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Abstract—This article describes a multimodal cardiovascular 

information measurement method using a wearable device 

composed of piezoelectric transducers. Cardiovascular diseases 

are increasing with the aging population, and they constitute a 

significant portion of the causes of death and long-term care. In 

recent years, daily-life monitoring using wearable sensor devices 

has attracted particular attention for the prevention and early 

detection of cardiovascular diseases. However, recent wearable 

devices can only measure limited cardiovascular information 

such as the heart rate. In contrast, the proposed method can 

simultaneously measure heart rate variability, pulse wave 

propagation velocity, and blood flow velocity using only a 

piezoelectric transducer array. 

Keywords—blood flow velocity; sensor array; piezoelectric 

transducer; pulse wave; ultra sound; wearable sensor 

I.  INTRODUCTION 

The increase in medical cost owing to the increase in 
patients with noncommunicable diseases (NCDs) has been a 
critical issue worldwide. Four primary types of NCDs are 
cardiovascular diseases, cancers, chronic respiratory diseases, 
and diabetes. World Health Organization (WHO) reported that 
NCDs kill 38 million people in the world annually. Smoking, 
physical inactivity, unhealthy diet, and excessive alcohol 
consumption can increase the risk of NCDs. To protect 
ourselves against NCDs, our lifestyle quality must be 
improved. 

Proper daily exercise and physical activity are important 
for mitigating and forestalling NCDs. For the efficient 
management of exercise, recording daily physical information 
and analyzing it in real time are important. Wearable devices 
are convenient for monitoring and recognizing biosignals and 
physical activities in daily life. Long-term biosignal 
monitoring using wearable devices can also contribute to the 
early detection of NCDs. 

This study focuses on cardiovascular information 
monitoring using a wearable device. In recent years, various 
wearable devices have been developed to measure biological 
signals. We can recognize fluctuations in the indicators and 
abnormal values using long-term monitoring in daily life. 
Wristwatch-type heart rate monitors using 
photoplethysmography (PPG) are typically used. A lot of 
recent wearable devices is investigated in literatures [1–4]. As 
shown in these literatures, the latest wearable devices tend to 
have multimodal sensing capability. However, biological 

signals that can be measured by these devices are limited: 
electrocardiogram (ECG), pulse wave, SpO2, temperature, and 
respiration. 

We herein propose a wearable device that can measure 
cardiovascular indices different from conventional ones. Fig. 1 
presents the concept of the proposed device; it can 
simultaneously measure heart rate variation, pulse wave 
propagation speed, and blood flow velocity. These various 
indices can contribute to the early detection and prevention of 
cardiovascular diseases. 

The proposed method uses a device having multiple 
piezoelectric transducers. Subsequently, the pressure pulse 
wave is measured at multiple positions of the wrist. 
Simultaneously, ultrasound waves are transmitted toward the 
body surface and reflected waves from body tissues are 
measured (see Fig. 1). Because the pulse wave and the 
ultrasound wave have different frequency ranges, they can be 
measured simultaneously using the same piezoelectric 
transducer. The pulse wave velocity can be extracted from the 
arrival time difference of piezoelectric pulse waves, which are 
measured at multiple locations. The reflected ultrasound wave 
from the blood vessel changes its center frequency according 
to the blood flow velocity because of the Doppler effect.  

This paper is structured as follows. The significance and 
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Figure 1 Concept design of proposed device using piezoelectric 

transducers array. 
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application of the biological signal measured by the proposed 
method are described in Section II. The details of the 
respective measurement methods are presented in Section III. 
The measurement results are shown in Section IV. 

II. CARDIOVASCULAR INFORMATION AND CONVENTIONAL 

MEASUREMENT METHODS 

A. Heart Rate Variation 

The heart rate is a beat interval of the heart, and it includes 
various information related to human health. For example, the 
Karvonen Formula [5] can be used for calculating the strength 
of aerobic exercise from the relation between the average heart 
rate and the normal heart rate. The heart rate can also be used 
for heart rate variation analysis (HRVA). HRVA analyzes the 
fluctuation of the heart rate and its frequency characteristics to 
monitor stress conditions and the precursor detection of 
cardiac diseases [6]. However, an instantaneous heartbeat 
interval at every beat is required for HRVA instead of the 
average heartbeat interval. 

Generally, an ECG or PPG is used to measure the 
heartbeat. ECG measures the potential difference on the body 
surface attributable to the electrical activity of the heart. The 
PPG sensor irradiates green or red light to the body surface 
and measures the amount of light absorption by the 
hemoglobin related to the volume change in blood vessels. 
The heartbeat interval is obtained by detecting the peak from 
the waveform of these biological signals.  

A pressure pulse wave can also be used for heartbeat 
measurement. It is measured by placing an acceleration sensor 
or a pressure sensor on the skin surface close to the artery (e.g., 
radial artery or carotid artery). We chose the pressure pulse 
wave in the proposed scheme. 

B. Pulse Wave Velocity (PWV) 

 A pulse wave is generated by the heart and it propagates 
to the end region, such as limbs. Subsequently, the pulse wave 
velocity (PWV) is affected by the blood vessel hardness, the 
blood vessel wall thickness, and the blood pressure. For 
example, the increase in PWV is shown as arteriosclerosis 
progresses. Its correlation with the blood pressure has also 
attracted attention and a cuff-less blood pressure estimation 
method using PWV has been proposed [7]. Furthermore, it is 
related to the mental state. It has been indicated that depressed 
patients who consider suicide exhibit fluctuating PWVs [8]. 

The PWV is obtainable from the difference in the pulse 
wave arrival times and the distance of the pulse wave sensors, 
and is measured at two or more points of the body surface. In 
general, it is measured using two or more devices or probes 
(e.g., pulse waves measured at wrist and ankle, or ECG and 
pulse wave measured at fingertip).  

C. Blood Flow Verocity 

The blood flow velocity is a different index from the PWV. 
The PWV is obtained from the oscillation (pulse wave) of the 
blood vessel wall accompanied by the pulsation. Meanwhile, 
the blood flow velocity represents the speed at which the 
blood flows through the blood vessels. Blood flow velocity is 
used as an index of arterial disease such as arterial occlusion. 

The relation between lifestyle habits and the fluctuation of the 
blood flow velocity in peripheral blood vessel has been 
studied [9]. 

To measure the blood flow velocity from the body surface, 
an ultrasound wave is generally used. The ultrasound wave is 
irradiated from the body surface, and its reflected wave from 
the blood flowing through the blood vessel is measured. 
Because the center frequency of the reflected wave is changed 
by the Doppler effect according to the blood flow velocity, the 
velocity is obtainable from the frequency shift amount. 

III. PROPOSED MULTIMODAL CARDIOVASCULAR 

INFORMATION MEASUREMENT METHOD 

To acquire the multimodal cardiovascular information 
described above with the wearable device, this study proposes 
the simultaneous measurement method using multiple 
piezoelectric elements and the ultrasound wave. The radial 
artery of the wrist, or the carotid artery of the neck is assumed 
as the measurement site. 

Figs. 2 and 3 portray the overall block diagram of the 
proposed system and the blood flow velocity measurement 
method using piezoelectric transducers, respectively. The 
piezoelectric transducer has a 40-kHz resonance frequency. 
Although conventional blood flow velocimeters or diagnostic 
ultrasound imaging systems use the MHz band ultrasound, a 
lower frequency band is chose in this study to reduce the 
power consumption of circuits. A circular piezoelectric 
ceramic is placed inside the housing. A silicone of 1 mm 
thickness is sandwiched between the transceiver of the front 
face of the housing and the skin to mitigate the difference in 

 
Figure 2 Block diagram of proposed sensor. 

 
Figure 3 Reflection wave measurement method using piezoelectric 

transducers. Center frequency of reflection wave is shifted by Doppler 

effect. 
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the dielectric constant. 

A. Simultaneous Recording of Pulse Wave and Reflected 
Ultrasound Wave 

The reflected ultrasound wave and vibrations in blood 
vessels attributable to the pulsation of the heart are measured 
simultaneously using a piezoelectric transducer. Information 
related to the blood flow velocity is included in the reflected 
ultrasound wave because of the Doppler effect. The vascular 
vibrations caused by pulsation also include the pulse wave 
information. 

 The output signal of the receiver using the piezoelectric 
transducer includes both the pulse wave component and the 
reflected ultrasound wave component, as shown in Fig. 4(a). 
The pulse wave component exists in the low-frequency range 
of 1–30 Hz. The reflected ultrasound wave including the blood 
flow velocity information exists in the high-frequency range 
of approximately 40 kHz. A hum noise generated by an AC 
power supply is also included in the received signal. 

Fig. 4 shows a separation processing flow for the reflected 
wave and the pulse wave. A high-pass filter with 5-kHz cutoff 
frequency and a low-pass filter with 40-Hz cutoff frequency 
are used for the separation. Subsequently, the reflected wave is 
mixed by the 40-kHz signal, which is transmitted as 
ultrasound, to convert its center frequency. As shown in Fig. 2, 
only the AD converter with 40-kHz sampling rate is used for 
mixing in this study. When the out-of-band signals are 
sufficiently filtered, the mixing can be realized by aliasing the 
AD converter. Finally, only the frequency component shifted 
by the Doppler effect is extracted from a low-pass filter with 
40-Hz cutoff frequency. 

The extracted pulse wave is a pressure pulse wave. It is 
more susceptible to noise, such as body movements, than ECG 
or PPG, as presented in Fig. 5. To extract an accurate heart 
beat interval from a pulse wave with low SNR, the 
autocorrelation [10] of the pulse wave is calculated. Because 
this method exploits the waveform similarity, it becomes more 
resistant to noise than simply calculating the time difference of 

the waveform peaks..  

B. Analysis of Blood Flow Velocity from Reflected Wave 

Ultrasound is a sound with a higher frequency than the 
human audible range of 20 Hz–20 kHz. Because the 
ultrasound wave is a propagation of vibration, it cannot be 
transmitted in vacuum. The propagation speed depends on the 
hardness and density of the medium, and it is independent of 
the frequency. The propagation speed is generally 340 m/s in 
air and 1530 m/s in vivo. 

When an ultrasound wave propagates from a medium to a 
different medium, reflected waves and passing waves are 
generated. The ratio of reflection to passage is determined by 
the difference in the characteristic acoustic impedance at the 
boundary of the medium. The characteristic acoustic 
impedance defined as (1) expresses the acoustic property of a 
substance. 

𝑧 = 𝜌 × 𝑐 (1) 

 Here, z,   𝜌 , and c denote the characteristic acoustic 
impedance [kg/(m2s)] , density of a medium[kg/(m3)], and 
acoustic velocity in the medium [m/s], respectively. 
Consequently, reflectance R is expressed by (2). 

𝑅 =
𝑍2 − 𝑍1

𝑍2 + 𝑍1
 (2) 

Therein, Z1 and Z2 are the characteristic acoustic impedances 
of the incident side and transmission side 

The characteristic acoustic impedance in air and in vivo  
are 0.0004×106 [kg/(m2s)] and 1.52–1.68×106 [kg/(m2s)], 
respectively. Consequently, the reflectance R is 0.9994–
0.9995. Most of the waves are reflected when air exists 
between the piezoelectric transducer and the human body. To 
prevent the reflection caused by air, the proposed device uses 
soft silicone rubber between the human body and the 
piezoelectric transducer, as shown in Fig. 3. The specific 
acoustic impedance of silicone rubber is 1.2×106 [kg/(m2s)]  
[11]. Subsequently, the reflectance at the boundary between 

 
Figure 5 Measured examples of ECG, PPG, and pressure pulse wave 

using proposed method with piezoerectric transducer. ECG and PPG are 

simultaneously measured using reference sensors. 
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Figure 4 Separation flow of reflected ultrasound wave and pulse wave. 

(a) frequency characteristics of received signal and (b) frequency 

conversion of ultrasound wave by mixiing. 
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the silicone and the living body is 0.12–0.16. 

When the ultrasound wave is irradiated to a moving object, 
the Doppler effect increases the frequency of the reflected 
wave when the object approaches. The frequency of the 
reflected wave also decreases when the object moves away. 
As presented in Fig. 1, the blood flow velocities can be 
measured by irradiating the ultrasound wave from the body 
surface towards the blood vessels and observing the reflected 
waves from the red blood cells in the flowing blood. The 
radial artery and carotid artery, which are located near the skin, 
are suitable for the measurements. 

The received frequency 𝑓1  in the blood and the received 
frequency 𝑓2 at the sensor device can be expressed as (3) and 
(4).  

𝑓1 =
𝑐 + v 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝛼

𝑐
𝑓0 (3) 

𝑓2 =
𝑐

𝑐 − 𝑣 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝛼
𝑓1 (4) 

Here,  𝑓0 , 𝑐 , and 𝑣  denote the transmitted frequency, in 
vivo sound velocity [m/s], and blood flow velocity [m/s], 
respectively. In those equations, 𝜃 and 𝛼 denote the irradiation 
angle between the ultrasound wave and the blood flow 
direction, respectively, as depicted in Fig. 6. Because 𝑣 ≪ 𝑐  
in vivo,  𝑓2 can be expressed as 

𝑓2 =
𝑐 + 𝑣 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝛼

𝑐 − 𝑣 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝛼
𝑓0  

                      ≈ (1 +
2𝑣 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝛼

𝑐
) 𝑓0. (5) 

Consequently, the Doppler-shifted frequency 𝑓𝑑  is 

𝑓𝑑 = 𝑓2 − 𝑓0 =
2𝑣 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝛼

𝑐
𝑓0. (6) 

The blood flow velocity is calculable as shown below. 

𝑣 =
𝑐

2 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝛼

𝑓𝑑

𝑓0

 (7) 

The transmitted wave Tx(t) and the received wave Rx(t) 
can be expressed as (8) and (9), respectively. 

Tx(t) = sin(2𝜋𝑓0𝑡) (8) 

             Rx(t) = sin(2𝜋(𝑓0 + 𝑓𝑑)𝑡) (9) 

The shifted frequency component can be extracted by 
mixing Tx and Rx. The mixed output I(t) is 

I(t) = Tx(t) × Rx(t)  

        = sin(2𝜋𝑓0𝑡) × sin(2𝜋(𝑓0 + 𝑓𝑑)𝑡)  

        =
1

2
{cos(2𝜋(𝑓0 + 𝑓𝑑)𝑡 − 2𝜋𝑓0𝑡)

− cos(2𝜋(𝑓0 + 𝑓𝑑)𝑡 + 2𝜋𝑓0𝑡)} 
 

  =
1

2
{cos(2𝜋𝑓𝑑𝑡) − cos(2𝜋(2𝑓0 + 𝑓𝑑)𝑡)}. (10) 

The high-frequency component of the second term of (10) 
is removed by the low-pass filter as (11). 

I(t) =
1

2
cos(2𝜋𝑓𝑑𝑡)  

        =
1

2
{sin (2𝜋𝑓𝑑𝑡 +

𝜋

2
)} (11) 

In this study, a 40-kHz ultrasound is used to measure the 
blood flow velocity. However, because the amount of 
frequency shift caused by the Doppler effect is proportional to 
the frequency of the transmitted wave, a frequency analysis 
technique that captures an extremely low frequency shift is 
necessary. Assuming that the range of the blood flow velocity 
is 1–30 [cm/s], the frequency shift with respect to the 
ultrasound wave of 40 kHz is from 1 to 20 Hz. 

To observe this frequency shift, at least a few seconds of 
window length is required. The frequency analysis resolution 
depends on the sampling frequency and window width. 
However, it is necessary to limit the window width to several 
hundred milliseconds to achieve a higher time resolution and 
to observe changes in the blood flow rate with each heartbeat. 

When assuming the FFT with 100-kHz sampling 
frequency and 0.1 s window width, its frequency resolution is 
10 Hz. Therefore, a frequency analysis method using an 
autoregressive (AR) model is chosen in this study instead of 
the FFT. The AR-model-based method has a higher frequency 
resolution, even with a small window width. 

The AR model of time series  𝑥(𝑡) is expressed as (12). 

𝑥(𝑡) = ∑ 𝑎(𝑚)𝑥(𝑡 − 𝑚) + 𝑒(𝑡)

𝑀

𝑚=1

 (12) 

Here, 𝑎, 𝑒, and 𝑀denote the AR coefficient, white noise, and 
the order of the model, respectively. 

The Berg method, which is used for the parameter 
estimation of the AR model [12], obtains the parameters by 
minimizing the forward prediction error and the backward 
prediction error of the data. The least-squares method is used 

 

Figure 6 Angle between ultrasound wave and blood flow. 

Blood flow

Blood flow

(a) Longitudinal section

(b) Cross section

TxRx

Tx

Rx



 

 

for the evaluation function. Frequency analysis using the Burg 
method exhibits sharper frequency peaks even with the same 
window length compared to the FFT [13]. 

The power spectrum density is calculable from (13) 
according to the AR model parameters. 

𝑃(𝑓) =
1

𝐹𝑠

𝜎2

|1 − ∑ 𝑎(𝑚)𝑒−𝑗2𝜋𝑖𝑓 𝐹𝑠⁄𝑀
𝑚=1 |

 (13) 

Here, 𝐹𝑠 and 𝜎2 denote the sampling frequency and deviation 
of white noise 𝑒, respectively. The order  𝑀 is set empirically 
to 10 in this study. 

C. Measurement Method of PWV 

PWV is the time difference until a pulse wave reaches the 
blood vessels at two arbitrary points. The conventional method 
measures it using multiple devices, such as ECG and PPG at 
the fingertips, or two pulse waves at the wrist and ankle. These 
distances are separated by tens of centimeters or more. In 
contrast, the proposed method estimates the PWV by placing 
two piezoelectric transducers separated by a distance of 1–2 
cm, and measuring the phase difference in the pulse wave (see 
Fig. 7). 

Because of the short distance between the piezoelectric 
transducers, the difference in the pulse wave arrival times 
becomes smaller than that obtained by the conventional 
method. The difference in arrival time is almost proportional 
to the distance. Moreover, because the pressure pulse waves 
are measured on the skin surface as described above, it is 
susceptible to noise influences such as body movements. 
Therefore, it is difficult to obtain the PWV from the time 
difference in the pulse wave only using the peak time 
information. 

To overcome this difficulty, we introduce two methods. 
First, the proposed method calculates a cross correlation 
similarly as the heartbeat extraction as described in Section 
III.A and [10]. After the autocorrelation is used for heartbeat 
extraction, the cross correlation is calculated between two 
measured pulse wave signals to extract the PWV. The cross 
correlation is calculated while shifting the two pulse waves 
(see Fig. 8). The shift width that maximizes the correlation 
coefficient is sought. Then, the proposed method calculates 
the correlation with the rising part of the pressure pulse wave, 
because the pressure pulse wave includes a reflected wave as 
shown in Fig. 9. The reflected wave component is included in 
the falling part of the measured wave. The progressive wave 
component and the reflected wave component move in the 
opposite direction in proportion to the PWV. Only the 
influence of the progressive wave is evaluated by calculating 
the correlation from only the rising part. 

D. Implementation of prototype 

 The prototype of the proposed method is implemented as 
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Figure 9 Progressive wave and reflected wave in pulse wave. 

  
Figure 10 PCB of prototype sensor. 
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shown in Figs. 10, 11, and 12. The PCB shown in Fig. 10 
consists of LDOs, a DC/DC converter, a driver IC, two op-
amps, and a MCU with an AD converter. A battery and 

piezoelectric transducers are externally connected to this PCB, 
as shown in Fig. 11.  The receiver circuit is composed of two 
op-amps. After amplifying the received signal, the Doppler 
waves and pulse waves are separated by the filters. The 
Doppler shift frequency can be measured by under sampling 
using the AD converter. Thus, the signal frequency of the 
difference between the sampling frequency and the input 
frequency can be obtained, and the same signal as that from 
mixing can be obtained. 

IV. MEASUREMENT RESULTS 

Measurement and performance evaluations are conducted 
using the proposed sensor device to examine two male 
participants who are 23 and 33 years old. The measurement is 

conducted at the rest condition. Fig. 13 shows our 

experimental setup. Two PPG sensors and an ECG sensor are 
used as the reference. 

First, the accuracy of the heartbeat interval is evaluated. 
Fig. 14 presents a comparison of heart rates that is extracted 
by the proposed pulse wave sensor with autocorrelation and 
the reference ECG. According to the correlation coefficient 
and its maximum value, the RMS errors of two measured 
results are suppressed to 0.83 bpm and 0.74 bpm, 
respectively. . 

Next, the PWV is evaluated. Fig. 15 shows the relation 
between the arrival time difference measured by the proposed 
sensor and the reference PPG sensors. The reference PPG 
sensors are set to the fingertip and elbow of the participant. 
The measurement result shows that the correlation coefficient 

 

Figure 11 Block diagram of prototype sensor. 

 

Figure 12 Receiver circuits. 

 

Figure 13 Experimental setup. 
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Figure 14 Comparison of measured heart beat interval: (a) subject #1 

and (b) subject #2.  



 

 

r is 0.738 and 0.727, indicating a positive correlation. In Fig. 
15(b), the time difference between proposed pulse waves has 
negative value. This result is caused by the difference of heart 
beat waveform in two pulse waves. 

Finally, the blood flow velocity is evaluated as shown in 
Fig. 16. Fig. 16(a) presents the measured Doppler wave with 
40-kHz under sampling. Fig. 16(b) shows the result of the 
frequency analysis using the proposed method described in 
Section IIIb. Fig. 16(c) and Fig. 16(d) shows the result of 
another participant. Although the waveform has different 
shape in the time domain because the positional relationship 
between the sensor and blood vessel is different, the blood 
flow at the time of stroke is correctly captured in the 
frequency domain. The measurement result shows that 
changes in the blood flow velocity of each beat can be 
measured. However, the absolute value of the speed is lower 
than the actual value because the angle between the 
piezoelectric transducer and the blood vessel deviated from 
the assumed value. We anticipate this problem to be solvable 
by beamforming using a piezoelectric transducer array, which 
is a task for future work. 

The measured current consumption was less than 100 µA 
on average for the receiving sensor and microcontroller, and 

35 mA on average for the ultrasound transmitter including 

DC/DC converter. 

V. CONCLUSION 

As described herein, we proposed a multimodal 
cardiovascular information sensing method for wearable 
healthcare. In this study, two pulse waves: the pulse wave and 
blood flow velocity were measured, separately. Our 
measurement results showed that the prototype sensor could 
extract each information correctly. This demonstrated the 
possibility of the simultaneous measurement of pulse wave, 
pulse transit time, and blood flow velocity.  

Future development tasks are power reduction and 
measurement accuracy improvement. Although the 
transmitting power is dominant, it can be reduced by 
intermittent operation. In addition, the position of the sensor 
device relative to the body surface and the influence of 
individual differences in the human hands should be 
considered. For miniaturization, we are considering the 
application of a flexible sensor array using a piezoelectric film 
rather than piezoceramic. An effective method of improving 
the accuracy is increasing the number of sensor arrays to 
perform beam forming. 
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Figure 15 Correlation of arrival time difference between piezoerectric 

trancducers and PPG(Finger) to PPG(Elbow): (a) subject #1 and (b) 
subject #2.  

. 

 

 

 
Figure 16 Measurement result of blood flow velocity: (a) subject #1 
(time domain), (b) subject #1 (frequency domain), (c) subject #2 (time 

domain), and (d) subject #2 (frequency domain).  
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