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Abstract—This paper presents a pulse sensor design scheme
with adjustable preset pressure. The design consist of two
PVDF layers sandwiching a PZT layer. While PZT is used to
detect the pulse vibrations, PVDF layers are employed to
adjust the pressure load on PZT. This enables more reliable
and repeatable pulse wave measurements every time the sensor
is worn on the skin. A basic design and an I-shaped design are
simulated on COMSOL software under Piezoelectric Device
module to show maximum performance that can be achieved
under same pressure conditions. Off-the-shelf components
were used for testing the sensor designs under the same
externally applied load. The I-shaped design was shown to
outperform the basic sensor design in both simulations and test
results. This design can be employed in the development of
reliable and repeatable pulse sensors, and poses significant
potential in measuring the blood pressure.

Keywords— pulse wave monitoring, blood pressure, wearable
pulse sensor, piezoelectricity

I. INTRODUCTION

Pulse wave is one of the fundamental vital signs in health
care. Consisting of a combination of the forward and
reflected waves as well as the systolic peak and a dicrotic
notch, pulse waves have a strong correlation with the
cardiovascular system, and can provide important insight
about arterial conditions [1-3]. In this respect, the pulse wave
indicates comprehensive information about the waveform,
velocity, amplitude, arterial elasticity, blood volume and
cardiac cycle, which are significant in the diagnosis and
monitoring of many cardiovascular diseases such as diabetes,
arteriosclerosis  and  hypertension  [4-11]. These
cardiovascular diseases are few of the major reasons of
worldwide mortality. The world health organization reports
show that about to 17.5 million people suffer from
cardiovascular diseases. Therefore, significant research
efforts have been concentrated on pulse wave measurement
systems in recent years [12-14].

Many wearable health monitoring device approaches
have been proposed for performing pulse wave
measurements [15-18]. These approaches have employed
various detectors including acoustic, air/liquid, photoelectric,
piezoelectric, and infrared sensors [19-23]. These sensors can
be mainly divided into two categories based on the
measurement techniques, namely optics-based sensors and
pressure sensing based devices. The most common optics-
based sensors are photoplethysmography (PPG) devices,
where the pulse waves are detected by monitoring the blood
volume in the vessel using a LED and a photodiode.
However, such devices are vulnerable to light fluctuations,
body movements, skin tone, and have high power
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consumption [2-3]. On the other hand, pressure sensing
based devices take advantage of the skin vibrations, where
precise vibration pulse signal from the human skin is
converted to an electrical signal by employing a pressure or a
strain sensor worn on the body [1,19]. Among such sensors,
piezoelectric transducers have been predominantly used due
to their direct conversion mechanism between the pressure
and voltage as well as their simple structure [24-28].

The piezoelectric pressure sensors developed for pulse
wave measurements generally suffer from signal drift as the
piezoelectric element is exposed to different bias pressures
each time the sensor is worn on the body. This limits the
amount of valuable information that can be extracted from
the pulse wave, and may introduce reliability problems. To
address such issues, we propose a stress-controlled
piezoelectric pressure sensor, which allows pulse sensing
under the same preset pressure conditions and potentially
enables reliable estimation of blood pressure from the pulse
wave. This paper presents the sensor design, finite element
simulations, and partial test results using off-the-shelf
components.

II. DESIGN AND SIMULATIONS

The device is designed by considering the pulsation in
the artery, and consists of two PVDF sheets sandwiching a
PZT layer. While PZT is used to detect the vibration of the
skin, PVDF layers are employed to adjust a default pressure
on PZT. When the sensor is attached to human wrist for
pulse monitoring, the PZT can be operated under the same
pressure conditions continuously by monitoring and
modifying the voltage on PVDF layers. The advantage of
this sensor design lies in its stability and measurement
repeatibility. Schematic drawings of the (a) basic design, and
(b) I-shaped design are shown in Fig. 1a and b, respectively.
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Figure 1. Schematic drawings of the (a) basic design structure, (b) I-shaped

design.

PZT-4A was selected as the pulse sensing component
due to its high piezoelectric constant (ds3) and
electromechanical coupling factor (kss), which shows its
capability to achieve high polarization per applied force and
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efficiency in energy conversion, respectively. On the other
hand, the sensor must be conformal with the skin since the
bottom of the sensor structure is in contact with body.
Accordingly, PVDF was chosen due to its high compliance,
which is a measure of the deformation that occurs when
stress is applied. In addition, PVDF is biocompatible, which
is required to be able to make direct contact with the skin.
The device dimensions were designed small enough such
that it can fit into a smart watch or a smart band. PZT and
PVDF material constants [29-30], skin parameters [31-33],
and design dimensions are shown in shown in Table 1.

TABLE L DESIGN PARAMETERS
Property PZT PVDF
ds3 (pC/N) 410 30
Material
Constants kss 0.75 0.2
Compliance (10 m/N) 0.02 0.1
Relative Permittivity
(F/m) 1800 10
Height (mm) 3 6
I-shaped design
Width (mm) 3 21
Height (mm) 3 3
Basic design
Width (mm) 21 21
Density (kg/'m?®) 1109
Skin Parameters | Young Modulus (MPa) 0.5
Poisson’s Ratio 0.49

The designs are simulated in COMSOL software under
Piezoelectric Devices module. Initially, the basic design was
modeled with the exact dimensions and material properties
listed on Table I. Herein, skin parameters were taken from
the related literature [31-33]. The top of the PVDF layer was
fixed and a boundary load was applied vertically upward on
the skin-sensor interface. A healthy human has a systolic and
a diastolic blood pressures of 16 kPa and 10 kPa,
respectively. Therefore, pressure values falling into this
range were applied as the boundary load, while the voltage
induction across the PZT in 33 direction was simulated. The
voltages generated on the PZT in both designs at16 kPa are
shown in Figs. 2-3.
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Figure 2. Simulation result of the voltage induction across the PZT in the
basic design.
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Figure 3. Simulation result of the voltage induction across the PZT in the I-
shaped design.

Fig. 2 and Fig. 3 clearly show that the I-shaped sensor
design can generate 17.5 volts, while the basic structure
yielded 2.1 V. This evidently proves the advantage of the I-
shaped design over the basic design in terms of sensing
performance.

III. TESTING AND DISCUSSIONS

Initially, off the shelf components were employed in the
test setup for characterizing the designs. 3D-printed
components were manufactured using PLA (polylactic acid)
to replicate PVDF layers. PZT-4A piezoelectric disc was
used for the PZT layer with a thickness and diameter of 0.5
mm and 35 mm, respectively. Pulse effect was generated on
the PZT by dropping a ball from a height of 5 cm and the
voltage induced by this effect was measured and recorded by
a Tektronix MDO3024 oscilloscope. Both designs were also
tested under the same conditions. Photographs of the
experimental setup with components, basic design, and I-
shaped design are shown in Figs. 4a-d, respectively.
Experimental results of the basic design and the I-shaped
design are shown in Fig. 5 and Fig. 6, respectively.
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Figure 4. Pictures of the (a-b) components in the experimental setup, (c)
basic design, and (d) I-shaped design .
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Figure 5. Experimental results of the voltage induction across the PZT in the
basic design.
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Figure 6. Experimental results of the voltage induction across the PZT in the
I-shaped design.

The plots demonstrate that the I-shaped design generated
10 V, while the basic design provided around 2 V during the
tests. Accordingly, the test results prove that the I-shaped
structure clearly outperforms the basic structure. The induced
voltage amplitudes in the tests and simulations are not
exactly the same due to the differences in applied pressure
and materials in both settings. However, the ratio of the
voltages are rather close, demonstrating a good agreement
between the experiments and simulations. This clearly
proves that the I-shaped design has a higher voltage
advantage and suits better to be integrated into a smart watch
or smart band for a more sensitive and reliable pulse wave
detection. Future experiments will include PVDF
components to operate the PZT under preset pressures.

IV. CONCLUSION

Stress-controlled pressure sensor designs were developed
for a reliable pulse wave sensor. Compared to similar devices
previously reported in the literature, the novelty and
advantage of the I-shaped design presented here lies in its
stability and measurement repeatibility for the pulse wave
monitoring, leading to improved reliability. In this study, two
designs namely the basic design and the I-shaped design are
presented. The sensor design consist of two PVDF layers
sandwiching a PZT layer. PVDF sheets enable to introduce
an adjustable pressure load on the PZT. Simulations were
performed to observe generated voltages on the PZT under
normal blood pressure range. When a boundary load of 16
kPa is applied to top of the PVDF layer it has been observed
that the generated voltage on the PZT from the I-shaped
design outperforms by eight times from the basic design.
Experiments conducted using off-the-shelf components
demonstrated that the I-shaped design and basic design
provided about 10 V and around 2 V, respectively. Further
development and implementation of this sensor design will
allow the realization of reliable pulse wave monitors that can
also be used to measure the blood pressure.
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