Chapter 7 ®
Evaluating Pulse Simulator Using Fluorescent DIC
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Abstract The artery vessel simulator mimics the pulse using a membrane pump to drive water flow through the PDMS
phantom intermittently to simulate the blood flows in the artery vessel. The DIC method performs the evaluation, where the
images used for DIC calculation are captured by a single-camera stereo-imaging system, which can eliminate the time
synchronization issue. The fluorescent medicine FITC is used to generate the random patterns on the surface of a PDMS
phantom, where the PDMS phantom is part of the artery vessel simulator. The DIC method determines the displacement and
strain field introduced by the interaction between water and the PDMS phantom to know the mechanical behavior of the
simulator. In this study, two different imaging modes are implemented to see the time various mechanical behavior of water-
PDMS phantom interaction and the simulator’s stability. Some challenges for using FITC to the PDMS would be highlighted
at the end of this paper.
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7.1 Introduction

The digital image correlation method (DIC) is used for determining the object deformation or movement by tracking random
patterns among images. The random marks either generated artificially or native posed are the must for performing the DIC
method. While utilizing the DIC for various applications, the contact force is inevitably generated while rendering artificial
random marks on the object surface. Thanks to some adequate methods, such as spraying, the force introduced while
generating patterns are considered tiny and ignorable and always regarded as non-contact measurement methods. Nowadays,
the DIC is widely used for different objects, such as determining the mechanical behaviors for common mechanical materials,
constructing materials, soft materials, biomaterials, and others. One of the DIC practical applications is to determine the
mechanical properties of biomaterials. During the last two decades, a tremendous amount of research on applying DICs to
biomaterials has been reported, such as determining the mechanical properties of cells by tracking fluorescent particles [1],
evaluating the mechanical behaviors of muscles [2—4], and evaluating the ventricular volume change after cardiac surgery [5-7].
This study is part of a project on developing a DIC system for general surgery to detect the possible vessel leakage and the
mechanical behaviors of the organ after suture to replace the existing methods such as using radiopharmaceuticals and radiation
detectors for vessel leakage detection.

While applying DIC to the in vivo applications, the compound used for generating random marks must be biological
toxicity-free, and the system must be adequately evaluated to prove that the system performance meets the requirement, and
the system configuration is well developed before either animal tests or clinical trials. Thus, to assess the imaging system
design of a DIC system for the possible surgery applications, a simple simulator to simulate the mechanical interaction
between the vessel and the tissue above the artery is essential. Therefore, the purpose of this study is to evaluate the artery
simulator using DIC stereo-DIC method with the random surface pattern generated by fluorescent medicine before finalizing
the system design.
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7.2 The Experimental Setup and the Artery Simulator [8]

Figure 7.1 shows the experimental setup used in this study, consisting of a single camera stereo-DIC imaging system and an
artery simulator. In this study, FITC (fluorescein isothiocyanate) is adopted to generate the artificial random pattern on the
object surface. FTIC can be excited at a peak wavelength around 495 nm and emits light at the peak wavelength of 519 nm. A
self-made LED light source with the center wavelength around 475 nm is implemented to excite the FITC, and a long-pass
filter with a cut-on frequency at 500 nm is placed in front of the lens for blocking the excitation light. A signal camera stereo-
imaging optical imaging system is implemented to be the DIC imaging system that can avoid the synchronization problem.
Regarding the artery simulator, as reported previously [8], consists of a membrane pump, a PDMS phantom, and a computer
for handling ECG signal generation and ECG signal detection. The membrane pump is used to draw water out of a tank and
then the water is forced to go through the PDMS phantom with water pressure varied with the time; afterwards, the water will
be sent back to the tank for completing the water circulating. A PDMS-made phantom is casted in a hollow cylindrical shape,
whose height is 100 mm with & 50 mm and © 70 mm inner and outer diameter, a 4 mm diameter with 3 mm depth below the
outer surface is cast to simulate a medium-size near-surface artery vessel inside an organ.

A computer-generated ECG signal drives the pump to allow the water pressure to vary with time. Then the water will go
through the PDMS phantom intermittently to simulate the artery behaviors. Meanwhile, the generated ECG signal will also be
injected back to the computer to detect the R-peaks and T-peaks for sending trigger singles to the camera for taking images. In
the experiment, the computer-simulated ECG signal is first sent out to a DAQ; DAQ sends back the ECG signal to the
computer to find the ECG R- and T-peaks. Then the trigging signal is sent out to active the camera. That means, the single-
camera stereo-DIC imaging system is used to capture images after the computer detects the ECG R-peaks and/or T-peaks. The
time-lapse for imaging after the detection of R-peak/T-peak has been evaluated to be 15 ms [8].

In this study, the first taken R-peak image is always used as the reference image. Then two imaging operation modes are
implemented to capture the operation images; the first mode is catching T-peak images after the first R-peak is detected; the
second mode is continuously imaging immediately after the reference image is captured, as shown in Fig. 7.2. Regarding the
time interval for continuously imaging is set to be 20 ms and the shutter time is 3 ms. Simultaneously, the membrane pump is
derived by a home-made driver with the computer-generated ECG signal. The membrane pump is then intermittently drawing
water out of a tank and then driving the water flow through the connecting vessels, the PDMS artery vessel phantom. It then
flows back to the water tank to complete the water circulation through the system. The maximum volume of water the
membrane pump can circulate is 400 ml/min. Considering the experiment is a dynamic case. Therefore, the exposure time is
set to be a short one that is not good fluorescent practice and makes the measurement a great challenge. In this evaluation
study, the VIC-3D of Correlated Solutions is used for displacement and strain calculation. The displacement and strain fields
are described according to the coordinate system defined on the PDMS phantom, as shown in Fig. 7.3. The x-direction is
normal to the direction of water flowing, and the y-direction is parallel to the inner vessel with the positive direction aligning
to the water out. Meanwhile, in this study, the PDMS phantom is free placed with no strong fasten applied.
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Fig. 7.1 Experimental Setup
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Fig. 7.2 Two imaging modes in this study
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7.3 Results and Discussions

In this study, the FITC is first sprayed to the surface of the PDMS phantom; different from the typical applications of FITC on
cells or tissues, the FITC emission light attenuates far more quick than the biomaterials. The random surface pattern does not
last as long as the traditional paint spraying method; therefore, images taken by two image modes will have different surface
artificial random patterns. The discussion on the displacement and strain field determined by two different imaging modes will
not be quantitative but qualitative.

Figure 7.4 presents five selected displacement fields of the PDMS phantom as the images are continuously recorded after
the first computer-generated ECG R-peak detected. From the averaged U-displacement plots, shown in Fig. 7.4a; the pumping
water introduces the phantom to vibrate, and time-sequentially causes five specific displacement packages to the PDMS
phantom, as shown inside the green-box of Fig. 7.4a, during the time the imaging system takes the first 180 images. Similar
results can also be found at V- and W-averaged displacement plots; however, the V-displacement plot doesn’t show the
displacement packages as clear as the U- and W-averaged displacement plots. For U-displacement shown in Fig. 7.4a,
although the averaged-displacements are different, the image frames #10 and # 25 have similar patterns. Those two
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Fig. 7.4 The displacement field of the PDMS phantom subjected to water flow intermittently pumping through (a) U-displacement, (b)
V-displacement, (¢) W-displacement, (d) W-displacement with an interval enlarged

displacement fields show the right-hand side of the PDMS phantom inner vessel tends to move to the right and on the inner-
vessel left-hand side tends to move to the left or less to the right; that means the surface of the inner vessel tends to expend. As
for the V-displacement field shown in Fig. 7.4b, since the direction is parallel to the flow direction of the pumped water,
without significant displacement, the results seem reasonable. However, while taking a close look at the top part of the PDMS,
some remarkable local displacement can be observed, for example, images of frames #10, #20, and #25. Considering the
region is of the same as the exit of the vessel to the connecting pipe. Therefore, the displacement would be regarded as
introduced by the drag force. Regarding the W-displacement shown in Fig. 7.4c, image frames #10 and # 25 reveal that the
PDMS surface above the vessel tends to move upper; combining this observation with the U-displacement fields discussed
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previously, it could easily be concluded that the water at these moments are pumping into the vessel. Besides, frames #15 and
#20 also present local displacement around the inlet of the vessel. To understand this phenomenon, some of images between
frames #15 and #20 are inspected with details; as shown in Fig. 7.4d, the interaction between intermittently pumping water
and the PDMS phantom can be clearly observed from the series six frames. The water flowing into the vessel with relatively
high pressure will cause the PDMS surface above the vessel to expand; then the water flows out and pumping pressure drops,
then a local low-pressure region around the inlet of the vessel will build and extend to the exiting side of the vessel as the water
flows out; after then, the volume of the vessel is no more fully filled with water; while the pump is active again, the water will
be accelerated by pumping force and flow into the vessel to fill the space, then the inner pressure of the vessel would be
increased rapidly.

Regarding the strain fields e,, and e,,, they do not present apparent patterns for the first 25 frames, as shown in Fig. 7.5b, c.
However, e,, shows a very interesting local strain at the middle of the vessel, but no proper physical model can adequately

(©) exy

Fig. 7.5 The strain field of the PDMS phantom subjected to water flow intermittently pumping through (a) e,.,(b) e,,,(c) ey,
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Fig. 7.6 The displacement and strain field of the PDMS phantom subjected to water flow intermittently pumping through (a) displacement field, (b)
strain field

explain this strain field. Based on the displacement field discussed previously, the U-displacement fields shown in frame #10
and #25 indicate the surface of PDMS above the vessel tends to expend; intuitively, the strain fields e, of those two frames are
expansive strain as shown in Fig. 7.5a. Aside from the previous results, frame #20 of Fig. 7.5a shows a compressive strain
field above the vessel that is not observed from the corresponding U-displacement field shown in Fig. 7.4a; obviously, the
strain field e,, provides more data, sensitive, than the U-displacement field.

The other imaging mode is taking the first image as reference one while the ECG R-peak is detected. Then the imaging
system continuously takes images as ECG T-peaks caught. The fetched images are then used for displacement and strain
calculation by the DIC method. The calculated strain and displacement fields are presented in Fig. 7.6a and Fig. 7.6b,
respectively. Different from the previous results, the displacement and strain fields here are repeatedly calculated as T-peaks
detected. Therefore, if the ECG signal is correctly repeated and the output power of the pump is well controlled, then the
resulting displacement and strain would be almost the same; that means this image mode can be used to evaluate how stable
the simulator is. As shown in Fig. 7.6, the displacement and strain fields can be divided into two groups. For the first group, the
displacement and strain fields of #1, #3, and #5 T-peaks are almost identical, as for the other group is the displacement and
strain field determined using the images taken as #2 and #5 T-peaks detected. Even though the displacement and strain fields
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seem can be divided into two groups, the displacement and strain magnitudes are not varied tremendously. Based on the
resulted displacement and strain field, a small output performance variation existing in the simulator can be evaluated. Still,
the influence on the mechanical interactions between the PDMS and the water introduced by the variation of the simulator is
limited.

Regarding the displacement field conducted by the PDMS-water interaction, the U-displacement indicates the PDMS tends
to move to the right. The region above the vessel tends to shrink because the U-displacement on the right-hand side above the
vessel is smaller than the displacement magnitude of the left-hand side. As for the V-displacement, the plots show that the
PDMS would be uniformly moved towards the connecting pipe on the inlet side; however, the physical model for explaining
the displacement is not available now. From the W-displacement field, the region above the vessel tends to move down at the
inlet side and tends to move up at the exit side; this indicates pressure inside the vessel dropped near the inlet side and the
whole PDMS is left up at the exit side. The displacement indicates pressure inside the vessel dropped at the inlet side and then
causes the surface above the vessel move downwards. As for the exit end, the displacement might be caused by superposing a
local expansion and a vibration. Regarding the local expansion, since the diameter of connecting pipe is smaller than the
through hole of PDMS (to simulate the vessel), the inner pressure of the vessel is locally high and might cause the region
around the exit side to expand.

The strain fields are present in Fig. 7.6b, the e, of all six successive frames show the normal strain above the PDMS vessel
are all in compressive, and the magnitudes are highest at frames #2 and #4. Regarding the strain field e,,, frames #1, #3, #5,
and #6 show that most of the PDMS phantom is subjected to small compressive strain but relatively small extensive strain in
the other regions. The PDMS upper part shows a relatively high extension strain value for e, of the #2 and #4 frames. Besides,
while inspecting Fig. 7.6b with care, the strain field around the inlet and exit edges shows a small compressive and extensive
ey, respectively; the strain ey, around the edge might be caused by the pressure drop at the inlet, and the high pressure
introduced by diameter mismatch at the outlet side. Regarding the shear strain e,,, frames #1, #3, # 5, and #6 indicate the
upper-left, and bottom-right of the vessel are subjected to the shear strain locally but different sign. Similar results can be
observed from frames #2 and #4; however, the shear strains at the upper-left part are relatively small compared with the other
cases. More interest, when the e,, is relatively uniform, the e,, above the vessel apparent more strong compressive strain.

From the above discussion, the developed artery vessel simulator can provide relatively stable mechanical behaviors at each
T-peak from the above discussion. The time-sequential mechanical behaviors are varied for the V-displacement, e,,, and e,,.

In this study, the developed artery-vessel simulator is deeply investigated using a self-developed single-camera stereo-DIC
system. The random surface pattern of the artery-vessel simulator is prepared using FITC. FITC is a fluorescent substance that
has been widely used for cell and tissue studies. Typically the FITC is prepared by dissolving the powder with water. In this
study, the FITC is sprayed on the surface of PDMS to provide a random pattern for tracking; however, the water will evaporate
rapidly if the size of the drop is small. And then the emitting light will attenuate. In contrast, the drop will move due to the self-
weight of the drop is large; the drop will also move while subjected to the force as the water intermittently flow through the
PDMS that will introduce the pattern changed. Therefore, different from the traditional artificial random pattern, the FITC
random pattern cannot last as long as the random pattern generated with ink and paint. Although many fluorescent medicines
can be used to generate random patterns for DIC use, more works are required for handling the problem mentioned.

7.4 Conclusions

In this study, FITC is used to generate the random pattern on the PDMS surface. Then the random patterns are tracked from
frame to frame using the DIC algorithm for evaluating the associated displacement and strain among frames for evaluating the
mechanical behaviors of the proposed artery-vessel simulator. The proposed simulator has proved to be relatively stable for
simulating the mechanical behaviors among the first detected ECG R-peak and the following T-peaks. As for time-sequential
mechanical behaviors, the simulator might need additional adjustment to make the mechanical behaviors more consistent.
Although the FITC can be used for DIC application, the emitting light attenuation because of the water evaporation needs to
be solved.
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