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Abstract

The development of a radial pulse simulator is pivotal for advancing wearable medical devices and
enhancing pulse diagnosis methods prevalent in Oriental medicine. Such a simulator can be utilized for the
calibration of wrist-worn wearable device sensors, as well as for training medical professionals in pulse
diagnosis. This study introduces a novel, simple, and cost-effective pulse simulator that can generate a wide
range of blood pressure waveforms. This simulator was designed and constructed as a prototype pulse
simulator using two precision solenoid valves, an air chamber, a Half-CAM, a pneumatic sensor, and
electronic control systems. By regulating air pressure through controlled opening and closing of the solenoid
valve, the simulator can produce the desired pulse waveform. The performance of the proposed simulator was
evaluated by replicating age-related radial pulses. Pulse waveforms generated by the simulator for four
representative age groups (10, 50, 60, and 90 years) were compared with corresponding in vivo data. The
experimental results demonstrated that the RMSE (Root Mean Square Error) estimate between the simulated
in vivo pulse data and the actual in vivo pulse data was within 10% in all age groups. These findings
demonstrate that fine pneumatic control by a solenoid valve allows the generation of sophisticated waveforms
and validate that the proposed pulse simulator is capable of generating a diverse range of pulse waveforms.
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1. Introduction

The radial pulse, measured at the distal part of the wrist, provides crucial health information. The radial
pulse is represented as the sum of one forward wave (Pr) and two reflected waves (P4 ), and it has been

widely utilized in Oriental medicine to monitor biological signals and diagnose internal health conditions [1,2].
For thousands of years, the primary method for diagnosing diseases was the palpation of the radial pulse
measured with three fingers [3-5]. In Western medicine, radial pulse pressure is also used as a surrogate marker
for arterial compliance and cardiovascular diseases [6]. Additionally, the quality of radial pulses is used as a
rapid assessment method in tactical combat casualty care to determine the priority of casualty treatment on the
battlefield [7]. These varied applications underscore the importance of accurate radial pulse measurement.
Unfortunately, the techniques for palpating and diagnosing the radial pulse in the wrist are subjective, and
consistent measurement requires extensive practice and training over a long period of time.

In parallel, wearable technology has seen considerable growth in recent years. These non-invasive devices
can be worn without burdening the patient's body while providing feedback on biophysical and biochemical
characteristics [1]. The device worn on the wrist can detect radial pulse information to track the wearer's
physical activity and vital signs. Nevertheless, the accuracy of these devices is often insufficient for clinical
use [8, 9]. To examine these differences, we must verify the accuracy and reliability of wearable health devices,
which often require clinical trials. To effectively calibrate wearable devices worn on the wrist, developing a
pulse generator that can consistently and repeatedly produce various radial pulses is crucial. Without these
simulators, sensor validation generally relies on clinical trials. However, this approach, relying on human
subject testing, is a resource-intensive process. Use of a pulse generator allows conducting sensor validation
without the need for human subjects, thereby eliminating the high costs and error issues inherent in human
testing due to differences in characteristics among subjects. Similarly, the pulse simulator can play a crucial
role in converting the doctor's subjective assessment of the pulses felt at the fingertip into an objective physical
guantity. Establishing a standardized method for learning pulse diagnosis techniques using a pulse simulator
is essential for educating students and professionals in the field of traditional medicine, promoting continuous
expansion.

Currently, various commercial blood pressure waveform generators are available for use in medical
education and laboratories. However, these devices often suffer from drawbacks such as large size and high
production and maintenance costs. Additionally, they typically offer limited functionality by providing only a
narrow selection of pre-installed pulse models. In response to these limitations, research is being conducted on
a cam mechanism-based pulse simulator that can reduce the size and cost of the pulse generator and increase
efficiency [10,11]. These simulators use a cam disk to accurately and consistently reproduce the specified pulse
waveforms. However, their ability to generate pulse waveforms is restricted to discrete outputs, meaning that
a unique cam disk must be manufactured for each desired pulse waveform. In addition to cam-based simulators,
research has explored pulse simulators utilizing smart materials. Wang and Chung examined pulse waveforms
using pulse transducers and identified methods for analyzing pulse waves generated from various pulse
parameters [12]. Eaton et al. used magnetorheological (MR) fluid to generate pulses. They integrated the MR
fluid chamber into a cam-based pulse simulator to form the fundamental pulse generated from a single cam
disk, thereby generating a wide range of pulse waveforms [13]. This system is more complex to implement
than a cam-based system and may introduce noise into the generated waveform.

To address these limitations, this study proposes a pulse generator that simulates arbitrary pulse waveforms
using pneumatic pressure. The proposed system controls the opening and closing of two high-speed precision
solenoid valves to generate the desired pressure waveform. A prototype was constructed, and the system’s
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performance was validated by comparing the experimentally generated pulse waveforms with in vivo pulses
using the RMSE.

2. Design and fabrication of radial pulse simulator

This section details design of the radial pulse simulator developed to generate pulse pressure waveforms
corresponding to different age groups. Our study introduces a novel method to reduce baseline pressure
through valve control utilizing a single cam, enabling the generation of age-specific pulse waveforms using a
single simulator, eliminating the need for device replacement.

2.1 Design and working principle

Figure 1 illustrates the simple configuration and operation of the simulator. The pressure generated in the
base pulse-generating part, shown in Figure 1(a), exceeds the pressure level of the waveform for all ages, and
the pressure inside the air chamber increases accordingly. The pulse waveform monitoring part Figure 1(b)
monitors the pressure inside the tube through a small pressure sensor. In the pulse shaping part Figure 1(c), the
basic pulse waveform generated in Figure 1(a) is formed by releasing air from the solenoid valve connected to
the air chamber while the half cam is in the high position. When the half cam returns to the low position, the
exhaust valve opens, and the internal pressure of the system becomes equal to the atmospheric pressure. As a
result, the solenoid valve can be controlled to adjust the internal pressure of the system, thereby generating an
arbitrary waveform.
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Figure 1. Conceptual diagram of the Cam Pulsation Simulator that generates age-specific
pulse pressure waveforms: (a) Base pulse generation part including a half cam with DC motor
that generates a base pressure waveform and bellows to transmit pressure, (b) Pulse
waveform monitoring part including artificial hand and miniature pressure sensor, (c) Pulse
shaping part composed of an air chamber and a solenoid valve for atmospheric ventilation.
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2.2 System fabrication

Figure 2 illustrates the detailed configuration of the developed pressure waveform simulator. The half-cam
is driven by a DC motor, converting the rotational motion of the cam into the linear motion of the ultra-soft
bellows via a piston, which compresses the air. At the end of the bellows is a node where tubes are connected.
Each tube is connected to a venting valve, an air chamber, and a pressure sensor, with the air chamber’s internal
volume being manually adjustable. The microcontroller serves two primary functions: data collection and
signal generation. There are two types of data being collected. The first is to monitor changes in the internal
pressure of the system through pressure sensors. The second is to check the pumping start point of the base
pulse pressure and rotation period of Half-CAM through the magnetic sensors and magnets attached to the DC
motor and half-cam. The generated PWM signals are amplified by signal Amplifier and sent to the valve to
regulate current flow in the solenoid. The solenoid valve repeatedly turns on and off, releasing an extremely
small amount of air, and controls the opening rate of the valve when the on signal is input through the duty of
the PWM signal.
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Figure 2. Configuration of the fabricated Cam Pulsation Simulator: Each component is
controlled and monitored by the Micro Controller.

3. Evaluation of radial pulse simulator

3.1 Study of waveform slope depending on factors

Our system controls the solenoid valve in milliseconds; however, if the signal is too small, the valve
encounters physical difficulties in operating. The experimentally determined effective range of the PWM duty
cycle is between 45% and 100%. Within this range, we have set the target slope range to represent the human
pulse pressure waveform. According to normalized in vivo data, the decline phase of human pulse pressure in
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individuals aged 10 to 90 falls within a slope range of -0.0008 to -0.008. In addition to the half cam, the air
chamber—another factor affecting the internal system pressure—also influences the rate of pressure change
during air release. Therefore, we identified the appropriate slope range by adjusting the two control parameters:
the volume of the air chamber and the PWM duty cycle.

Figure 3 presents a slope study conducted under experimental conditions with three different air chamber
volumes and six different PWM duty cycles. To ensure experimental accuracy and improve the visibility of
the plot, a delay of a few seconds was introduced after the half-cam rise. According to the results, the slope
ranged from -0.0027 to -0.0044 in Figure 3(a), -0.0018 to -0.0033 in Figure 3(b), and -0.0011 to -0.0022 in
Figure 3(c), showing a tendency for the slope to increase as the volume of the air chamber increased. All three
plots fell within the target slope range, but we considered the 60 ml air chamber with a slope range of -0.0011
to -0.0022 to be the suitable condition. Owing to the nature of the system, reproducing the rapid release of air
is easy; however, the slow release of air requires more precise control. Thus, compensating for this limitation
by adjusting the air chamber volume, which serves as a constant parameter in the system, was determined to
be more efficient. The calculated slope range of -0.0011 to -0.0022 yielded the most significant results. To
ensure a stable gradient range, a 65 ml air chamber was applied as a constant factor in the system, following
the observed trend.
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Figure 3. Study on waveform slope based on air chamber volume and PWM signal duty: (a)

Slope change according to PWM change in 20ml air chamber, (b) Slope change according

to PWM change in 40ml air chamber, (c) Slope change according to PWM change in 60ml
air chamber

3.2 Generating waveform with simulator

To simplify the experiment and analysis, we selected and simulated four in vivo waveforms representing
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age-related pulses: 10, 30, 60, and 90 years. These waveforms were chosen to reflect pulse pressure

characteristics at key stages of the human life cycle, including adolescence, young adulthood, middle age, and
old age, thereby capturing significant variability in pulse behavior. These in vivo waveforms were obtained

from published in vivo data. For each waveform, a unique control input was sent to the solenoid valve, and the
system control parameters were adjusted to achieve an error rate within 10% of the in vivo data.

Figure 4 presents the waveforms for the four different age groups. The figure shows graphical comparisons
of In Vivo vs. simulated waveforms for each age group. The primary control parameters generating these
waveforms are duty and duration. Duty refers to the duty value of the PWM signal, which determines the
valve's opening rate based on slop study shown in Section 3.1. As previously confirmed in Section 3.1, duty
values in the range of 45% to 100% were used. The microcontroller's PWM signal frequency was set at 1 kHz.
Duration refers to the length of the slope interval and is determined by the number of valve openings. A PWM

signal is applied for 10 ms per input, followed by a 10 ms delay. The reason for using this method of repeatedly
turning the valve on and off is simple: at the system's baseline pressure level, continuously opening the valve
even for just tens of milliseconds, will cause the internal pressure to rapidly drop to atmospheric pressure.
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Figure 4. Radial waveform generation: Comparison of average in vivo data and simulator-
generated waveforms for (a) 10 years, (b) 30 years, (c) 60 years, and (d) 90 years. PWM
INPUT is the signal input to the solenoid valve for shaping.

The plot duty and duration settings were determined experimentally by referring to slope study data.
The generated plots exhibit unique characteristics. Between Prl and Pr2 in Figure 4(a) and 4(b) and between
Pf and Prl in Figure 4(d), there exists a flat region, which corresponds to the input delay of the PWM signal.
Additionally, as the system's internal pressure continuously decreases, maintaining a constant duty results in
changes to the plot's slope. Consequently, the intervals corresponding to Pr2 in Figure 4(c) and 4(d) show a
nearly constant slope, but this was achieved by varying the duty. The accuracy of the simulator verified using
RMSE is listed in Table 1. The 90 years waveform shows the highest error. As one gets older, the slope of the
rise in blood pressure tends to become gentler, but since the rise slope of the half cam is constant, it is thought

that an error occurred in this area.

Table 1. RSM Error between waveforms

Age RMSE(%)
10 years 4.5%
30 years 5.2%
60 years 5.9%
90 years 8.7%

4. Conclusion

This study developed a simulator capable of representing radial pulse waveforms of humans across all
age groups. This simulator was designed as a system utilizing a half cam and a solenoid valve to perform
pressurization and depressurization. The constant parameter for waveform generation was the volume of the
air chamber, while the control parameters were the duty and duration of the PWM input signal to the solenoid
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valve. We selected ages 10, 30, 60, and 90 to represent the human life cycle and generated corresponding
waveforms using the simulator. The system achieved a minimum RMSE of 4.5% for the 10-year waveform
and a maximum RMSE of 8.7% for the 90-year waveform, successfully meeting the target of an RMSE below
10%. These results demonstrate that the proposed simulator can accurately reproduce pulse waveforms across
all ages through proper control of the system's parameters. However, depending on the length and curvature
of the air tube used in the system, slight errors may occur even if the same adjustment factor is entered due to
friction or reflection inside the tube. Additionally, since this study aimed to generate blood pressure waveforms,
normalizing the time axis of the generated waveform is necessary. Because the waveform of this simulator
was created based on normalized in vivo data, the absolute magnitude of blood pressure cannot be confirmed.
If we utilize a sample that includes the magnitude of blood pressure, we may be able to devise an advanced
waveform shaping system. In addition, current simulators have the limitation that they only control rising
waveforms and falling waveforms, so a system that can generate rising waveforms and adjust the slope is
needed to create a system that can express even abnormal waveforms with multiple rising waveforms. Through
this study, human subject testing can be replaced in research on blood pressure measurement, and through
follow-up research, we can look forward to the development of a system that tests the physical properties of
materials and structures in the development of artificial skin, organs, and tissues.
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