (2)], which is based on the gray
intensity of the speckle pattern, is crucial to stereo-DIC because
the matched image points between each camera and each
deformed state are used to estimate the global coordinate M
ðxw; yw; zwÞ for further deformation calculations. Thus, the accu-
racy of stereo-DIC, which is the difference between measured
and real deformations, as well as the efficiency of stereo-DIC,
which is the computational speed of the deformation, are both
affected by speckle patterns. Here, we use “quality” to evaluate
speckle patterns in which a good quality speckle pattern repre-
sents high accuracy and high efficiency of stereo-DIC.

To achieve high-quality speckle patterns, the patterns were
predesigned, well controlled by a computer, and fabricated
onto sample surfaces. These speckle patterns are herein called
digital speckle patterns (DSP), and they have been previously
demonstrated to improve the stability and repeatability of
stereo-DIC.32–36 Characteristics of the various techniques used
to fabricate DSP are listed in Table 1. A brief overview of
these techniques showed that WTP is the most promising and
powerful technique for human body applications. Moreover, the
improved WTP technique proposed in this paper was shown to
function better for different complexions with the advantages of
harmless, pollution-free, user-friendly application.

In particular, WTP can transfer images to the 3-D surfaces. A
simple method reported the use of water-soluble paper as the
image carrier to achieve convenient speckle pattern fabrication
for DIC.36 The transferred DSP, which is a basic “sensing
element” for stereo-DIC similar to a strain gauge for electric
measurement, was used as the body sensor for surface deforma-
tion monitoring of a human body.

There are three main sections of the transfer paper [see Fig. 2
(a)]: prefabricated decal, printed DSP, and protective coating.
The protective coating is a transparent cover to protect the
printed DSP from dust. The prefabricated decal section is
made up of a paper base layer and a water-soluble layer,
which is crucial for separating the DSP from the base layer.
The printed DSP section has three layers, including a transparent
elastic layer, printed DSP layer, and adhesive layer. The trans-
parent elastic layer is used to protect the DSP from cracking.
Traditionally, on the printed DPS layer, only the black dots
of DSP are printed on a transparent background surface.
Therefore, to increase the contrast of black dots, white matte
paint should be sprayed on the surface prior to transferring
the DSP. Otherwise, the DSP will be transferred onto testing
surfaces with different natural textures, i.e., the speckle pattern
recorded by the stereo-DIC system will be different from DSP.
The common practice of spraying matte white paint is not suit-
able applications to the human body. However, maintaining the
natural skin surface will generate speckle patterns that vary with
different complexions. Therefore, an easy, harmless improve-
ment in the printed DSP could be achieved by employing a
white background surface, instead of a transparent background,
under the black dots on transfer paper. In this way, high-quality
speckle patterns (black dots and white background) are possible.

The following procedure was used to fabricate DSP on tested
surfaces using the improved transfer paper: remove the protec-
tive cover to expose the adhesive layer; fix the transfer paper
onto skin using the exposed adhesive; and uniformly moisten
the base layer to gently separate the prefabricated section
from the printed DSP section. Thus, the DSP is retained on
skin and ready for surface deformation measurements.

2.3 High-Accuracy and High-Efficiency Speckle
Patterns

Comparisons of DSP transferred by existing WTP methods and
the improved WTP method were performed. Examples of 10
speckle patterns transferred from the same optimized DSP
[see Fig. 3(a)] onto different backgrounds (with gray values

Table 1 DSP fabrication techniques.

Techniques

Characteristics

Harmless and
pollution-free User-friendly

Robust to
complexions

Stencil ×
p

×

Toner transfer printing × ×
p

Screen printing ×
p

×

UV photolithographic × × ×

Improved WTP
p p p

Speckle pattern kit
p p

×
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of 191, 126, 52.6, 12.1, and 1.3) are shown in Fig. 2(b), and
the corresponding gray histograms of these DSP are given in
Fig. 2(c). Note that a gray value of 0 represents black and
255 represents white. Briefly, an overview of the gray distribu-
tions of the transferred DSP showed that the percentage of black
was more stable in improved WTP and maintained more infor-
mation of the original DSP. Thus, the improved WTP with white
background was shown to be less sensitive to the backgrounds.

Further comparisons of DSP quality using the existing and
improved WTP methods are shown in Fig. 3. Two aspects were
considered for the quality assessments: accuracy and efficiency.
To verify the accuracy, the standard deviation (STD, σ) error of

one calculated point was used to predict the displacement accu-
racy measured at that point:29,40
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whereDðηÞ is the variance of image noise, fiðu; vÞ 0 is the inten-
sity gradient of DSP in the direction of displacement component
(u or v), and

P
N
v¼−N

P
N
u¼−N ½fiðu; vÞ 0�2 is the sum of square of

subset intensity gradients.40 Here, zero-mean Gaussian white
noise with constant standard deviation 8 was applied on

Fig. 2 Comparisons of DSP transferred by the existing and improvedWTP methods: (a) compositions of
the transfer paper, (b) DSP transferred onto different backgrounds (top) by the improved (middle) and
existing (bottom) WTP methods, and (c) corresponding gray histograms of the speckle patterns for the
bottom two rows of (b).

Fig. 3 Quality comparisons under different backgrounds: (a) typical DSP, (b) full-field accuracy assess-
ment, and (c) full-field efficiency assessment.
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Fig. 2(b) to obtain noisy image, using MATLAB function
imnoise. The accuracy prediction was performed on every cal-
culated point, and the full-field results are shown in Fig. 3(b). To
verify the efficiency, iteration times of the principle IC-GN algo-
rithm, calculated between the noisy image and original image
using Eq. (2), were used to evaluate the computational speed.
Here, the convergence condition kΔpk ≤ 0.001 and bicubic
B-spline interpolation were selected.19,28 Full-field assessments
of efficiency are shown in Fig. 3(c). In these comparisons of
DSP quality, we found that improved WTP was superior to
the existing WTP with both lower STD and less iteration, i.e.,
DSP transferred by the improved WTP method achieved higher
accuracy and higher efficiency in stereo-DIC application,
regardless of the backgrounds.

2.4 Stereo-Digital Image Correlation-Based Body
Sensor

The ultimate objective of using stereo-DIC to measure a human
body with a surface deformation DSP “sensing element” is to
provide a personalized platform for health monitoring that could
assist biomedical diagnosis. The improved portable transfer
paper made the application of DSP more feasible and wearable,
enabling its use as a body sensor. Body sensors have been
widely used in daycare for the elderly, in managing patients
with chronic disease, in monitoring well-being for general peo-
ple, as well as in evaluating performance in sports.41 The devel-
opment of body sensor networks (BSNs) has focused on both
wearable and implantable sensors, e.g., stretchable sensor
epidermal electronics,42,43 graphene electrochemical sensors,44

nano-electrochemical sensors,45 and vision-based sensors.46,47

Compared to traditional vision-based sensors, the stereo-DIC-
based body sensor can noninvasively provide not only motion
information but also full-field deformations (3-D displacements
of in-plane and out-of-plane, strains, velocities, accelerations,
etc.). Moreover, with the improved WTP, this smart “sensing
element” improved the accuracy of the results obtained with
the body sensor and accelerated the data processing. Therefore,
the stereo-DIC-based body sensor is not only promising for in
vivo clinical application but will also contribute to BSN develop-
ment and biomedical measurements.

3 Experiments and Results
To verify the feasibility of the proposed stereo-DIC-based body
sensor for deformation measurements of the human body in
vivo, PWV37,38 of a human carotid artery, which is considered
to be an important parameter for cardiovascular health monitor-
ing, was measured. This measurement was carried out in an
ethical manner.

3.1 Measurement Setup

Measurement setup includes the following devices: two
synchronized cameras (FASTCAM SA3-Photron), two lenses
(AF NIKKOR-Nikon F50 mm), illumination, safety goggles,
personal computer, and calibration board. Images were recorded
with 8-bit depth, 2000-fps frame rate, and 1024 × 1024 pixel
resolution. Before the experiments, the DSP used for speckle
fabrication was tested on the skin surfaces. The flow chart of
the proposed stereo-DIC-based body sensor used to obtain the
deformations is illustrated in Fig. 4 and can be simply described
in four steps:

Step 1: System setup and calibration.
Step 2: Transfer DSP onto tested surfaces.
Step 3: Image recording.
Step 4: Data analysis and medical diagnosis.

Note that step 1 was not required for every measurement
because the calibration parameters remained unchanged until
the setup was changed; for the same field of view, this setup
was integrated and fixed. Thus, the major task in setting up
the stereo-DIC-based body sensor was to transfer the DSP
“sensing element” for image recording and data analysis. It is
worth mentioning that only ordinary water was needed for trans-
ferring DSP, which is flexible and nonpolluting.

For validation, three young, healthy volunteers participated
in our experiments. Before data collections and publications,
informed consent was received from each of the volunteers.
More than 2 s of 2000-fps recordings were obtained from each
volunteer. The accuracy and efficiency of recorded images were
analyzed, and the final PWV was obtained after data processing.

3.2 Data Analysis

The following parameters for the stereo-DIC calculations were
used: subset size of 21 × 21 pixels, step size of 7 pixels, and
strain window of 15 × 15 points. Further analysis of the exper-
imental data was performed from the aspects of speckle quality
assessment, rigid body motion removal, and PWV calculations.

3.2.1 Quality assessment of digital speckle patterns

To express the quality of the transferred DSP, the recorded
images were compared with the surrounding natural textures,
as well as the typical speckles that marked a human hand.

Fig. 4 Flowchart of the proposed stereo-DIC-based body sensor.
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Comparisons of the DSP with the surrounding textures are
given in Figs. 5(a) and 5(b) to assess the accuracy and efficiency,
respectively. The results showed that the DSP was consistent
with a small STD and required less iteration. In particular,
the mean STD of DSP was about 0.031 pixels, which is 15
times smaller than that of the natural textures, where STD
was up to 0.450. Iteration times of DSP were 2.009� 0.096,
which was nearly 10 times faster than that for the natural
textures.

Comparisons were also performed between DSP and typical
speckle pattern marked with dots, which was downloaded from
a professional DIC company.48 These two speckle patterns were
pre-assigned with rigid displacements from 0 to 1 pixel using an
increment of 0.05 pixels, using the method presented in Ref. 31.
Statistics of the differences between the calculated and preas-
signed displacements, which should theoretically be 0, are
given in Fig. 6. Note that, although accuracies and iteration
times are varied with the preassigned displacements and bias
from the theoretical value of 0, the priority of DSP was obvious
in every preassigned displacement compared to the marked
speckles because the values of the mean bias error, STD error,
and iteration times of DSP transferred by the improved WTP
were lower than those of the marked speckles. Thus, DSP
was shown to be advantageous over traditional artificial speckles
in performing stereo-DIC surface deformation measurements.

Through the quality assessment, DSP transferred by the
improved WTP method was shown to have obvious priority
in both accuracy and efficiency for stereo-DIC computations.

3.2.2 Rigid body motion removal

Rigid body motion is inevitable during testing. Moreover, large
rigid body motion may obscure real deformation and leads to
failure of the measurement. Figure 7(a) shows an example of the
full-field out-of-plane displacement with possible large rigid
body motion, obtained after 0.25 s of the image recording. The
distribution of the displacement obscured the original deforma-
tion of the carotid artery, making the cyclic wave difficult to
distinguish.

To solve this problem, the rigid body motion must be
removed. Here, after determining the equation for carotid artery
deformation, the following equation is used to identify rigid
body motion:
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where ½ u 0
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i 1 �T , ði ¼ 1; 2; 3: : : nÞ are displacements

without the rigid body displacements; T is the global transfor-
mation with the rigid body components of translation
b tx ty tz c and rotation Rmn, ðm; n ¼ 1; 2; 3Þ; and
½ ui vi wi 1 �T , ði ¼ 1; 2; 3: : : nÞ are the displacements
with rigid body displacements. Displacements of more than

Fig. 5 Quality assessment of DSP in human carotid: (a) accuracy assessment, where the mean STD is
0.031 pixels in the DSP area; and (b) efficiency assessment, where the mean value and the standard
deviation of iteration times is 2.009 and 0.096 in the DSP area, respectively.

Fig. 6 Comparisons of speckle patterns transferred by improvedWTP with speckle patterns marked with
dots: (a) mean bias error, (b) standard deviation error, and (c) iteration times.
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three calculated points from the carotid artery were used to cal-
culate T, which was used to remove rigid body displacements of
the remaining points of interest using Eq. (4). The transformed
displacements are given in Fig. 7(b), showing realistic displace-
ment fields for carotid artery deformation.

3.2.3 Pulse wave velocity calculation

After stereo-DIC calculation, deformations of both the full field
and points of interest are extracted. A representative visualized
pulse propagation is presented in Fig. 8 to better understand
PWV, with a time interval of 0.05 s. From the full-field propa-
gation of out-of-plane displacements, we found that a rapid
increase followed by a gentle decrease occurred every cycle.
Deformations were concentrated at one position in the carotid
artery, near the point P; see Figs. 9(a) and 9(b) for further details.
The maximum out-of-plane displacement is marked with
point P [see Figs. 7(b) and 8(e)] and exported in Figs. 9(a),

9(c), and 9(e), which showed periodic heartbeats with corre-
sponding cardiac-vascular cycles of 1.22, 1.21, and 1.41 Hz,
respectively. Based on these temporal curves, PWV was calcu-
lated from the first derivative of the displacements, and is drawn
over time with the light gray dotted lines in Figs. 9(b), 9(d), and
9(f). The PWV raw data were very noisy. The PWV data
were improved using a low-pass temporal filter fast Fourier
transform (FFT) with an appropriate filter window size of 5.
Note that smaller filter windows (e.g., three points) could not
eliminate noise as well, but larger filter windows (e.g., 100
points) resulted in fewer details. Comparisons of different
windows are shown with navy solid lines and pink dashed
lines in Figs. 9(b), 9(d), and 9(f). Thus, the given PWV
curves and full-field propagations both showed a consistent
tendency of carotid artery deformation. Since PWV of the
arterial system is a measure for cardiovascular health,37,38 the
filtered optimum PWV curve could be further used for health
monitoring.

Fig. 7 Out-of-plane displacement fields: (a) before removal of rigid body motion and (b) after removal of
rigid body motion. (Red color indicates displacement of more than 50 microns).

Fig. 8 Out-of-plane displacement propagation of a carotid artery pulse: (a)-(r) visualized pulse propa-
gation with a time interval of 0.05s.
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4 Discussions and Conclusions
As a noninvasive, full-field, and environmental insensitive
optical method, DIC has been proven to be a very useful tech-
nique in engineering structure monitoring49 and mechanical
testing.48,50 However, consistency of the speckle pattern on var-
ied surfaces has been a challenging problem in stereo-DIC. In
this study, a stereo-DIC-based body sensor was proposed for
surface deformation monitoring in order to solve such speckle
pattern problems, especially for in vivo applications on the
human body. By directly transferring the high-quality “sensing
element” DSP onto human skin, the improved WTP technique
was shown to be feasible and effective, resulting in a highly
accurate and efficient body sensor for surface deformation
monitoring.

In the experiments, we successfully applied the proposed
method to monitor the carotid artery of the human body.
Both the PWVand propagations of full-field displacements suc-
cessfully demonstrated the validity of the proposed stereo-DIC-
based body sensor. Furthermore, because of the development of
the tiny camera, lens,51 and compact design25 that stereo-DIC
system utilized, as well as the thin (∼0.4 mm) water-soluble
paper,36 the user-friendly operation, and the well-controlled
DSP that improved WTP utilized, we believe that the proposed
stereo-DIC-based body sensor will be smart and have more
applications in biomedical research. In particular, application

of the proposed stereo-DIC-based body sensor for strain meas-
urement of skins52 will be reported in a forthcoming paper.
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