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Abstract: Sensor–artery alignment has always been a significant problem in arterial tonometry
devices and prevents their application to wearable continuous blood pressure (BP) monitoring.
Traditional solutions are to use a complex servo system to search for the best measurement position
or to use an inefficient pressure sensor array. In this study, a novel solid–liquid mixture pressure
sensing module is proposed. A flexible film with unique liquid-filled structures greatly reduces the
pulse measurement error caused by sensor misplacement. The ideal measuring location was defined
as −2.5 to 2.5 mm from the center of the module and the pressure variation was within 5.4%, which
is available in the real application. Even at a distance of ±4 mm from the module center, the pressure
decays by 23.7%, and its dynamic waveform is maintained. In addition, the sensing module is
also endowed with the capability of measuring the pulse wave transmit time as a complementary
method for BP measuring. The capability of the developed alignment-free sensing module in BP
measurement was been validated. Twenty subjects were selected for the BP measurement experiment,
which followed IEEE standards. The experimental results showed that the mean error of SBP is
−4.26 mmHg with a standard deviation of 7.0 mmHg, and the mean error of DBP is 2.98 mmHg with
a standard deviation of 5.07 mmHg. The device is expected to provide a new solution for wearable
continuous BP monitoring.

Keywords: alignment-free; noninvasive; wearable; continuous blood pressure measurement; liquid-filled

1. Introduction

Cardiovascular disease is the leading cause of death in the world [1]. It is estimated
that about 270 million people suffer from hypertension in China and nearly 1.13 billion
people worldwide [2,3]. Hypertension at any age is associated with a cognitive decline
in different abilities [4]. However, prehypertension has few noticeable symptoms, and it
is difficult to recognize when lacking frequent blood pressure (BP) examinations because
there are many considerable influences on human BP, such as circadian rhythm and the
environment. Compared to intermittent BP measurement, continuous BP monitoring is of
great significance by providing more comprehensive information for the clinical diagnosis
and control of hypertension [5].

As a result of the expansion of health care, commercial wearable BP monitoring
devices are already available on the market. For example, Bpump Inc. launched a BP
measurement watch (WF1610B) in 2017, and Omron Inc. launched ‘HeartGuide’ in 2019.
However, their measurement principle is still based on the traditional oscillometric method,
which cannot meet the requirements of continuous BP monitoring. The clinical available
continuous BP monitoring devices include Finometer PRO (Finapres Medical Systems BV,
Amsterdam, The Netherlands), BP-8800 (Omron, Colin Co., Ltd., Tokyo, Japan), TL-200
(Tensys Medical Inc., CA, USA), and BPro (Healthstats International Pte. Ltd., Singapore).
Their servo-mechanism makes them bulky and prevents their application in daily life.
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Research on noninvasive wearable continuous BP measurement is ongoing. For mea-
suring methods, photoplethysmogram (PPG), arterial tonometry, and pulse wave transit
time (PWTT) methods have been widely studied [6]. Several scholars have contributed
to modern BP measurements from theoretical and algorithmic perspectives, such as the
establishment of multifactor mathematical models [7–9], the use of the adaptive filter to
reduce motion artifacts [10,11], and the application of machine learning to assist in calcula-
tions [12–14]. Another research field is the enhancement of the sensing device. Nonetheless,
a miniaturized, alignment-free, and high sensitivity sensor has always been desired [15].
However, noninvasive BP monitoring is still difficult to accomplish with current sensors.
In addition, the sensors are generally specialized, so it is not easy to combine different mea-
surement methods. Specifically, the PPG method is always matched with a photoelectric
sensor, which is energy intensive; sensors for the PWTT method mostly use a distributed
placement and are challenging to integrate; and for arterial tonometry, a pressure sensor
is commonly used. Some scholars have presented excellent solutions with developing
technologies, such as liquid capsule structures [16], ultrasonic patch devices [17], and a
smartphone-based oscillometric finger-pressing method [18]. In the areas of noninvasive,
portable, and continuous measurement, there is still much space for progress.

In this study, the authors proposed an alignment-free compact sensing module.
The main obstacle to arterial tonometry is the rigorous placement of the sensor. Therefore,
the sensing module was designed as a solid–liquid composite structure, which aims at
reducing the pressure measurement error caused by misplacement. Furthermore, it has the
potential to combine the PWTT method with arterial tonometry. In order to demonstrate
its BP monitoring capability in daily life, the sensing module was integrated into a wear-
able BP device. The performance of the device was systematically verified by simulation
and experiment.

This paper is organized as follows. The theoretical method and device development
process are presented in Section 2. The experimental results are described and discussed in
Section 3. Finally, the conclusion and prospects are summarized in Section 4.

2. Device Development

The radial artery BP measurement device includes a wrist wearable device and a
smartphone-based arterial blood pressure (ABP) recording APP, as shown in Figure 1.
Data transmission between the wearable device and the recording APP is via Bluetooth
Low Energy (BLE), which removes the need for an enormous data acquisition system,
and satisfying the need for the portability of continuous BP measurement in daily life.
The measuring principle of the device is mainly based on that of arterial tonometry, com-
bined with the PWTT measurement.

2.1. Theory

Arterial tonometry is a noninvasive BP measurement method proposed by Pressman
and Newgard in 1963 [19]. A cross-sectional view of the human wrist is shown in Figure 2a.
The radial artery is located between the epidermal tissue and the radius, flanked by the
flexor and extensor muscles. After wearing the measurement device, the changes in
the radial artery are shown in Figure 2b. Due to the squeezing of the wearable device,
the sensor puts external pressure on the radial artery. As a result, the epidermal tissue,
radial artery, and radius are close to each other, leading to deformation of the radial
artery. When the external pressure is appropriate, the radial artery section will become flat,
as shown in Figure 2c. In this case, the tension of the arterial wall is completely horizontal;
thus, pressure measured by the sensing module will be equal to the pressure in the artery
(BP) if the elastic attenuation of the epidermal tissue is neglected.
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According to the principle of arterial tonometry, the module has to be directly above
the radial artery and remain fixed during measurement. Otherwise, it is possible to
introduce considerable measuring errors. However, it is relatively difficult to align the
center of the module to the central line of underneath the vascular vessel, whose diameter
is relatively small (about 3 mm). Usually, the sensor alignment can only be roughly
determined by feeling the pulse with the finger.

2.2. Sensing Module Design

The size of the sensing module is 16 mm × 14 mm, and the width of the module is
considered as the distance between the radial protrusion and the musculus flexor, because
it is convenient to find the appropriate circumferential position of the module with the help
of the radial protrusion and musculus flexor. However, the distance between the radial
protrusion and the flexor muscle is an individualized parameter. In order to cover the
different ages and weights of all possible users, so that they can easily align the sensing
module to the artery, the module should still be positionally robust. The wrist circumference
in adults is typically between 140 and 180 mm, and the distance difference between the
radial protrusion and the musculus flexor is less than 8 mm. Therefore, the module needs
to be robust with a minimum of 8 mm tolerance in the width direction, i.e., the signal
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measured within this range should be distortion-free and genuinely reflect the pulse state
if motion artifacts are ignored.

Inspired by the principle of finger-feeling pulse in traditional Chinese medicine [20],
we designed a solid–liquid composite sensor structure, and details are shown in Figure 3.
Inside the sensing module is a cavity as shown in Figure 3b, which is filled with silicone
oil and connected to the outside through two channels above, one for liquid injection and
the other for pressure transfer. The sensitive areas are the two semicylindrical bulges on
the bottom of the module as shown in Figure 3c. When a stimulus is received, the bulges
deform and generate compressive stress, which can be efficiently transmitted to the pressure
sensing element according to Pascal’s law. Theoretically, regardless of where the bulges are
pressed, the pressure transmitted to the sensing element should be the same.
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(c) side view of the sensing module; (d) semicylindrical bulge of the two channels.

The designed sensing module is a dual-channel signals sensor, as shown in Figure 3d,
which can measure the pulse at two adjacent locations. The first purpose is to facilitate
the alignment of the module in the axial direction of the wrist because at least one of the
two channels can be supported by the radius. The second is that the PWTT can be derived
by the time difference between the pulse signal in two different locations. PWTT is a
BP-related variable and can be used to derive BP [21]. The result calculated by PWTT can
be cross-validated with arterial tonometry.

2.3. Fabrication

The sensitive area of the sensing module, i.e., the area in contact with the skin of
the wrist, is made of a thermoplastic polyurethane (TPU) film with good plasticity and
biocompatibility. The cavity is filled with non-volatile and biocompatible dimethyl silicone
oil (Dow Corning Inc., Michigan, USA, pmx-200). The pressure sensing element of the
module is a silicon piezoresistive die (Uni Sense Technology Co. Ltd., Shenzhen, China,
US9173) based on micromachining technology.

The preparation process of the sensing module is shown in Figure 4. First, the TPU film
with two semicylindrical bulges was produced by hot extrusion forming through a mold.
Then the formed film was glued together with the 3D-printed base. Second, the pressure
sensing element was glued to the base in alignment with the pressure transmission channel.
Third, the cavity was filled with degassed silicone oil through the liquid injection channel
in a vacuum environment, and then the liquid injection channel was sealed. Finally,
after cleaning the pressure sensing element, it was connected to the peripheral circuit
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using ultrasonic gold wire bonding technology. The sensing module prepared by this
process overcomes the disadvantages of stress transfer attenuation and non-uniform stress
distribution in the traditional elastic layer.
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2.4. Signal Process

The processing flow of the signal collected by the sensing module is shown in Figure 5.
The lower left of the figure is a photo of the processing circuit, which integrates power
management, signal acquisition, signal processing, and BLE communication functions. It is
mounted in the controller with the battery underneath as shown in Figure 2b.
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The raw signal measured by the sensing module is insignificant, as shown in Figure 5c.
First, a distinct pulse signal is obtained through a conditioning and amplifier circuit.
Then the heart rate fH can be obtained by Fourier transform of the pulse signal and taking
the dominant frequency, as shown in Figure 5e. The baseline separation circuit consists of a
high-pass filter and a low-pass filter circuit. After passing through the two filters separately,
two pure pulse wave signals and two mean pressure signals are available; the typical
signals are shown in Figure 5f. The mean pressure of the two channels is defined as P1 and
P2, respectively. The mean pressure here is influenced by the mean BP (MBP) and external
pressure, so it can be used to extract the MBP when the external pressure is controllable.
The oscillating pressure of the two channels, i.e., the peak-to-peak values of the pure pulse
wave signals, are defined as ∆P1 and ∆P2, respectively. The oscillating pressure can be
used to extract the difference between systolic and diastolic pressure. Then, the 2nd order
differential sequence of the pulse wave is derived, and the moment when it reaches its
peak is considered as the initial ejection point of the heart [22]. The pulse wave transmit
time (PWTT) in the artery can be obtained as the time difference ∆t between the initial
ejection time of two channels, as shown in Figure 5g. Moreover, the pulse wave velocity
(PWV) in the artery can be calculated according to the distance ∆d and PWTT between the
two signal channels of the sensing module.

Through wireless BLE communication, the measured information can be synchronized
to the smartphone for saving and further processing, enabling real-time monitoring of
arterial blood pressure.

3. Experiment and Discussion
3.1. Simulation Results on Static Load

In this section we use finite element analysis (FEA) to demonstrate that the structure
of liquid sealed in a film allows the pressure to be uniformly transmitted to the pressure
sensing element, realizing the insensitivity to the stimulus location. The static simulation
analysis was performed based on ANSYS. A simulation model for the basic structure of the
sensing module was built first, and the same load was applied to different positions on the
bulge structure, as shown by the arrows in Figure 6a. The red arrow is the center loading
position, and the yellow arrows are the loading positions when the load is offset to the left
by 0.5 mm each time (symmetric on the right). The pressure value at the sensing element
was calculated separately for each loading position and defined as the output pressure.

The calculated results of the FEA are shown by the red curve in Figure 6b. The Y-axis
of the curve is the output pressure attenuation relative to the central loading position
(red arrow) when loading at other positions (yellow arrows). Results indicate that the
output pressure varies with the position of the load, and the attenuation becomes more
pronounced away from the center. The output pressure is attenuated by 5.6% at 2.5 mm
away from the center and 25% at 4 mm. This means that the output pressure is nearly the
same when the stimulus position is within 5 mm of the middle of the sensing module,
and the output pressure error is less than 25% within 8 mm. Even at the furthest edge,
the sensing module can obtain a valid signal within 30% attenuation. By consideration
of adult vessel size, 2.5 mm away from the center is the location that the whole vessel
maintains above the sensing bulge; more misplacement leads to the vessel being only
partly above the sensing bulge, which results in a larger measuring error. Fortunately,
the approximate pulse finger feeling method can easily guarantee that the module is fixed
within the ±2.5 mm misplacement tolerance range.
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Figure 6. Finite element simulation: (a) loading positions; (b) results of output pressure and film
deformation.

3.2. Location Robustness on Dynamic Stimulation

The location robustness in a static load was verified in the simulation analysis. How-
ever, the effects of pulse oscillation and epidermal tissue elasticity on pressure signal were
not considered in the simulation. Therefore, in this section, the response to the stimulus
location of the sensing module under near-real and controlled dynamic conditions is exper-
imentally investigated. The schematic diagram of the experimental platform is shown in
Figure 7a. A peristaltic pump was used to simulate the heartbeat, a rubber hose to simulate
the blood vessel, and a silica gel pad to simulate the epidermal tissue. The peristaltic pump
rollers squeeze the rubber hose from left to right in sequence, intermittently pumping the
water through the region where the sensing module is located. The diameter of the rubber
hose was 3 mm, which is similar to that of the radial artery vessel. The thickness of the
silica gel pad was 5 mm and the hardness was 5 HA, similar to those of the epidermal
tissue. The rigid substrate beneath the silica gel pad was used to simulate the radius
supporting the radial artery. Figure 7b shows the right elevation of the sensing module
and the rubber hose, which illustrates the change in the rubber hose location relative to the
sensing module from −5 to 5 mm during the experiment. The photo of the experimental
platform is shown in Figure 7c, including a peristaltic pump, a segment of rubber hose,
a silica gel pad, a sensing module, a processing circuit, and a smartphone-based recording
APP. Figure 7d–f show the close-up photos of the rubber hose positions at the leftmost
(−5 mm), middle (0 mm), and rightmost (5 mm), respectively.
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The rotational speed of the peristaltic pump is set to 30 rpm and with the three rollers
in one circle, i.e., the fluctuation frequency is 90 Hz, which is close to the human heart rate.
As each roller passes through the rubber hose, the peak pressure is generated. The signals
collected at each location of the sensing module are shown at the bottom of Figure 7g.
The top of the figure shows the extracted average oscillating pressure versus its location,
and the Y-axis is the oscillating pressure attenuation relative to the central location. As can
be seen from the figure, the dynamic experimental results are almost the same as the static
simulation results. At a distance of ±4 mm from the center, the oscillating pressure decays
by 23.7%. The ideal measuring location is from −2.5 to 2.5 mm and the oscillating pressure
variation is within 5.4%. Another important result is that the waveforms maintained a
close agreement at all the misalignment locations, which is one of the key performances
desired in real BP monitoring. In this manner, the designed sensing module demonstrated
its capability of alignment-free tonometry BP measurement.

Based on the developed alignment-free sensing module, it was necessary to examine
its appropriate capability in BP measuring, which is presented in the following sections.

3.3. Individualized Calibration

In this section, the arterial blood pressure (ABP) measured by the sensing module
is investigated. The subject’s ABP was artificially and quantitatively altered through an
in vivo BP control platform to establish a link with the output of the sensing module.
This calibration method combines ABP with hydrostatic pressure and is able to assess the
effect of individualization factors, such as vessel thickness and epidermal tissue stiffness.
The calibration results can be applied to BP tracking for long-term wear. In this study,
artificial alteration of ABP was achieved by adjusting the height of the subject’s wrist
relative to the heart. According to Bernoulli’s principle, for every 1.3 cm increase in the
height of the wrist relative to the heart, the ABP at the measuring point decreases by
1 mmHg. However, due to the difference in physiological characteristics of the individual
body, the signal collected by the sensing module varies from person to person even if the
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ABP variation is the same. Therefore, it is necessary to recalibrate the sensitivity by the
controlled ABP and the corresponding sensor output.

The experimental setup includes a wrist height adjustment platform, as shown in
Figure 8a, which is designed with a sliding track allowing the subjects to maintain the
posture while changing the height of the wrist. The subject selected for the experiment
was healthy, did not smoke, drink, or exercise before the experiment, and was in a resting
state without any stimulus during the experiment. Therefore, the BP of the subject was
considered to be stable and did not fluctuate significantly during the experiment. The ex-
perimental procedure started with finding the height of the heart and defining it as 0 cm.
The wrist height was adjusted within ±20 cm, starting from −20 cm and rising 10 cm each
time. Each position measurement lasted 30 s, and the measured pulse wave is shown in
Figure 8b.
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By the analysis of the experimental data, it can be found that the primary change
in the signal as the wrist height rises is the decrease in mean pressure. The change
rate is −4.25 mV/cm; that is, the sensitivity of the sensing module is 5.7 mV/mmHg.
However, the sensitivity of the sensor was previously calibrated as 8.7 mV/mmHg in a
precise pressure chamber. The error between the measured and calibrated sensitivity is a
reflection of the individualization factor. This can be explained in two ways. One is that the
epidermal tissue induces an attenuation effect on pressure transmission [23,24]. The other
is that only part of the sensitive area is in contact with the arterial blood vessels during
the measurement, as shown in Figure 5a. The first factor is related to the elasticity and
thickness of the epidermis, and the second factor is influenced by the thickness of the artery.
Both factors can be attributed to the individualized discrepancies and can be eliminated
by recalibration.
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3.4. BP Calibration

The individualized factor calibration characterizes the relationship between the vari-
ation in the sensing module output and BP during ambulatory BP measurements. How-
ever, because the wearing state is different each time, the initial BP also needs to be
calibrated. The characteristics of the transmural pressure can be used to calibrate the initial
BP. The transmural pressure represents the combined pressure of intravascular pressure,
applied pressure, and hydrostatic pressure. It is generally accepted that the compliance
of the vessel increases to a maximum value as the transmural pressure goes to zero [25].
In addition, the transmural pressure equal to zero means that the intravascular pressure,
i.e., the MBP, is equal to the extravascular pressure when the hydrostatic pressure is equal
to zero. This also means that the pulse oscillating pressure measured by the sensing module
is the largest [26]. Furthermore, maximum vascular compliance also means that the same
pressure change in the vessel causes the most significant change in vessel volume and,
therefore, the most extended PWTT [27]. Thus, there can be two ways to determine the
initial BP—when the pulse oscillation amplitude reaches its maximum and when the PWTT
is the longest. In this study, the transmural pressure was varied by changing the applied
pressure of the sensing module, and was decreased to zero and then increased in reverse as
the applied pressure increases.

The experimental setup containing a pressure controller, a gasbag, and an ABP mea-
surement device is shown in Figure 9a. The pressure applied to the wrist by the sensing
module was controlled by the pressure controller and a gasbag above the module. Before
the experiment, the subject was required to align the sensing module with the gasbag
after wearing the ABP measurement device, and the subject’s wrist remained stationary
throughout the experiment. The pressure on the wrist was then controlled to increase
gradually and uniformly until the acquired pulse waveform begins to distort, indicating
that the artery is almost closed.
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The experimental results for one subject are presented in Figure 9b. The mean pres-
sure measured by the sensing module keeps rising uniformly with the increase in the
applied pressure. The oscillating pressure and the PWTT also progressively increase at the
beginning due to the decreased transmural pressure. As the applied pressure continued to
increase, the oscillating pressure and the PWTT started to decrease from a certain point be-
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cause the transmural pressure decreased to zero and then increased in reverse. The turning
point is the MBP state for the subject, as shown by the dashed line in Figure 8c. The mean
pressure at this point corresponds to the MBP, and the oscillating pressure corresponds to
the difference between systolic and diastolic pressures.

According to the IEEE standard [28], twenty healthy adults were selected for evaluat-
ing the effectiveness of the designed BP measurement device. Their personal information
and BP measured by a commercial sphygmomanometer (Omorn Inc., Japan, HEM-7124)
5 min before the test are shown in Table 1. The initial BP was calibrated by the same
method for the 20 subjects, and the extracted mean and oscillating pressures are presented
in Figure 10. The calibration results of the MBP are shown in red.

Because the BP procedure in this study is based on arterial tonometry, the MBP was
obtained from the corresponding mean pressure, and the differential pressure (DP) between
systolic pressure and diastolic pressure was obtained from the corresponding oscillating
pressure. The BP measurement results of the subject were determined by the MBP and
the DP. In order to enable comparison with the commercial cuff sphygmomanometers,
the results were converted to SBP and DBP by the 4/6 principle. Then, the Bland–Altman
method was used to analyze the correlation between the derived BP and the BP measured
by the commercial sphygmomanometer; the results are shown in Figure 11. All measuring
results fall within the confidence interval. The mean error of SBP is −4.62 mmHg with
a standard deviation of ±7.0 mmHg, and the mean error of DBP is 2.98 mmHg with a
standard deviation of ±5.07 mmHg. The BP measurement results are in accordance with
the AAMI standard [29] of 5 ± 8 mmHg. The above experimental results indicate that the
BP measurement device proposed in this paper has considerable stability and can adapt to
different people.

Table 1. BP information for the 20 subjects.

Subject SBP DBP Gender Age Weight
(mmHg) (kg)

1 120 73 Male 23 64
2 116 75 Male 22 57
3 115 61 Male 22 65
4 125 85 Male 21 76
5 116 74 Male 22 75
6 113 84 Male 22 72
7 122 76 Male 22 50
8 111 69 Female 22 62
9 115 78 Male 24 60

10 102 75 Female 22 46
11 122 74 Male 22 100
12 129 85 Male 23 61
13 137 84 Male 22 70
14 106 76 Male 23 70
15 128 83 Male 23 70
16 99 69 Male 22 65
17 121 78 Male 23 79
18 104 79 Male 23 78
19 101 71 Male 23 69
20 97 64 Male 23 70
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4. Conclusions

Arterial tonometry is a noninvasive BP measurement method with high accuracy.
However, sensor–artery alignment is a major problem that obstructs the application of
arterial tonometry. In this study, a novel solid–liquid mixture pulse sensing module was
proposed to address the existing problems. The flexible film with semicylindrical bulges
and unique liquid-filled structure greatly reduces the pulse measuring error caused by
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position deviation. Having a rational circuit and algorithm design, it is able to extract
the mean and oscillating pressures of the subject’s pulse. In addition, the device has the
ability to measure PWTT, which can serve as a complement to arterial tonometry and is
especially suitable for ambulatory BP monitoring. The location robustness of the sensing
module was verified by simulation and experiment. The ideal measuring location ranges
from −2.5 to 2.5 mm of the module and the pressure variation is within 5.4%, which can be
easily achieved by finger feeling in a real application of a wearable BP monitoring scenario.
At a distance of ±4 mm from the module center, although the pressure decays by 23.7%,
the dynamic waveform is conserved well, which is important for wearable application.
For different potential users, the individualization factor can be calibrated by an ABP
control platform, and the initial BP can be calibrated by an applied pressure regulation
platform. The alignment deviation errors can be further eliminated by the individual
calibration procedure in a practical BP measuring step. BP measurement experiments
were performed on 20 subjects, and the experimental procedure followed IEEE standards.
The results indicate that the wearable device performs well for BP measurements and the
error of the results meet the AAMI standards. The device is expected to provide a new
solution for wearable continuous BP monitoring.

In next phase, we plan to (1) combine arterial tonometry and the PWTT method for BP
measurement, and use the device for noninvasive continuous BP measurement in clinical
trials; (2) study the interference of human motion on the measurement, and improve the
accuracy of the measurement in motion in terms of the device structure design and an
anti-motion algorithm.
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