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Abstract—Photoplethysmography (PPG) is a noninvasive
optical sensing technique utilised widely for the assessment of
cardiovascular disease (CVD). As CVD is the leading cause of
mortality globally, there is a significant interest in the
innovation of new and robust noninvasive technologies for the
early detection of CVD. This work aimed to develop and
evaluate vascular tissue phantoms using the techniques of PPG.
The paper describes the fabrication process of custom vessels
and the formation of tissue phantoms. In addition, PPG
measurement protocols utilising the developed tissue phantoms
in an in vitro cardiovascular flow rig were also employed.
Following analysis of the acquired PPGs, including feature
extraction and statistical analysis, the results demonstrated for
the first time that PPGs can be successfully acquired from two
identical tissue phantoms placed in a bilateral configuration.
This research paves the way for investigating PPGs in a
controlled in vitro environment including examining the effect
of vascular ageing (arterial stiffness) on the PPG signals.

Keywords—photoplethysmography; cardiovascular disease;
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I. INTRODUCTION

Approximately 17.9 million deaths occurred in 2019 due
to cardiovascular diseases (CVD), making it the leading
cause of death globally [1]. The established optical sensing
technique of photoplethysmography (PPG), has a huge
potential for cardiovascular health assessment [2]. PPG is
commonly used for the estimation of blood oxygen saturation
and heart rate in the well-established technique of pulse
oximetry, and for the measurement of pulse (heart) rate in
most wearable devices [3]. For many years research has
suggested that the PPG relates to changes in cardiovascular
health [4]. Of particular interest in this research is the relation
of PPG with vascular ageing, where in such cases stiffening
of the arteries alters the structure and haemodynamics of
blood flow, leading to CVD [5]. This paper proposes that
PPG can be used as a primary technique to investigate the
vascular system, whereby a PPG signal can alter depending
on the properties of different vessels.

PPG employs light to non-invasively measure volumetric
changes in blood vessels [6]. Devices which incorporate
PPG-based sensors can be placed on various body sites, such
as the fingertip, wrist, forehead, foot, and ears. The main two
components of a PPG sensor are the light source(s), typically
LEDs, and photodetectors such as photodiodes or
phototransistors. The light source illuminates the tissue at the
body site, and the light received by the photodetector is
measured [7]. As the heart cycles through the systolic and
diastolic phases, the variations in blood volume are
represented as the photoplethysmograph [8].

PPG has become widely used in consumer wearables due
to its simplicity and relatively low cost. Continuous
measurements are possible with most PPG-based devices
since only a single contact point is required to obtain
measurements [9]. Yet, it is also possible to record PPG
simultaneously across multiple sites. Prior research has
demonstrated that coronary artery disease, peripheral arterial
disease, and ageing may all be evaluated using multi-site PPG
[10]-[13].

II. METHOD

A. Fabricating Custom Vessels

Using an experimental setup, commercial tubing was
coated with a silicone layer to create customised vessels. The
procedure involves using PlatSil Gel-10 (Polytek
Development Corp., Easton, PA). The product has two parts:
Part A and Part B. Care was taken to avoid contamination
across the parts to prevent premature curing. Equal amounts
of Part A and Part B were poured into a mixing container. To
extend the pour time to help ensure uniform coating and a
regular wall thickness along the length of the custom tube,
PlatSil 71/73 Retarder (Polytek Development Corp., Easton,
PA) was added at a rate of 1.5 % of the total weight. Each
elastomer mixture contained 40.6 g of total material in
weight. Following the technical bulletin, adding 1 % retarder
to the total weight increases the working time from 6 minutes
to 12 minutes [14]. The mixture was blended and placed into
a vacuum chamber, which removed the air bubbles, and then
poured into the silicone pot ready for the dip coating stage.

The dip coating technique followed the procedure
developed by Nomoni et al. [15], set up as shown in Fig. 1.
Commercial silicone tubing was attached to the pulleys and
passed through the heating element. A tension weight was
attached to one side of the commercial tubing whilst the other
side was attached to the dip coater arm. To help cure the
coating layer, the heating element was increased to 275 C.
The commercial tubing was pulled up at a speed of 40 mm/s
to add a coating layer using the elastomer mixture. Once the
arm reached the maximum height, the dip coated tubing was
left to cure. Once cured, the internal commercial tubing was
carefully removed, separating it from the custom vessel.
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Fig. 1. Dip-coating setup for producing silicone vessels. Commercial tubing
is pulled through a silicone pot to become coated in the silicone mixture,
followed by a heating element to accelerate the curing of the silicone coating.
Finally, the inner tubing is removed, leaving the silicone coating as a custom
vessel.

B. Forming Tissue Phantoms

The tissue phantoms were made following a procedure
similar to the custom vessel construction. Equal amounts of
Part A and Part B of Gel-10 were mixed with retarder to
increase the working time. Additionally, Smiths Deadener
(Polytek Development Corp., Easton, PA) was mixed to
create softer tissue of OO30 shore hardness, measured using
an AD-100-O0O Precision Shore Durometer (Checkline
Europe, Netherlands), in line with a reported porcine tissue
hardness [16]. The ratio of the components was
1A:1B:1.75D. Once the materials were mixed, the container
was placed into the vacuum chamber to remove air bubbles.
Then, the mixture was poured into 3D-printed moulds and left
to cure. The cured tissue phantoms were attached to the
bilateral model.

C. Bilateral In Vitro Model

The experimental setup consisted of multiple components
simulating the cardiovascular system. The vascular system
was built around a pulsatile pump (Model 1423 PBP, Harvard
Apparatus, US) which simulated the human heartbeat and
produced pulsatile flow with a realistic PPG wave.

The vascular system surrounding the phantoms was built
with clear silicone rubber tubing (Hilltop Products, UK).
Thin-walled tubing of less than 1 mm was used; ensuring high
elasticity to mimic human arteries. This enhanced the
presence of a dicrotic notch in the PPG signal. Various sizes
of tubing were joined together using custom 3D-printed
connectors, designed in Fusion 360 (Autodesk, US), and
printed with the Saturn 3D Resin Printer (Elegoo, China)
using standard photopolymer resin. This enabled the use of
in-line pressure sensors with luer connections, customised
diameters, and custom connection types such as curved,
angled, and Y-connectors.
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Fig. 2. Bilateral phantoms, consisting of custom vessels surrounded by
tissue, situated inside 3D-printed housing featuring PPG sensors for
simultaneous measurement.
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To create a simple blood mimicking fluid (BMF),
deionised water was mixed with methylene blue powder
(Thermo Fisher Scientific, UK). This increased the amount of
light absorbed at the red and infrared (IR) wavelengths. The
peak absorption of methylene blue is in the red region,
between 650 nm and 700 nm [17]. An advantage of
methylene blue was the simple procedure for mixing. To
introduce this fluid into the system, a raised reservoir was
placed above the setup, adding gravitational pressure.

As aforementioned, the vessel-tissue phantoms were
connected to the vascular setup via a bifurcation, introduced
with a y-connector to simultaneously record PPG signals
from each phantom, shown in Fig. 2. The phantoms were
placed in 3D-printed retainers which housed a custom-built
PPG sensor, consisting of red and IR LEDs (peak absorption
wavelengths 640 nm and 900 nm, respectively) and a
photodiode (900 nm peak sensitivity) (BPW34, Osram
Germany). The sensors were connected to the ZenPPG, a
custom-made dual-channel device for PPG signal acquisition
and processing, developed in the Research Centre for
Biomedical Engineering at City, University of London [18].

ITII. RESULTS & DISCUSSION

PPG signals from each branch were filtered and displayed
using MATLAB (The MathWorks, USA). Both phantoms
produced visually similar PPG signals, as seen in Fig. 3. This
indicated that the two branches of the system had similar flow
profiles and light-tissue interaction properties. Noise is
present at the systolic peak, possibly due to mechanical
vibrations in the system, which may be mitigated by using a
non-mechanical pump.
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Fig. 3. Infrared PPG signals from both branches of the bilateral in vitro setup.



PPG feature extraction was conducted to validate and
quantify the similarity of the two signals. A custom Python
algorithm developed at City, University of London was used.
[19]. This produced morphological features of the PPG waves
based on the systolic peaks and the troughs of the signal,
measured geometrically. The amplitude of the peak, gradients
of the upslope, downslope, and time taken for the wave to rise
and decay were calculated.

Statistical analysis of the resultant features was employed
to determine the degree of conformity between the PPG
signals from the two branches. Each PPG feature was
analysed for statistical significance, using the Kruskal-Wallis
one-way analysis of variance. By feeding in the list the values
for each feature, this method tested the hypothesis that the
samples have been drawn from the same population. As this
experiment involved phantoms from the same silicone
mixture, the hypothesis was that differences between the
samples would be statistically insignificant.

For each PPG feature, the Kruskal-Wallis analysis
provided a p-value, showing the statistical similarity between
the two branches. The range of values for the features are
presented in the box plots shown in Fig. 4. The distribution
shows that both branches produced morphologically similar
PPG signals. Amplitude, downslope, rise time and decay time
were statistically similar (p > 0.05), indicating that these
features were from the same distribution. This result
confirmed that the bilateral setup consisted of identical
phantoms, which can be used for further PPG experiments in
CVD.

S Amplitude 103  Upslope
©0.95 P 135107 Fpsiop
[} —
k= S
= :_-(E 1.3
g 0.9 5
9 T 1.25
®
2 o © o
©
£085 1.2 8 o
<23 0.26 0.05
p-value p-value
-4 Downslope Rise Time
9710 P 0.365
-~ (e}
=
8 o e
= = 0.36
5-95 g
8 [=
© 0.355
-10 | 1
0.89 0.17
p-value p-value
Decay Time
0.48 [ lLeftBranch
[—1Right Branch
e
o 0.46
S
'_
0.44
o Q
0.27
p-value

Fig. 4. Kruskal-Wallis analysis of infrared PPG features from the two
phantoms, comparing their similarity for each feature (a.u. = arbitrary unit).
P > 0.05 indicates that the phantoms are statistically identical.

This experiment was repeated to validate the findings.
Table 1 presents the p-values obtained from the statistical
analysis of each experiment. These results showed a similar
pattern; the p-values for amplitude, downslope, and decay
time indicated statistical similarity. Variations were present
when comparing the same wavelengths across different
experiments, however, the p-values were typically above the
threshold for statistical significance (p > 0.05). The
differences between experiments could be due to changes in
the measuring environment, such as temperature and ambient
lighting. Rise time did show a statistical difference, with most
of the p-values below 0.05. However, this was less common
in the IR signals, suggesting that IR PPG signals are more
stable. The overall similarity between the two branches,
across multiple experiments, establishes a route for the use of
bilateral in vitro models in CVD studies

TABLE L P-VALUES OF RED AND INFRARED (IR) PPG FEATURES
Experiment 1 Experiment 2 Experiment 3
Feature Red IR Red IR Red IR
Amplitude 0.84 0.26 0.45 0.68 0.57 0.96
Upslope 0.38 0.05 0.55 0.08 0.53 0.20
Downslope 0.57 0.89 0.53 0.56 0.71 0.02
Rise Time 0.02 0.17 0.03 0.01 0.03 0.18
Decay Time 0.78 0.27 0.45 0.72 0.56 0.95

P > 0.05 indicates that the two phantoms are statistically identical.

IV. CONCLUSION

PPG is a valuable optical sensing technology with recent
advancements showing potential for CVD assessment. This
study proposed using PPG for such investigations,
particularly in vascular health, by developing and testing a
bilateral in vitro flow rig.

The method involved fabricating custom vessels and
forming tissue phantoms, which were connected to the
cardiovascular flow test model for simultaneous PPG signal
acquisition. Customised algorithms were used to extract
morphological features from the resultant signals and
analysed for statistical similarity. Statistical outcomes
validated that PPG signals generated in a bilateral vessel-
tissue phantom configuration were largely identical,
indicating their potential use in CVD investigations.

Future phantoms can be altered to mimic aged or diseased
vessels by varying the ratio of elastomers to modify the
stiffness properties. Enhancements of the in vitro rig would
allow for more precise feature extraction and better detection
of wvariations during CVD. This could be achieved by
reducing mechanical vibrations to improve signal quality and
implementing one-way valves to prevent cross-flow.

This research facilitates further in vitro experiments
involving bilateral phantoms where pathologies such as
arterial stiffness and atherosclerosis can be deliberately
introduced, through which PPG signals can be compared and
therefore new sensors designed to help improve CVD
assessment.
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