IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 8 May 2024, accepted 25 June 2024, date of publication 1 July 2024, date of current version 9 July 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3421368

== RESEARCH ARTICLE

Advancing Radial Arterial Pulsation Simulation:
Wave Decomposition Modeling With
Hardware Implementation

TAE-HEON YANG ', JAE-IK KIM?2, JEONG-HOI KOO"3, GWANGHYUN JO"“4,
AND YOUNG-MIN KIM*“3

! Department of Mechanical Engineering, Konkuk University, Seoul 05029, Republic of Korea

2Department of Electronic Engineering, Korea National University of Transportation, Chungju-si, Chungbuk 27469, Republic of Korea
3Department of Mechanical and Manufacturing Engineering, Miami University, Oxford, OH 45056, USA

4Department of Mathematical Data Science, Hanyang University, ERICA Campus, Ansan-si 15588, Republic of Korea

5 Digital Health Research Division, Korea Institute of Oriental Medicine, Daejeon 34054, Republic of Korea

Corresponding authors: Gwanghyun Jo (gwanghyun@hanyang.ac.kr) and Young-Min Kim (irobo77 @kiom.re.kr)

This work was supported in part by Korea Institute of Oriental Medicine (KIOM) under Grant KSN1824130 and Grant KSN1823130, and
in part by the Ministry of Food and Drug Safety under Grant 21174MFDS225.

ABSTRACT Radial arterial pulse waveforms (RAPWSs) have been actively studied for decades as they
provide important information on cardiovascular disease risk factors. The primary goal of this study is to
propose a new method that accurately simulates and physically implements the realistic pulse wave of the
radial artery, taking into account the reflected wave of the fluidic pressure generated by the elasticity of
the arterial walls and branching of blood vessels. To this end, this study utilizes the wave decomposition
modeling approach, which entails separating a single pulse pressure waveform (PPW) into three waveform
components, consisting of one forward wave and two backward or reflective waves. based on the physiology
of pulse waveforms. It employs a six-degree-of-freedom mathematical model that integrates the three, and the
control parameters of these components can be adjusted to generate the desired pulse waveforms This model
is then realized in a physical pulse simulation system using three cylindrical cams with continuously varying
surface profiles, each representing forward and backward wave components. By controlling the position, the
phase, as well as spin speed and direction of the cams, the simulator can reconstruct desired radial pulse
waveforms. To evaluate the performance of the simulator, the reproduced pulse waveforms were compared
with approximate radial pulse pressure waveforms based on in vivo data in terms of the augmentation index
(AD) and L2 error. The results showed that the errors were less than 5.3 % for all age groups, indicating
that the proposed pulse simulator can reproduce the age-specific pulse waveforms corresponding to human
radial pulse waveforms. Furthermore, the results demonstrated the consistent and repeatable ability of the
pulse simulator to replicate desired pulses, indicating its potential for effective use in palpation training
for RAPWs.

INDEX TERMS Age-dependent, hemodynamics, radial artery pulse waveform, wave decomposition.

I. INTRODUCTION

Accurate sensing, measurement, and simulation of radial
arterial pulsation is important in the field of medicine, par-
ticularly for the evaluation and assessment of cardiovascular
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health [1], [2], [3], [4], [5]. The pulsation of the radial artery
mirrors the cardiac cycle and can provide important informa-
tion about a person’s cardiac function. Radial pulses can be
used to develop and improve medical devices such as pulse
oximeters and blood pressure monitors. By simulating radial
arterial pulsation, researchers and medical professionals can
gain a deeper understanding of how various factors, such
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FIGURE 1. Waveform decomposition and reconstruction of blood pulse wave: (a) wave decomposition of 80’s pulse pressure based on mathematical
model, (b) age-specific waveform reconstruction by summing the forward wave, first reflection wave, and second reflection wave.

as age, disease, and medications, affect pulsation patterns
and blood flow within the radial artery [3]. In addition,
simulating radial arterial pulsation can serve as a valuable
tool for training healthcare professionals in pulse palpation
and measurement techniques. Additionally, it plays a pivotal
role in advancing the development of innovative diagnostic
tools and methodologies aimed at early detection of car-
diovascular diseases and conditions such as hypertension,
peripheral artery disease, and coronary artery disease. When
developing a simulator for radial artery pulsation, accurately
reproducing the blood (fluidic) pressure waveform within the
radial artery. This accuracy directly affects the simulation’s
precision. Failure to adequately capture the dynamics of the
pulse wave may compromise the accuracy of the simulator’s
results, potentially resulting in significant consequences for
medical diagnoses and device development.

Understanding the physiology of the circulatory system
highlights both the importance and challenges of accurately
simulating radial pulses. In particular, the phenomena of
reflective waves of fluidic (blood) pressure in the cardiovas-
cular system are crucial, playing a pivotal role in regulating
blood flow and maintaining proper blood pressure throughout
the body. When the heart contracts, it generates a pulse wave
that travels through the arteries, delivering oxygenated blood
to the various organs and tissues. However, as this pulse wave
travels the arterial system, it encounters resistance from the
blood vessels. This resistance leads to the pulse wave being
reflected back toward the heart as a secondary wave, known
as areflective wave. Reflective waves play a significantly role
in regulating blood flow by reaching the heart during diastole,
the relaxation phase of the cardiac cycle. This results in a
sudden increase in blood pressure, facilitating blood refilling
in the heart and increasing cardiac output. Moreover, the
reflective waves help prevent excessive pressure buildup in
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the arteries by dissipating some of the pulse wave energy as
it is reflected back to the heart. However, in certain disease
states such as hypertension, atherosclerosis, and heart failure,
the reflective wave can become dysfunctional, contributing
to a further increase in blood pressure and a decrease in
cardiac function. Understanding the importance of reflective
waves in cardiovascular physiology enables physicians more
effectively diagnose and treat these conditions, ultimately
improving patient outcomes.

Recognizing the importance of extracting reflected waves
in blood pulsation, numerous studies have explored vari-
ous methods to decompose the reflected and forward waves
within the radial artery pressure waveform (RAPWs). These
approaches include Gaussian-type basis functions, which
offer an intuitive representation of forward and reflected
waveforms, selected through the minimization of an objec-
tive function comparing decomposed waveforms to target
RAPWs [6], [7], [8]. However, locating the peak of the
reflected wave in elderly individuals’ waveforms remains
challenging. Alternatively, some researchers have employed
black-box-type signal-processing methods to decompose
RAPWSs, for example, independent component analysis
(ICA) [9], [10]. Yet, the need for careful parameter section
poses challenges in applying ICA to the decomposition of
pulse pressure (PP). In contrast to the theses methods, which
did not take into account the physiological properties of the
cardiovascular system, wave intensity analysis was studied
as an approach for decomposing pressure and velocity wave-
forms, incorporating essential physiological parameters such
as characteristic impedances or vessel elasticities [11], [12],
[13], [14]. However, the wave intensity analysis presents
a challenge in terms of requiring blood velocity measure-
ments in the aortic vessels. Another well-established model
for decomposing RAPWs is the wave reflection model,
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FIGURE 2. Comparison of waveforms generated by ‘Human vs 9-DOF’ and ‘Human vs 6-DOF’ pulse pressure models by ages:
(a) comparison of human-9DOF at 15 years old, (b) comparison of human-9DOF at 35 years old, (c) comparison of human-9DOF at 65 years
old, (d) comparison of human-6DOF at 15 years old, (e) comparison of human-6DOF at 35 years old, (f) comparison of human-6DOF at

65 years’ old.

which analyzes waveforms by considering the relationships
between pulse pressure and flow rate through characteristic
impedance [15], [16], [17], [18], [19], [20]. The advantage
of wave reflection models lies in their ability to reconstruct
flow rate waveforms for both forward and reflected waves by
matching the hemodynamic characteristics. Notably, a recent
development by one of the authors introduces a method that
decomposes waveforms into one forward and two reflected
components [20].

The replication of blood (fluidic) pressure and the incor-
poration of reflective waves into the radial artery pulse wave-
form typically entail creating a fluidic circuit that emulates
the characteristics and dynamics of the human cardiovascular
system. Various methods are employed to replicate the radial
artery pulse waveform. Pneumatic systems use air pressure,
hydraulic systems use fluid pressure, and electromechanical
systems use electrical signals to control mechanical actuators
for waveform simulation. Electromechanical systems offer
greater flexibility and accuracy due to precise control over
electrical signals [21], [22], [23]. Additionally, computer
models of the cardiovascular system use mathematical equa-
tions to simulate the pulse waveform, enabling precise control
for research and device development.

When developing hardware or pulse simulators to repli-
cate the radial artery pulse waveform, several approaches
are available. Pneumatic systems use air pressure generated
by an air compressor to create the required pulse pres-
sure, which is then mimicked using a pneumatic actuator.
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In contrast, hydraulic systems generate fluid pressure through
a pump and employ a hydraulic actuator to replicate the pulse
waveform [24], [25], [26], [27], [28], [29], [30], [31], [32].
Moreover, a hybrid system that combines both pneumatic and
hydraulic (fluidic) systems can provide a realistic simulation
of the human cardiovascular system, leveraging the advan-
tages of both pneumatic and fluidic systems. Nonetheless, the
use of these “fluidic” systems in clinical evaluation or train-
ing systems is limited due to significant challenges related
to accuracy and reproducibility. These challenges primarily
result from the inability to maintain consistent flow control.
In other words, the behavior of the air or fluid used to generate
pulse waveforms can vary depending on working conditions
or operational circumstances.

Alterative to existing approaches, this study presents a
novel method that offers a reliable means of replicating
pulse waveforms, while preserving the fluidic pulse pressure
dynamics. It achieves this by utilizing a three-dimensional
(3D) cam-follower mechanism, eliminating the use of a work-
ing fluid in the system. The 3-D cam is designed based on
computational forward and backward (reflective) waves of
human arterial fluidic pressures. This method offers several
notable benefits. Firstly, it allows for the generation of a wide
range of radial artery pulse waveforms, enabling for versatil-
ity in simulating different physiological conditions. Secondly,
it ensures consistent and reliable replication of pulse wave-
forms, thereby enhancing the accuracy and reproducibility
of simulations. Lastly, the method features a simple control
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mechanism, making it user-friendly and reducing the com-
plexity associated with generating desired pulse waveforms.
In fact, by linearly modulating only two control parameters,
namely the pulse magnitude and the pulse arrival time dif-
ference (or shifted time, induced by the wave decomposition
model of [20]), the cam system can reproduce a desired
pulse waveform. The values of the control parameters can be
easily determined from the relative translational and angular
positions within the 3D cams.

The subsequent section provides an overview of
age-specific waveform modulation via triple waveform syn-
thesis and detail the conceptual design based on three 3D
cam-follower modules. Next section presents fabrication of
the proposed triple cam system. And then, the following
section presents experimental results that verify the accuracy
and consistency of the proposed method.

Il. WAVE DECOMPOSITION MODELING AND CONCEPTS
OF TRIPLE CAM SYSTEM

Figure 1(a) illustrates the blood circulation in the human
body. When the heart pumps blood, it generates a forward
incidental wave, followed by a first reflected wave is cre-
ated at the bifurcation of the abdominal aorta and a second
reflected wave when it is reflected from a heart valve.
Blood carrying this complex pulse pressure waveform then
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travels through the brachial artery and emits a pulse pressure
waveform that can be easily measured using tonometry on
the radial artery of the wrist. Subsequently, the blood flows
through capillaries before recirculating through the veins.
To illustrate the process, Figure 1(a) displays the RAPW
of an 80-year-old group alongside its decomposition into a
forward wave and two reflected waves. In Figure 1(b), the
reconstruction of a pulse waveform is depicted using these
three decomposed waves, consisting of one forward wave and
two reflected waves.

To investigate whether the complex phenomenon of blood
flow can be represented as combinations of multiple wave-
forms, the authors proposed a mathematical model. Using this
model, they demonstrated the regeneration of age-dependent
RAPWSs by decomposing a single pulse pressure waveform
into three waveforms and recreating desired pulses. While
additional details can be found in reference [20], the mathe-
matical model is included in equation (1). In this model, f’(t)
can be utilized to recreate radial pulse pressure waveforms
for different age groups by adjusting the control parameters.

Po_por (1) = > wily, {Pi (t — 1)}
i=1,2,3

ey

Here, w; is the weighting parameter, Ly, is the pulse-
broadening operator, and #; is the phase-delay parameter.
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FIGURE 4. System configuration of a developed triple 3D-cam based pulse pressure waveform simulator including forward wave
3D-CAM, first reflected wave 3D-CAM and second reflected wave 3D-CAM.

Let us discuss the selection of basis functions P;’s (i=1,2,3).
These basis functions corresponds to the forward waveform,
the first backward waveform, and the second backward wave-
form obtained by decomposing waveform of the 85-year-old
age group. The decomposition algorithms used in [20]
required only three basis functions. In contrast, other choices
of basis functions, such as radial-type basis functions like
Gaussian functions, require more than three basis functions.
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It is noteworthy that, taking the advantage of a simulation
study, the mathematical model in [20] used nine degrees
of freedom(9-DOF), including w;, Ly, and ¢; parameters of
each of the three waveforms. However, it is quite challenging
to implement L;, which is a pulse-broadening operator in
a physical system. To realize the pulse-broadening operator
physically, the width of the waveform must be adjusted within
a short pulse period (~ 700 ms) using a mechanical actuator
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or a motor. This study, therefore, intends to modify the 9-DOF
model into a 6- DOF reduced model, eliminating Ly, as shown
in equation (2).

Ps_por () = D wilPit — 1)} (@)

i=1,2,3

To evaluate the accuracy of reproducing pulse pressure wave-
forms in equation (2), following two criteria were considered.
First, the Augmented Index (AI) shown in equation (3),
a clinically important measure in the cardiovascular system,
must match well with the target waveform. Second, the phase
differences between the first, second, and third peaks of
the reproduced waveform, which is also clinically signifi-
cant and related to the speed of the aortic reflected wave,
must align well with those of the target waveform (human).
In equation (2), the Augmented Index can be adjusted effi-
ciently by modifying the w; index, and the phase difference
can be efficiently changed by adjusting the t; index.

Late systolic Pulse Pressure < 100(%) ()

- Early Systolic Pulse Pressure

The role of t; is to control the interval between peaks of
Pi(t—ty), 1 =1, 2, 3. For example, if given a fixed t; is fixed
and, as tp increases, the reconstructed waveform will exhibit
a greater delay of the second peak. Additionally, since w;
represents the weight of the basic function Pi(z — #;), the
Augmentarion Index can be easily adjusted by modifying wy.
Consequently, the reduced 6-DOF model can be efficiently
reconstructed to match the inter-peak intervals and Al of the
target waveform. The optimization problem to approximate
Equation (2) to human pulse pressure P for each age is defined
as equation (4). The optimization problem is defined as aims
to find w; and t; that minimize the difference between the
target function and the reconstructed function.

Find (w{, 1) = argmin,,, . / (136—D0F - Pagg) ds
T

“

Using the above optimization function, the performance of
the 6-DOF model and the original 9-DOF model were com-
pared by overlying pulse waveforms at human pulses to
ensure the efficiency of the reduced 6-DOF model. Figure 2
shows the comparison results for three selective age groups,
ranging from younger ages (15-year-old) to older ages
(65-year-old). Figure 2(a), 2(b) and 2(c) show graphical
comparison between human and 9-DOF pulse wave forms.
Otherwise, Figure 2(d), 2(e) and 2(f) show graphical com-
parison between human and 6-DOF pulse wave forms. It was
confirmed that the 6-DOF reduced model represents impor-
tant characteristics of the pulse waveform as well as the
9-DOF model.

To further analyze the performance quantitatively, errors
between 9-DOF and human pulse and errors between the
reduced model 6-DOF and human pulse were analyzed,
respectively. In this analysis, the L? error, which represents
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the discrepancy between consecutive data points through
least-squares fitting of the pulse pressure waveforms, was
calculated. Additionally, the error in the clinically significant
radial augmentation index (AI) or the Al error was examined.

Here, the L? error, which represents the discrepancy
between consecutive data points through least-squares fitting
of the pulse pressure waveforms, was calculated. Addition-
ally, we considered the ratio of early to late systolic pulse
pressure, which is often referred to as the Augmentation
Index (AI) as described in equation(3). Both models can
capture two key aspects: 1) the temporal delay between first
and second peak, and 2) the ratio of early systolic pulse
pressure to late systolic pulse pressure (Al index). However,
in terms of absolute differences, the error of the 6-DOF model
is higher. This discrepancy arises from the elimination of
the pulse-broadening operator Ly, from the reduced 6-DOF
model. In a CAM system, waveforms can be easily recon-
structed by adjusting the phase and magnitude (wj, ;) of
the CAM. However, disregarding the Ly, operator results in
increased absolute errors. This reflects the trade-off between
control efficiency and accuracy. The results of this com-
parison are presented in Table 1. As shown in the table,
although the error increased, both the L2 error and Al error,
when analyzed by age, were found to be less than 10%. This
confirms that the 6-DOF reduced model remains within the
cumulative tolerance of the entire mechanoelectrical system.

TABLE 1. Errors of pulse pressure waveforms between human and
9-DOF / 6-DOF models for ages 15, 35, and 65 years.

Human vs 9-DOF Human vs 6-DOF

Age L? Error Al Error L? Error Al Error
15 5.88 % 597 % 9.52 % 7.04 %
35 4.56 % 0.45 % 7.56 % 1.94 %
65 343 % 1.53% 827 % 1.90 %

Ill. DESIGN AND FABRICATION OF THE PROPOSED
TRIPLE CAM SYSTEM

After validating the efficacy of the wave decomposition
model, this study aims to develop a pulse simulator capable of
consistently and repeatedly reproducing age-dependent pulse
waveforms. This will be achieved using a simple simulator
design based on practical pneumatic actuation. An overview
of the proposed simulator, referred to as the ‘Triple CAM
System’, is provided in Figure 3, which is based on a three-
dimensional (3-D) cam-follower mechanism. From the math-
ematical model, three base waveforms are derived, consisting
of one forward wave and two reflective waves, represented
in the rectangular coordinate system (pulse magnitude vs.
time). These waveforms are then converted into the polar
coordinate system, as shown in Figure 3(a). The curves in
the polar coordinate system represent forward, 1% reflected,
and 2" reflected waves for a range of age-dependent pulse
waveforms. To simultaneously and physically represent these
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waveforms, 3-Dimensional (3-D) cams were constructed so
that the contour of each cam represents a continuous variation
of the magnitude of pulse waves. In other words, the cam has
a continuously varying circular profile, and a cross-section of
the cam at a point along its longitudinal direction represents
a pulse wave.

More specifically, the shape of the 3D cam depicted in
Figure 3(b) is determined based on the 6-DOF model pro-
vided in equation (2). For instance, in the case of forward
waves, the peak points of the time series at 15, 35, 65, and
85, obtained from equation (2) and presented in Figure 3(a),
were connected using least square fitting to define the shape
of the 3D cam for forward waves [33]. Similarly, the 3D cams
for the first and second reflectors were also designed using the
same methodology, respectively.

Stacked in three layers, the rotational and translational
motions of 3-D cams can be controlled individually, allow-
ing the reconstruction of a desired pulse waveform. Further
details of cam design and fabrication can be found in
reference [33].

Figure 4 shows a constructed prototype of the triple cam
system along with its components. To generate a pulse pres-
sure wave, the diastolic blood pressure level was first adjusted
using the diastolic blood pressure control panel (marked as
@ in Figure 4). The CAM position control panel (labeled as
@ in Figure 4) can then be used to set the initial positions
for a desired age group’s pulse waveform by adjusting the
magnitude and phase delay of the CAMs responsible for the
forward, the first reflected, and the second reflected waves.
Each pneumatically operated pulse pressure waveform
generation module (®, @, @ in Figure 4) consists of (1) a
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3D CAM designed to mimic the shapes of the forward, first
reflected, and second reflected waves, (2) a high-speed step-
per motor (PKP546N28A2-TS20 (® in Figure 4)) capable
of rapidly rotating the CAM and precisely controlling the
rotation angle, and (3) a stepper motor (@ in Figure 4) that
controls the magnitude of the waveform. Once the initial
position is configured according to the age group using the
control panel, the CAM rotates to align with the phase delay
set by the optical encoder at the designated location. Subse-
quently, the CAM Follower Module (marked as ® in Figure 4)
moves along the linear motion guide to set the magnitude of
the CAM.

After the positions are set, the modules are activated to gen-
erate the pulse pressure waveform. During system operation,
each CAM rotates at high speed, causing the CAM Follower,
which is connected to the ultrasoft bellows module, to com-
press and extend the bellows in accordance with the contour
of the CAM. This action generates a pulse wave in the form of
air pressure. When each pulse pressure waveform generation
module produced compressed air, the waveforms, including
the forward, first reflected, and second reflected waves, were
consolidated into a complete Pulse Pressure Waveform by the
Wave Integration Mechanism through a single air tube. The
Pulse Pressure Waveform generated by the Wave Integration
Mechanism is output as a real-time pulse pressure waveform
display (marked as @ in Figure 4) through a small air pressure
sensor (Honeywell, 40PC006G, labeled as ® in Figure 4).
An artificial human hand (marked as @ in Figure 4) with
embedded an air pressure tube on the wrist is installed in the
system to allow users to feel pulse pressure through the wrist
of the hand assembly.
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IV. EXPERIMNETAL EVALUATION OF THE TRIPLE CAM
SYSTEM

A. EVALUATION OF REPRODUCED AGE-SPECIFIC
PRESSURE WAVEFORM

In this section, the performance of the triple-cam system in
reproducing human pulse pressure is described for a wide
range of age groups. By adjusting the stepping motors to
control the magnitude and phase of the CAMs, a triple-cam-
based pulse simulator produced pulse waveforms ranging in
age from 15 to 85 years. The phase and magnitude parameters
determined in Section II were substituted into the triple-
cam system. Once the triple-cam system generated artificial
waveforms for each age, the pulse pressure waveforms were
measured with a built-in pressure sensor (Figure 4). Then,
the measured waveforms were preprocessed using the method
of [34] with a reduced Fourier series function of dimension
less than 50 to eliminate spurious noise. Figure 5 shows a
comparison of the pulse pressure waveforms generated by
the triple-cam at age 15-85 (red) with the human pulse pres-
sure waveforms approximated by the 6-DOF model (black).
Overall, the reproduced pulse pressure waveforms had simi-
lar shapes to the desired human pulse pressure waveforms.
For example, the positions of the first and second peaks
coincided. In addition, clinically important Al index were
considered.

We quantitatively validated the reproduced waveforms in
terms of (relative) L? and Al errors, as shown in Table 2. The
L? errors and Al errors are less than 5.3 % and 4.3 %, respec-
tively. Indeed, in vivo systolic pulse pressure data obtained
from tonometric measurements in human subjects had an
average standard deviation of 11.7 % [20]. Thus, compared
with the variance of the in vivo data, the levels of L? and
Al errors are acceptable. Therefore, we can conclude that the
triple-cam system can reproduce human pulse pressure wave-
forms. It is noticeable that the L%error and Al error for age
85 are below 2.78 % and 0.21 %, respectively However, the
errors tended to increase as the age decreased to 15 years. This
appears to be because the contrast between the magnitudes of
early and systolic pressures tends to be high at an early age.

TABLE 2. Age-specific errors between the reproduced pulse pressure
waveforms generated by triple-cam system with the human pulse
pressure waveforms.

Age L? Error Al Error
15 523% 3.08 %
25 442 % 422 %
35 528 % 3.53%
45 3.59% 4.30 %
55 235% 297 %
65 3.79% 0.72 %
75 3.00 % 211 %
85 2.78 % 0.21 %
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Therefore, the delaying effects at the conjunction of tubes is
more pronounced in the younger age group.

B. REPRODUCTION OF PATIENT'S PRESSURE WAVEFORM
USING TRIPLE-CAM SYSTEM

To demonstrate the performance of the triple-cam system
to reproduce non-average (abnormal) human pulse-pressure
waveforms, we adopted the waveform of the so-called Pulsus
bisferiens (see black colored plots in Figure 6(b)), whose
main feature is the appearance of two (unusual) peaks sep-
arated by a mid-systolic drop [35]. The design of the cam
manipulation using the modified 6-DOF model and the
resulting reproduced waveforms are presented. To do this,
we developed a mathematical model for the waveforms of
patients by tuning the parameters (t1, 2, 13, w1, wa, w3) for
age 85 in equation (1), so that the desired modified model
has the following form as shown in equation (5):

Ppatiem () =Wllpl (t - ti) + W/2P2 (t - fé) + W/3P3 (t — té)
%)

To differentiate the parameters of equation (5) from those of
equation (2), new parameters #, and w; were introduced. #/
represents the time separated by Tpejqy from the reference
value 71. Since the starting value 7{ and the reference value
t1 are the same, t{ = 11. Here, we denote Tpeiay, (and Tpeiay,
respectively) as the delay between the 1st systolic pressure
and the 2nd systolic pressure (and the delay between the 1st
and the 3rd systolic pressure). Consequently, #, and 7} are
defined as 1) = 11 4 Tpeiay, and t; = t1 + Tpeiay, » respectively
(see Fig. 6(a)). In summary, the formulas related to time are
as follows.

/
n=n

/ s / s
L, ~n + TDelayl =1 + TDelayz

Now, we still need to determine the parameters w', w), and
wj. To express each peak magnitude of the separated blood
pressure waveform as a ratio to the peak magnitude of the first
forward waveform, an index called AR(Amplitude Ratio) was
introduced. Here, AR; was defined as wy/wi, and AR, was
defined as wz/wy (see Figure 6(a)). In summary, the formulas
related to magnitude are as follows.

wi=w

W/z ~ AR1wy W/3 ~ ARywq

We propose a modified 6-DOF mathematical model to gener-
ate the patient waveforms. By combining the approximation
for ¢’s and w}’s based on the Tpeay,’s and AR;’s (i= 1, 2),
we obtain the following approximation model:

Ppatient (1) ~ wi[P1 (t = 11) + ARy - P2(t = (11 + Tpeiay, )
+ ARy-P3 (t — (t 1+ TDelayz)] ©)

Figure 6(b) (black) shows the waveform of pulse bisferiens.
To implement the patient waveform with a simulator based on
the proposed 6-DOF mathematical model, the optimization
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FIGURE 6. Parameter setting of wave decomposition in pul
pulse-pressure waveforms: (a) Description of the paramete

se-pressure waveforms and generation of abnormal human
rs, Tpehyi and Al; in pulse wave decomposition,

(b) Comparison of Pulsus bisferiens waveform (black) and approximated waveform (red) by 6-DOF patient model,

(c) Comparison of pulse pressure waveform of Pulsus bisfe
the triple-cam system (red).

problem using equation (7) was defined. The optimization
problem entails finding w'; and t’; that minimize the differ-
ence between the target patient function and the reconstructed
function.

Find (Wi*s ti*) = argmin(w;,tl_/) / (Pé_DoF — Ppatiem) ds
T

N

Through the optimization analysis, the optimal parameters
that can minimize the error between Ps_por and Ppgiens Were
determined as follows.

Tpeiay, = 91.9 ms,  Tpeiay, = 280.6 ms,
AR =0.98, AR, =0.59.

Substituting the above parameters into (5), an approximate
waveform for the patient was obtained. Here, the parameters
were slightly adjusted by a post-processing procedure using a
line-search algorithm. The resulting approximate waveform
for Pulus bisferiens is plotted in Figure 6(b) (red). We see

VOLUME 12, 2024

riens (black) and the pulse pressure waveform generated by

that the 6-DOF based mathematical model can effectively
approximate a patient’s waveform.

By substituting the magnitude and delay parameters for
the stepping motors of the triple-cam system, we obtained
a triple-cam-generated waveform for Pulsus bisferiens (see
Figure 6(c)). Compared to the target waveform (black), the
reproduced waveform (red) is in overall agreement. In par-
ticular, the reproduced waveform shows a mid-systolic drop
between the two peaks (Figure 6(c), red). In addition, the
length of the delay between the Ist and 2nd systolic pres-
sures and the rate of these magnitudes almost match. The L?
errors were 9.43 % and the Al error was 1.17 %. Therefore,
the ability of the triple-cam system to reproduce the patient
waveforms was verified.

V. CONCLUSION

This study presents a novel method for accurately mimicking
radial artery pulse waveforms with reflected waves of fluidic
pressure caused by the elasticity of vascular tubes and the
resistance of their branches. By simulating the human cardio-
vascular system with the proposed device, we observed how
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the change in magnitude and phase delay between the forward
wave and the corresponding reflected waves affect the risk
factors for cardiovascular disease. One of the advantages of
the proposed CAM-system is its ability to capture alternations
in waveform morphology due to aging or disease. Aging or
disease often result in arterial stiffening, leading to a higher
Al index in the waveform. In Figure 2, we demonstrate the
system’s capability to increase the Al index due to aging.
Also, we consider a patient’s waveform having high Al
index, where the reconstructed waveform closely matches
(Figure 6). One potential extension of our study involves the
automatic determination of parameters in the 6-DOF model
through a supervised machine learning algorithm. By incor-
porating this machine learning algorithm, our CAM-system
can automatically generate desired waveforms by adjusting
weights and delay parameters in each CAM when provided
with the target waveforms. Recently, wearable devices in the
form of wristbands and watches have attracted much attention
in the digital health market to predict the risk of cardiovascu-
lar disease in daily life [36]. Standards for evaluating these
devices have been proposed; therefore, a high-performance
simulator is needed to accurately evaluate them [37]. Our sys-
tem has yet to investigate the physiological significance of the
modulation parameters we have developed to extend normal
pulses to abnormal or disease pulses. In future research, our
system will be used to accurately simulate essential predictive
indices, such as vascular stiffness, continuous blood pressure,
and irregular pulse rhythm. Furthermore, we aim for our
system to evolve into a more versatile device capable of
reproducing pulses indicative of certain medical conditions or
various human disease. It will have the capability to generate
pulses beyond the radial artery, including, the carotid artery,
abdominal aorta, and coronary artery.
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