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Abstract: Objective: Devices for cuffless blood pressure (BP) measurement have become increasingly
widespread in recent years. Non-invasive continuous BP monitor (BPM) devices can diagnose
potential hypertensive patients at an early stage; however, these cuffless BPMs require more reliable
pulse wave simulation equipment and verification methods. Therefore, we propose a device to
simulate human pulse wave signals that can test the accuracy of cuffless BPM devices using pulse
wave velocity (PWV). Methods: We design and develop a simulator capable of simulating human
pulse waves comprising an electromechanical system to simulate the circulatory system and an arm
model-embedded arterial phantom. These parts form a pulse wave simulator with hemodynamic
characteristics. We use a cuffless device for measuring local PWV as the device under test to measure
the PWV of the pulse wave simulator. We then use a hemodynamic model to fit the cuffless BPM
and pulse wave simulator results; this model can rapidly calibrate the cuffless BPM’s hemodynamic
measurement performance. Results: We first used multiple linear regression (MLR) to generate a
cuffless BPM calibration model and then investigated differences between the measured PWV with
and without MLR model calibration. The mean absolute error of the studied cuffless BPM without
the MLR model is 0.77 m/s, which improves to 0.06 m/s when using the model for calibration. The
measurement error of the cuffless BPM at BPs of 100-180 mmHg is 1.7-5.99 mmHg before calibration,
which decreases to 0.14-0.48 mmHg after calibration. Conclusion: This study proposes a design of a
pulse wave simulator based on hemodynamic characteristics and provides a standard performance
verification method for cuffless BPMs that requires only MLR modeling on the cuffless BPM and
pulse wave simulator. The pulse wave simulator proposed in this study can be used to quantitively
assess the performance of cuffless BPMs. The proposed pulse wave simulator is suitable for mass
production for the verification of cuffless BPMs. As cuffless BPMs become increasingly widespread,
this study can provide performance testing standards for cuffless devices.

Keywords: cuffless blood pressure; blood pressure monitoring; pulse wave velocity; multiple linear
regression; mean absolute error

1. Introduction

Hypertension is a chronic disease that does not pose any immediate danger to the pa-
tient; however, the presence of hypertension can lead to the development of many diseases.
Hypertension must be diagnosed based on a patient’s 24 h blood pressure (BP) change [1],
so a non-invasive electronic BP monitor (BPM) must be used that can continuously monitor
BP. This type of BPM is called an ambulatory BPM (ABPM). The ABPM measures BP by
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intermittently inflating a cuff and pressurizing the patient’s arm during diagnosis, often
every 30 min or hourly. However, this diagnostic method can affect the daily life of the
patient and may cause uncertainty in the measurement accuracy [2]. To improve the time
resolution and accuracy of ABPM measurement, cuffless BP monitoring technologies have
been proposed. Any BPM without an occluding cuff can be described as cuffless technol-
ogy [3]. Cuffless BPMs based on pulse arrival time (PAT) measure the propagation time of
the PAT through electrocardiography and photoplethysmography sensors [4]; regression is
then performed on the PAT and BP values measured using a reference sphygmomanometer
to obtain a correction coefficient [5]. However, some studies have observed that the PAT
will be affected by the pre-ejection period [6,7], making PAT an inaccurate estimate of BP.
Therefore, in recent years, studies of cuffless technology have begun to use other technical
solutions. One is to measure the time difference generated by the pulse waves at two differ-
ent positions on the local artery. This time difference is called the local pulse transit time
(PTT). The pulse wave is caused by the heart’s pressure, which causes the arterial wall
to expand acutely. Therefore, measurements of an arterial segment’s PTT can be used to
estimate the artery’s BP [8]. Current sensors used to measure PTT include piezoelectric
material-based pulse wave sensors [9]. In this approach, high-sensitivity sensors based on
elastomer-based strain gauges are placed on the subjects’ skin [10]. The arterial pulsometer
is made using micro-electromechanical systems technology and pressure pulse wave sen-
sors made from piezoresistive elements [11]. These compact sensors can be integrated into
wearable devices to locally measure the subject’s arteries, such as the carotid artery or the
wrist’s radial artery, from which PTT can be easily measured. The BP estimation principle
using PTT measurement technology involves converting the PTT into pulse wave velocity
(PWYV) based on the distance between two sensors at different positions and then using
hemodynamics to correlate the PWV with BP.

However, current PTT-based cuffless BPMs require effective and reliable verification
methods for industrial production that can ensure the measurement consistency of each
cuffless BPM [12]. Traditional BPMs use an oscillometric method based on the cuff’s air
pressure change. Factory calibration of this type of equipment can be performed using an
air pressure simulator to simulate a range of BP and pulse rate values to ensure consistency
throughout the mass production process. This approach is also the standard safety testing
and performance verification method adopted by regulatory agencies worldwide [13].
Compared with air pressure simulators used for traditional BPMs, simulators for cuffless
BPMs are relatively challenging to design for two reasons. First, there is currently no general
measurement technology and method for cuffless BPMs, leading to differences in validation
methods for cuffless BPMs due to measurement technology differences. Second, simulators
based on the hemodynamic BP estimation method must consider more parameters than
traditional BPM air pressure simulators, including the tube diameter, tube wall, fluid
density, and pressure generated by the water pump [14,15]. Therefore, in this study, we
propose a design for a cuffless BPM simulator for local PTT and demonstrate a method to
calibrate the deviation of the BP curve measured by the cuffless BPM. This method can
be used to quantify the deviation of the same type of cuffless BPM and rapidly calibrate
this equipment.

Our Contribution

This study suggests a method to develop a pulse wave simulator capable of simulating
the human cardiovascular system in vitro including complex hemodynamic phenomena.
In addition, we design a cuffless BPM for local PTT measurement, which is used to measure
the pulse wave simulator’s PWV. Based on the principle of hemodynamics, we discuss
the simulated pulse waves generated in this research; this information is then used in the
calibration method for the cuffless BPM. This paper’s primary contribution is to show how
a pulse wave simulator can be used to efficiently correct the bias of BP measurements from
a cuffless BPM.
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2. Materials and Methods

In this study, a pulse wave simulator is designed that can be used to verify cuffless
BPMs using local PWV. This pulse wave simulator must be able to simulate the characteris-
tics of hemodynamics, including simulating the ejection of blood from the heart and the
circulation of blood through the arteries. In addition, the arteries’ mechanical properties
must be able to transmit the pulse wave’s properties [16]. Therefore, a range of technical
details should be considered in the design of the pulse wave simulator, including the elec-
tromechanical system used to simulate the regular heart rhythm. In the proposed design,
the arm’s skin tissue phantom uses silicone rubber. Silicone rubber tubing has similar
properties to the radial arteries and is thus used as an arterial phantom for fluid circulation
in the pulse wave simulator. An expanded polyethylene foam (EPE) adult arm-size model
is constructed, and the arterial phantom is embedded into the model, with a skin phantom
then used to cover the resulting arm model.

2.1. Design of Hemodynamic Simulator

The pulse wave simulator designed in this study simulates cardiovascular circulation
in vitro. The design uses elastic tubes embedded in a pulse simulator model to simulate
the physiological phenomenon of pulse wave transit during human circulation [17]. The
physiological principle of diastolic blood pressure (DBP) is determined by peripheral
vascular resistance; in contrast, systolic blood pressure (SBP) is directly determined by left
ventricular ejection, arterial stiffness, and pulse wave reflection.

2.2. System Architecture of Hemodynamic Simulator

Figure 1 shows the system diagram for the pulse wave simulator proposed in this study.
The water reservoir stores the water in a simulated circulatory system. An inflatable bulb
pump and aneroid sphygmomanometer (Yuyue Medical, Jiangsu, China) are connected to
the water reservoir. The inflatable bulb pump is used to adjust the base pressure (Py) of the
pulse wave simulation system. The aneroid gauge can then be used to confirm whether
the basic pressure of the simulator has reached the target value. An electric pump (JT-750,
Jovtop Electronics Co., Quanzhou, China) is used as the heart in the simulator, pumping the
water through the elastic tube that forms the simulated circulatory system. The pressure of
the water increases after passing through the electric pump. The electric pump makes a
pressure change, referred to as the pulse pressure (PP), where the peak pressure is the SBP.
If the frequency of the electric pump is set to 1 Hz, a heart rhythm of 60 beats per minute
can be simulated. A pressure sensor (MPS-3117, Metrodyne Microsystem Crop., Hsinchu,
Taiwan) is used to monitor the simulator’s pressure change signal. This signal is similar
to the invasive arterial BP waveform. Continuous monitoring of this signal can confirm
the simulator’s SBP, DBP, and mean arterial pressure (MAP). Before using the simulator,
regression calibration must be performed on the pressure sensor and aneroid gauge.

Figure 2 shows our designed pulse wave simulator. Figure 2a shows an adult-size arm
model (NM2255, Kangway Medical Co., Shanghai, China) that can wear the cuffless BPM
for testing. In this design, the elastic tube is embedded in the arm model at a depth of 3 mm.
The elastic tube is made of silicone rubber (Silicone Rubber #3428, Emperor Chemical Co.,
Taipei, Taiwan), and the Shore hardness of the silicon rubber is 28 A, with an inner diameter
of 4 mm and a wall thickness of 1 mm. The tube’s properties will affect the backward
wave’s reflection delay, such as length, diameter, and wall thickness [18,19]. Moreover,
since arterial bifurcation, plaques, and terminal arterioles will affect the reflected wave, the
reaction force generates a wave [20]. This wave will move backward (or centrifugally) with
the same velocity, and the transverse displacement of the centripetal wave is reversed or
180°. Then, the position of the cuffless BPM set in this simulator also affects the delay of the
measured reflection wave. In this study, we placed the cuffless BPM at 2 cm before the tube
turn, similar to placing the device at 2 cm above the styloid process when testing the wrist
of a real person [21]. Figure 2b shows the system’s aneroid gauge. When using the inflatable
bulb pump shown in Figure 2d to set the base pressure, the pressure value displayed on
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the aneroid gauge can be used to confirm the current pressure of the simulator. Figure 2c
shows the printed circuit board (PCB) of the simulator’s control system, the electric pump,
and the water reservoir. The elastic tube embedded in the arm model must be connected to
the electric pump and water reservoir to form a simulated circulatory system; this elastic
tube must also be connected to the system’s pressure sensor. The connection between the
pressure sensor and the elastic tube must form a barrier to water and air; this is achieved
using fluoroplastic porous film (ST2026AN06A1, Nitto Denko Co., Osaka, Japan). The level
of all the components that comprise the pulse wave simulator must be within 10 cm of the
elevation of the water surface in the water reservoir to avoid hydrostatic effects that would
cause the pressure in the elastic tube to differ from that of the pressure sensor [22,23].
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Figure 1. System architecture diagram of the pulse wave simulator.

Figure 2. Implementation of the proposed pulse wave simulator. (a) An adult-size arm model wears
the cuffless BPM for testing; (b) The system’s aneroid gauge; (c) The printed circuit board (PCB) of the
simulator’s control system, the electric pump, and the water reservoir; (d) The setting a base pressure.

Figure 3 shows the control system combining the simulator’s electric pump and
water reservoir. The electric pump in Figure 3a is used to pump water into the simulated
circulatory system to simulate the action of the heart. Note that the inlet is configured to
suck water from the reservoir into the pump, while the outlet discharges water to the elastic



Micromachines 2023, 14, 1218

5o0f 14

tube embedded in the arm model, which then returns to the reservoir after circulation.
Figure 3b shows the control system’s PCB. The main components of the PCB include a
pressure sensor and motor driver (RZ7899, Smart Microelectronics Co., Wuxi, China) to
control the electric pump and microcontroller (STM32F030F4P6, STMicroelectronics Inc.,
Geneva, Switzerland). This PCB can adjust the pulse wave signal period according to a
specified heart rate and pulse wave magnitude and correspondingly change the pulse-
width modulation (PWM) signal output to the motor driver. Figure 3c shows the water
reservoir used to store water in the simulated circulation system. It should be noted that
the water reservoir requires O-ring seals to maintain the base pressure of the pulse wave
simulation system.

Figure 3. The control system and water reservoir. (a) The electric pump; (b) The control system’s
PCB; (c) the water reservoir used to store water in the simulated circulation system.

2.3. Characteristic of Hemodynamic Simulator

Based on the system design of our simulator, the corresponding pressure signal
waveform of the pulse wave simulator is shown in Figure 4. When the electric pump
pumps water into the elastic tube, the pressure in the tube will increase, and the pressure
waveform will generate a peak. This peak value represents the SBP, while the trough when
the pressure decreases to its minimum represents the DBP. The difference between the SBP
and DBP is the PP, as shown in Equation (1). The PP is caused by the difference in the
pulse magnitude of the electric pump pumping water into the elastic tube caused by the
different PWM duty cycles. The MAP is approximately equal to the sum of 1/3 of the SBP
and 2/3 of the DBP, as shown in Equation (2) [24]. However, for ease of calculation, we
use the pressure sensor’s root-mean-square (RMS) value per second as the reference MAP
value during the experiment.

PP = SBP — DBP 1)
MAP ~ S%PjLZ'EBP @)

When the electric pump of the pulse wave simulator pumps water into the elastic tube,
different PP and SBP values can be achieved based on the different PWM duty cycles, as
shown in Figure 5. When the power of the electric pump increases, the PP and SBP also
increase, while the DBP remains close to the base pressure value set point. Since the pressure
change of the pulse wave simulator is based on the PP generated by the electric pump,
the MAP values are also affected; thus, the duty cycle of the PWM is positively correlated
with PP, SBP, and MAP. In addition, if used to verify the BP validation ranges required by
ANSI/ AAMI/ISO 81060-2 standards, the range of SBP is 100 mmHg to 160 mmHg, and the
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range of DBP is 60 mmHg to 100 mmHg [25,26]. The pulse wave simulator proposed in
this study can control the simulated pressure range by adjusting the base pressure and the
electric pump’s power.
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Figure 4. Plot showing the simulated blood pressure (BP) inside an arterial phantom.
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Figure 5. Plot illustrating the BP components at different duty cycle set points.

Based on the hemodynamic principle [27], in cuffless BPM research, equations can be
used such as the Bramwell-Hill (BH) equation in Equation (3) and the Moens—Korteweg
(MK) equation in Equations (4) and (5) [28]. The modified BH model can be expressed as a
function of AP relative to the change in arterial cross-sectional area, where AP is the PP, V
is the initial volume, AV is the volume change, and p is the blood density, where the whole
blood density of 1.06 g/mL is typically used [29]. Given the solution used in this study, the
density of water was instead used, and the BH model is derived from the MK equation. In
the MK equation, D is the diameter of the arterial phantom, h is the wall thickness of the
arterial phantom, and p is the density of the water used in the simulator. E is the Young’s
modulus value of the arterial phantom [30], EO is the elastic modulus at zero pressure, and
7 is the coefficient depending on the particular vessel of the Young’s modulus parameter.
The average values obtained in previous studies’ trials performed on the brachial artery
were 1428.7 and 0.031 for these two parameters, respectively [31,32]. P is the pressure inside
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the arterial phantom, which is close to the MAP [33]. Therefore, based on the MK equation,
in theory, the proposed simulator can simulate the PWV range shown in Figure 6 given
that the electric pump’s different PWM duty cycles can control the PWV levels, and the
PWYV changes are a non-linear function based on the hemodynamic principle.

V.dP
PWV =,/ —— 3
o dv @)
E-h
PWV =,/ — 4
D . p ( )
_ v-P
E=Ep-exp )
©
; 3
Moens-Korteweg equation 10 =
220 A .
200 s %k
simulated range ———
180 A Femmmm—————— - Y s
1 1 2
2 160 A ! !
E 1 1 £
£ 1 1 = e 2
140 A 1 1 104 X (o]
| [ o s
1209 | : L )
I o o o o ot i J 2 1. 150 175 200
100 A -
80 -
T T T T T M Ul
3 4 5 6 7 Q
Pulse Wave Velocity(m/s) |

Figure 6. The MK equation curve mapped to different duty cycles.

2.4. Experiment Setup of Validation for Pulse Wave Velocity

In this study, we use a cuffless BPM (Accurate 24 BPM, Accurate Meditech Inc., New
Taipei, Taiwan) based on local PWV measurement as the device under test (DUT) [34] with
our proposed pulse wave simulator. As shown in Figure 7, the pulse wave simulator must
be started first, and the position of the elastic tube embedded in the arm phantom must be
confirmed through palpation. After the position of the arterial phantom is confirmed, the
cuffless BPM is worn on the arm model. The cuffless BPM, as the DUT, has two piezoelectric
ceramic pulse wave sensors, as shown in Figure 8. The microprocessor samples the pulse
wave signal of the DUT’s sensor through the analog front-end. The cut-off frequencies
of the high-pass and low-pass filters of the analog front-end of the DUT are 0.6 Hz to
10.6 Hz, respectively. After sampling the sensor’s analog signal into a digital signal, the
finite impulse response filter is used for the pulse wave’s digital signal filtering, and the
cut-off frequency of the digital filter is 0.7 Hz to 9.5 Hz, respectively [35]. After signal
processing, the dynamic feature detection algorithm in our previous research can effectively
detect the first peak of the pulse wave [36]. The gradient of the second peak caused by the
reflected wave is smaller than that of the first, so our algorithm will not detect it. The PTT
can be calculated by the time difference between the peaks detected by the two sensors. At
a sampling rate of 5 kHz, the PTT measurement resolution can reach £0.2 ms. The PTT
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can be converted to PWV using Equation (6), where the sensor distance (L) of the DUT is
4 cm. Based on the theory of the MK equation, the range of PWV and PTT values that the
pulse wave simulator can produce are shown in Figure 9, and the theoretical range that can
be measured by the DUT lies within the red dashed rectangle. It should be noted that the
PWYV and PTT are inversely related. In the experimental results, this study uses the PWV
as a parameter to measure the performance of the pulse wave simulator by the DUT.

L
PWV = — 6
PTT ©)
4 ¢ P2
2500 1 oY v peak
. ® A trough
. — P
2000 first peak k pesk
8 second peak ¥ frough
< 15001 )
a H
N -
~
1000 v
500 ﬁ
g J _—

8.8 9.2 9.6 10.0 10.4 10.8 11.2 11.6

Pulse—p-

Figure 7. The cuffless BPM used to measure the pulse wave simulator.
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Figure 8. The analog front-end block diagram of the pulse wave sensor.
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Figure 9. The ranges of PWV and PTT mapped to simulated BP.

3. Results and Discussion
3.1. Experiment Analysis

Before the cuffless BPM is investigated as a DUT, we must first model the PWV of
the pulse wave simulator. Based on the MK equation, the relationship between PWV
and BP is a nonlinear function. However, in practice, the hemodynamic characteristic
curve of the pulse wave simulator does not conform to theoretical predictions, hence,
the reference equipment must be used for calibration. The reference equipment for the
calibration model can be the same type of cuffless BPM or a similar sensor. This study
uses a piezoelectric sensor (HK1205, Huake Electronic Co., Hefei, China) with the same
sensing principles as the cuffless BPM (i.e., the DUT) for local PWV measurement, and
the measured PWYV is used as a pre-calibration reference value. As shown in Figure 10,
there is a bias between the reference PWV values and the theoretical values estimated by
the MK equation. Traditionally, a multi-parameter calibration function can be established
through an MLR model [37], and multiple variables can establish a mapping function that
maps the PWV measured by cuffless BPM to the MK equation [38—40]. The MLR model for
calibration is shown in Equation (7), where PWV . is the reference value of PWYV, P is
the pressure value measured by the pressure sensor of the pulse wave simulator, (3 is the
intercept term, and (31 and {3, are coefficient terms. After calibration using the MLR, the
PWYV reference values can be effectively mapped to BP using the MK equation. We hence
use the MLR model to calibrate the cuffless BPM DUT values.

¢ =B+ (B Prer + B2 - PWVie) (7)
Moens-Korteweg Model

3.0 1 ==~ REF-PWV without MLR
. —— REF-PWV with MLR
wv
S
:_,;‘ 2.5 1 )
g //
() /
> t
v 2.0 1 ; b3
> .
© 1
= i
? i
= 151 :
Q. -

1.04 __---="""

120 130 140 150 160 170 180

mmHg

Figure 10. The calibrated PWV measurements using the MLR model.
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We then used the cuffless BPM as the DUT to measure the pulse wave simulator,
with the simulator set to 75 beats per minute, corresponding to a simulated pulse wave
frequency of 1.25 Hz. We placed the DUT in the pulse wave simulator and adjusted the duty
cycles to simulate BP changes. Nine different simulated BP set points were investigated,
with a measurement time of 60 s for each set point; thus, the sampled data for each set
point contain 75 PWV values. In the experiment, we divided the DUT measurements into
PWYV values obtained by direct measurement and calibrated PWV values after applying the
MLR model calibration. As shown in Figure 11, the PWV data sampled at each set point
are presented in the form of a box plot. In the data without MLR model calibration, the
mean absolute error (MAE) of the PWYV for the theoretical values derived using the MK
model is 0.77 m/s; in contrast, using the MLR model to calibrate the DUT measurements
significantly improved the MAE to 0.06 m/s. After calculating the median PWV sampled
at each set point in the two measurement experiments, we used Bland—Altman plots to
compare the model results. The standard deviation values of the experiments without MLR
model calibration (Figure 12) and those calibrated with the MLR model (Figure 13) were
£0.11 mmHg and £0.06 mmHg, respectively. Thus, using the MLR model to calibrate
the data obtained from the cuffless BPM in this study does not adversely affect the PWV
sampling [41]. A significant difference is recorded in terms of the mean PWV measurement
accuracy, with mean differences of 0.78 mmHg and —0.05 mmHg, respectively, recorded
for the measurements without and with MLR model correction. In the BP value range
of 100-180 mmHg, the observed PWV measurement deviations will cause measurement
errors of 1.7-5.99 mmHg before calibration and 0.14-0.48 mmHg after calibration using the
MLR model. The measurement errors using the MK model will have a greater impact on
the BP accuracy when the PWV is slower.

3.5
Moens-Korteweg Model I

—— DUT-PWV with MLR (MAE = 0.06 m/s) h—r
—— DUT-PWV without MLR (MAE = 0.77 m/s)

N
*\HX

Pulse Wave Velocity(m/s)
= N
w o
A

=
o
1
]

o
w
1

129.0 138.0 146.0 155.0 164.0 168.0 174.0
mmHg

Figure 11. PWV measurement results for the DUT before and after calibration using MLR.

Based on our proposed calibration method and experimental results, the MLR model
can effectively be mapped to the theoretical curve derived from the MK model of the pulse
wave simulator. This calibration can then be used to validate mass-produced cuffless BPM
devices to quantitative standards. Since the MLR model will map the measured values
of the cuffless BPM to the theoretical values of the MK model, if the biases of the values
measured by the cuffless BPM are significantly different from the MK model, the sensor’s
measurement performance can be identified as inconsistent with other normal cuffless
BPMs. Therefore, the pulse wave simulator and MLR model calibration method proposed
in this study can rapidly validate cuffless BPMs and quantify the bias values for further
performance fine-tuning.
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3.2. Limitations and Future Works

The pulse wave simulator designed in this study has two key aspects that could
be investigated in future studies. The first is the arterial phantom used in this work;
human tissue may have different Young’s modulus characteristics. For example, the size,
stiffness, and placement of setting the simulated artery tube may affect the Young’s modulus
characteristics. Therefore, the curve of the MK model we calculated using the parameters of
previous studies may deviate from the actual measurement [42,43], and further calibration
may be required before measurement. However, even if the materials studied have similar
mechanical properties to human arterial tissue, the MK model characteristics of the pulse
wave simulator may differ from the theoretical model, which should be investigated in
further experiments in the future. The second aspect to consider is our pulse wave simulator,
which simulates the hemodynamic characteristics of the pulse wave. This means that the
pulse wave simulator we proposed can only be used for cuffless BPM devices based on
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mechanical sensing. The performance of other cuffless BPMs that use different sensing
technology cannot be validated in this simulator. For example, to validate cuffless BPM
based on dual PPG [44], the pulse wave simulator must also be able to simulate the optical
properties of tissues, which would need to be reflected by the optical properties of the
skin phantom and arterial phantom, and artificial blood would need to be used as the
fluid in the simulator’s circulatory system. In the future, based on further research into
these two issues, the proposed pulse wave simulator based on hemodynamics could be
further developed to test the performance of more cuffless BPMs with different technical
characteristics. The pulse wave simulator proposed in this study is currently used for
cuffless BPM based on local PWV with the sensing principle of mechanical waves, which
provides a validation method for the local PWV performance of the cuffless BPM.

4. Conclusions

In this study, a pulse wave simulator with hemodynamic properties is proposed. This
pulse wave simulator has a similar design to the human arm and can simulate the pulse
using a radial artery phantom. For most cuffless BPMs based on hemodynamics, the
measurement accuracy of PWV will affect the estimation of MAP, SBP, and DBP. Therefore,
cuffless BPM must calibrate PWV (or PTT) before BP estimation. We also design a method
to calibrate and quantify the performance of cuffless BPMs for local PWV measurements.
Using the MLR model, we can effectively map the PWV generated by the pulse wave simu-
lator and the MK model to objectively evaluate quantitative values for the cuffless BPM as
a DUT. The measurement error before calibration for the studied system is 1.7-5.99 mmHg.
However, after calibration using the MLR model, the measurement error decreases to
0.14-0.48 mmHg; thus, this method can effectively make the cuffless BPM’s measured
performance closer to the MK model’s theoretical values. In the future, using our proposed
pulse wave simulator with hemodynamic characteristics and MLR calibration, many rapid,
quantitative tests can be performed in an industrial production context on cuffless BPMs to
identify inaccuracies. Given the forecasted great demand for cuffless BPM technology in
home care devices in the future, this study provides a cuffless BPM verification method
to ensure reliable measurement performance, thus ensuring consistent performance when
used by patients and reducing the risk of device recalls by regulatory agencies.

Author Contributions: C.-Y.G., ].-W.P,, L.-C.C. and T.-L.H. jointly wrote and revised the paper. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by Accurate Meditech Inc. We would like to thank
Accurate Meditech Inc. for supporting this study.

Conflicts of Interest: The authors declare no conflict of interest.

1. Staessen, J.A.; Asmar, R.; De Buyzere, M.; Imai, Y.; Parati, G.; Shimada, K,; Stergiou, G.; Redén, J.; Verdecchia, P. Participants of
the 2001 Consensus Conference on Ambulatory Blood Pressure Monitoring: Task Force II: Blood pressure measurement and
cardiovascular outcome. Blood Press. Monit. 2001, 6, 355-370. [CrossRef] [PubMed]

2. Lee, S.; Dajani, H.R.; Rajan, S.; Lee, G.; Groza, V.Z. Uncertainty in blood pressure measurement estimated using ensemble-based
recursive methodology. Sensors 2020, 20, 2108. [CrossRef]

3. Islam, S.M.S.; Chow, C.K.; Daryabeygikhotbehsara, R.; Subedi, N.; Rawstorn, J.; Tegegne, T.; Karmakar, C.; Siddiqui, M.U.;
Lambert, G.; Maddison, R. Wearable cuffless blood pressure monitoring devices: A systematic review and meta-analysis. Eur.
Heart J. 2022, 3, 323-337. [CrossRef]


https://doi.org/10.1097/00126097-200112000-00016
https://www.ncbi.nlm.nih.gov/pubmed/12055415
https://doi.org/10.3390/s20072108
https://doi.org/10.1093/ehjdh/ztac021

Micromachines 2023, 14, 1218 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Starzak, M.; Stanek, A.; Jakubiak, G K.; Cholewka, A.; Ciedlar, G. Arterial Stiffness Assessment by Pulse Wave Velocity in Patients
with Metabolic Syndrome and Its Components: Is It a Useful Tool in Clinical Practice? Int. ]. Environ. Res. Public Health 2022,
19, 10368. [CrossRef]

Steptoe, A.; Smulyan, H.; Gribbin, B. Pulse wave velocity and blood pressure change: Calibration and applications. Psychophysiol-
ogy 1976, 13, 488-493. [CrossRef]

Muehlsteff, J.; Aubert, X.L.; Schuett, M. Cuffless estimation of systolic blood pressure for short effort bicycle tests: The prominent
role of the pre-ejection period. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2006, 2006, 5088-5092.

Martin, S.L.O.; Carek, A.M.; Kim, C.S.; Ashouri, H.; Inan, O.T.; Hahn, ].O.; Mukkamala, R. Weighing scale-based pulse transit
time is a superior marker of blood pressure than conventional pulse arrival time. Sci. Rep. 2016, 6, 39273. [CrossRef] [PubMed]
Mukkamala, R.; Hahn, J.O.; Inan, O.T.; Mestha, L.K,; Kim, C.S.; Téreyin, H.; Kyal, S. Toward ubiquitous blood pressure monitoring
via pulse transit time: Theory and practice. IEEE. Trans. Biomed. Eng. 2015, 62, 1879-1901. [CrossRef]

Almeida, V.G; Pereira, H.C.; Pereira, T.; Figueiras, E.; Borges, E.; Cardoso, ].M.R.; Correia, C. Piezoelectric probe for pressure
waveform estimation in flexible tubes and its application to the cardiovascular system. Sens. Actuator A-Phys. 2011, 169, 217-226.
[CrossRef]

Lu, N,; Lu, C; Yang, S.; Rogers, J. Highly sensitive skin-mountable strain gauges based entirely on elastomers. Adv. Funct. Mater.
2012, 22, 4044-4050. [CrossRef]

Bae, J.H.; Jeon, Y.J.; Kim, ].Y.; Kim, J.U. New assessment model of pulse depth based on sensor displacement in pulse diagnostic
devices. Evid. Based Complement. Altern. Med. 2013, 2013, 938641. [CrossRef]

Fuiano, E,; Scorza, A.; Sciuto, S.A. Functional and Metrological Issues in Arterial Simulators for Biomedical Testing Applications:
A Review. Metrology 2022, 2, 360-386. [CrossRef]

Tamang, S.; Gurung, M.S.; Lhaden, T.; Penjore, T.; Tenzin, K. How reliable are the current Blood Pressure Measuring devices in
Health Facilities of Bhutan? Bhutan Health J. 2020, 6, 11-17. [CrossRef]

Yang, T.H.; Kim, ].U.; Kim, Y.M.; Koo, ].H.; Woo, S.Y. A new blood pulsation simulator platform incorporating cardiovascular
physiology for evaluating radial pulse waveform. J. Healthc. Eng. 2019, 2019, 4938063. [CrossRef] [PubMed]

Ma, Y.; Choi, J.; Hourlier-Fargette, A.; Xue, Y.; Chung, H.U,; Lee, ].Y.; Huang, Y. Relation between blood pressure and pulse wave
velocity for human arteries. Proc. Natl. Acad. Sci. USA 2018, 115, 11144-11149. [CrossRef]

Carreta, R. McDonald’s Blood Flow in Arteries: Theoretical, Experimental and Clinical Principles. |. Hypertens. 1998, 13, 553.
[CrossRef]

Fuiano, F; Fiori, G.; Vurchio, F,; Scorza, A.; Sciuto, S.A. Transit Time Measurement of a Pressure Wave through an elastic tube
based on LVDT sensors. In Proceedings of the 24th IMEKO TC4 International Symposium, Palermo, Italy, 6 February 2020;
pp. 321-326.

Zannoli, R.; Corazza, I.; Branzi, A. Mechanical simulator of the cardiovascular system. Phys. Med. 2009, 25, 94-100. [CrossRef]
Benbrahim, A.; Gilbert, ].L.; Milinazzo, B.B.; Warnock, D.F.; Dhara, S.; Gertler, J.P.; Abbott, WM. A compliant tubular device to
study the influences of wall strain and fluid shear stress on cells of the vascular wall. J. Vasc. Surg. 1994, 20, 184-194. [CrossRef]
Hao, L.; Zhang, Q.; Chen, X.; Yao, Y.; Xu, L. Feasibility of waveform separation of central aortic pressure pulse based on lognormal
flow wave approximation. Biomed. Signal Process. Control 2022, 77, 103784. [CrossRef]

Domagata, Z.; Grzelak, J.; Pospiech, N.; Hunter, N.; Klekowski, J.; Lach, A.; Trzaska, M. Ultrasound evaluation of the radial artery
in young adults—A pilot study. Ann. Anat. 2021, 238, 151763. [CrossRef]

Pickering, T.G.; Hall, J.E.; Appel, L.J.; Falkner, B.E.; Graves, J.; Hill, M.N.; Jones, D.W.; Kurtz, T.; Sheps, S.G.; Roccella, E.J.
Recommendations for blood pressure measurement in humans and experimental animals: Part 1: Blood pressure measurement
in humans: A statement for professionals from the Subcommittee of Professional and Public Education of the American Heart
Association Council on High Blood Pressure Research. Hypertension 2005, 45, 142-161.

Mitchell, P.L.; Parlin, R.W.; Blackburn, H. Effect of vertical displacement of the arm on indirect blood-pressure measurement.
N. Engl. ]. Med. 1964, 271, 72-74. [CrossRef]

DeMers, D.; Wachs, D. Physiology, Mean Arterial Pressure; StatPearls: Tampa, FL, USA, 2021.

Vybornova, A.; Polychronopoulou, E.; Wurzner-Ghajarzadeh, A.; Fallet, S.; Sola, J.; Wuerzner, G. Blood pressure from the optical
Aktiia Bracelet: A 1-month validation study using an extended ISO81060-2 protocol adapted for a cuffless wrist device. Blood
Press. Monit. 2021, 26, 305. [CrossRef]

ISO 81060-2:2018; Instrumentation, A. Non-Invasive Sphygmomanometers—Part 2: Clinical Validation of Automated Measure-
ment Type. ISO: Geneva, Switzerland, 2018.

Hu, J.R,; Martin, G.; Iyengar, S.; Kovell, L.C.; Plante, T.B.; Helmond, N.V.; Dart, R.A.; Brady, T.M.; Turkson-Ocran, R.N;
Juraschek, S.P. Validating cuffless continuous blood pressure monitoring devices. Cardiovasc. Digit. Health J. 2023, 4, 9-20.
[CrossRef] [PubMed]

Shao, J.; Shi, P; Hu, S.; Yu, H. A revised point-to-point calibration approach with adaptive errors correction to weaken initial
sensitivity of cuff-less blood pressure estimation. Sensors 2020, 20, 2205. [PubMed]

Grumann, M.; Steigert, J.; Riegger, L.; Moser, L.; Enderle, B.; Riebeseel, K.; Ducrée, ].].B.M. Sensitivity enhancement for colorimetric
glucose assays on whole blood by on-chip beam-guidance. Biomed. Microdevices 2006, 8, 209-214. [CrossRef]

Samimi, H.; Dajani, H.R. Cuffless Blood Pressure Estimation Using Calibrated Cardiovascular Dynamics in the Photoplethysmo-
gram. Bioengineering 2022, 9, 446. [CrossRef] [PubMed]


https://doi.org/10.3390/ijerph191610368
https://doi.org/10.1111/j.1469-8986.1976.tb00866.x
https://doi.org/10.1038/srep39273
https://www.ncbi.nlm.nih.gov/pubmed/27976741
https://doi.org/10.1109/TBME.2015.2441951
https://doi.org/10.1016/j.sna.2011.04.048
https://doi.org/10.1002/adfm.201200498
https://doi.org/10.1155/2013/938641
https://doi.org/10.3390/metrology2030022
https://doi.org/10.47811/bhj.94
https://doi.org/10.1155/2019/4938063
https://www.ncbi.nlm.nih.gov/pubmed/30886685
https://doi.org/10.1073/pnas.1814392115
https://doi.org/10.1097/00004872-199816040-00020
https://doi.org/10.1016/j.ejmp.2008.02.007
https://doi.org/10.1016/0741-5214(94)90005-1
https://doi.org/10.1016/j.bspc.2022.103784
https://doi.org/10.1016/j.aanat.2021.151763
https://doi.org/10.1056/NEJM196407092710204
https://doi.org/10.1097/MBP.0000000000000531
https://doi.org/10.1016/j.cvdhj.2023.01.001
https://www.ncbi.nlm.nih.gov/pubmed/36865583
https://www.ncbi.nlm.nih.gov/pubmed/32295090
https://doi.org/10.1007/s10544-006-8172-x
https://doi.org/10.3390/bioengineering9090446
https://www.ncbi.nlm.nih.gov/pubmed/36134991

Micromachines 2023, 14, 1218 14 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Bank, A.J.; Wilson, R.F,; Kubo, S.H.; Holte, ].E.; Dresing, T.].; Wang, H. Direct effects of smooth muscle relaxation and contraction
on in vivo human brachial artery elastic properties. Circ. Res. 1995, 77, 1008-1016. [CrossRef]

Kao, YH.; Tu, T.Y;; Chao, P.C.P; Lee, Y.P,; Wey, C.L. Optimizing a new cuffless blood pressure sensor via a solid-fluid-electric
finite element model with consideration of varied mis-positionings. Microsyst. Technol. 2016, 22, 1437-1447. [CrossRef]

Proenga, J.; Muehlsteff, J.; Aubert, X.; Carvalho, P. Is pulse transit time a good indicator of blood pressure changes during short
physical exercise in a young population? In Proceedings of the 2010 Annual International Conference of the IEEE Engineering in
Medicine and Biology, Buenos Aires, Argentina, 31 August—4 September 2010; pp. 598-601.

Guo, C.Y,; Huang, C.H.; Chang, C.C.; Wang, K.J.; Hsieh, T.L. Combining Local PWV and Quantified Arterial Changes for
Calibration-Free Cuffless Blood Pressure Estimation: A Clinical Validation. IEEE Sens. J. 2022, 23, 658-668. [CrossRef]

Guo, C.Y,; Chang, H.C.; Wang, K.J.; Hsieh, T.L. An Arterial Compliance Sensor for Cuffless Blood Pressure Estimation Based on
Piezoelectric and Optical Signals. Micromachines 2022, 13, 1327. [CrossRef] [PubMed]

Guo, C.Y,; Chang, C.C.; Wang, K.J.; Hsieh, T.L. Assessment of a calibration-free method of cuffless blood pressure measurement:
A pilot study. IEEE |. Transl. Eng. Health Med. 2022, 99, 2168-2372. [CrossRef]

Wang, R.; Li, Q.; Yu, H.; Chen, Z.; Zhang, Y.; Zhang, L.; Zhang, K. A category-based calibration approach with fault tolerance for
air monitoring sensors. IEEE Sens. J. 2020, 20, 10756-10765. [CrossRef]

Haddad, S.; Boukhayma, A.; Caizzone, A. Continuous PPG-based blood pressure monitoring using multi-linear regression. IEEE
J. Biomed. Health Inform. 2021, 26, 2096-2105. [CrossRef] [PubMed]

Yang, F; Xu, W.; Lyu, W,; Tan, F; Yu, C.; Dong, B. High Fidelity MZI-BCG Sensor With Homodyne Demodulation for Unobtrusive
HR and BP Monitoring. IEEE Sens. ]. 2020, 22, 7798-7807. [CrossRef]

Tang, Q.; Huang, L.; Pan, Z. Multiple linear regression model for vascular aging assessment based on radial artery pulse wave.
Eur. J. Integr. Med. 2019, 28, 92-97. [CrossRef]

Grubbs, EE. Errors of measurement, precision, accuracy and the statistical comparison of measuring instruments. Technometrics
1973, 15, 53-66. [CrossRef]

Zheng, Y.L.; Yan, B.P,; Zhang, Y.T.; Poon, C.C. An armband wearable device for overnight and cuff-less blood pressure measure-
ment. I[EEE. Trans. Biomed. Eng. 2014, 61, 2179-2186. [CrossRef]

Hughes, D.J.; Babbs, C.E; Geddes, L.A.; Bourland, ].D. Measurements of Young’s modulus of elasticity of the canine aorta with
ultrasound. Ultrason. Imaging 1979, 1, 356-367. [CrossRef]

Nabeel, PM.; Jayaraj, ].; Mohanasankar, S. Single-source PPG-based local pulse wave velocity measurement: A potential cuffless
blood pressure estimation technique. Physiol. Meas. 2017, 38, 2122. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1161/01.RES.77.5.1008
https://doi.org/10.1007/s00542-016-2895-2
https://doi.org/10.1109/JSEN.2022.3222588
https://doi.org/10.3390/mi13081327
https://www.ncbi.nlm.nih.gov/pubmed/36014249
https://doi.org/10.1109/JTEHM.2022.3209754
https://doi.org/10.1109/JSEN.2020.2994645
https://doi.org/10.1109/JBHI.2021.3128229
https://www.ncbi.nlm.nih.gov/pubmed/34784288
https://doi.org/10.1109/JSEN.2022.3158070
https://doi.org/10.1016/j.eujim.2019.05.006
https://doi.org/10.1080/00401706.1973.10489010
https://doi.org/10.1109/TBME.2014.2318779
https://doi.org/10.1177/016173467900100406
https://doi.org/10.1088/1361-6579/aa9550

	Introduction 
	Materials and Methods 
	Design of Hemodynamic Simulator 
	System Architecture of Hemodynamic Simulator 
	Characteristic of Hemodynamic Simulator 
	Experiment Setup of Validation for Pulse Wave Velocity 

	Results and Discussion 
	Experiment Analysis 
	Limitations and Future Works 

	Conclusions 
	References

