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risk of diseases earlier. Although most of them are obtained by a mechanical contact
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sensor based on principle of tonometry, the method cannot be applied to non-contact
measurement. In this research, a novel method composed of a jet flow and a camera for
measuring blood pressure without contact is proposed, and continuous blood pressure
and its fluctuations can be detected by this method. In this paper, to develop this novel
method, a blood arterial is simulated as an elastic tube, and the deformation process of
the elastic tube is observed under pulsatile flow, and the relationship between the
deformation process and blood pressure will be obtained. In the experiments, a silicone
tube is used to simulate a blood vessel, and the fluid is circulated by a roller pump to
create a pulsatile flow. The jet flow is targeted to the tube surface from a nozzle from 0
to 0.37 MPa, and internal pressure in the tube is measured by a pressure sensor. As a
result, the displacement and the internal pressure of the tube increased rapidly when a
jet flow of a certain pressure was targeted to the tube surface. In addition, it was

Keywords: confirmed that a gradient of cross-sectional area of the tube with the jet pressure reached
Pressure measurement; pulsatile flow; to inflection point when the internal pressure increased rapidly. Therefore, there is a
impinging jet flow; deformation of possibility that jet pressure applicable to blood pressure measurement can be estimated
elastic tube; Tonometry method from the gradient change of the cross-sectional area.
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1. Introduction

Recently, due to the spreading of COVID-19 infection, non-contact measurement of vital
information such as body temperature, blood pressure, blood oxygenation level or heart rate has
been required at hospitals and nursing facilities. In general, the oscillometric method and Korotkoff
method have been applied to the sphygmomanometer [1-7]. These are methods to measure diastolic
blood pressure (DBP) and systolic blood pressure (SBP) during the decompression after the blood
vessels are compressed with a cuff attached to the upper arm. These methods cannot be applied to
continuous measurement because only temporary or intermittent DBP and SBP can be obtained due
to long measuring times. Conversely, photoplethysmography (PPG) and electrocardiogram (ECG)
have been applied to wearable devices, where the blood pressure is estimated by data science based
on temporal information such as pulse wave propagation time (PPT) and pulse contours [8-14].
However, while DBP and SBP per beat can be obtained from the device, it is inability to ascertain
rapid fluctuations in blood pressure that are valid for disease diagnosis. In addition, because skin
must be attached to a light source and an electrode of the device, these methods cannot be applied
to non-contact measurements. Although the application of cameras has also been studied as the non-
contact measurement method, only estimated values of blood pressure based on PPT can be
obtained [15]. Thus, it has been difficult to measure absolute values of blood pressure. In this current
situation, it is necessary to develop a novel sensor device which can measure blood pressure directly.

As the method of continuous and direct measurement, the tonometry method has recently
garnered significant attraction [16-20]. In this method, the fluctuations in blood pressure can be
measured directly without measuring DBP and SBP. However, the proposed methods cannot be
applied to the non-contact measurement because the piezo sensor and skin must be in contact. The
purpose of this research is to develop a novel non-contact measurement system of blood pressure
based on the tonometry method which can capture the fluctuations in blood pressure by using a jet
flow and a camera instead of piezo sensors. First, in this paper, an experimental system which targets
the jet flow at a pulsating blood vessel simulated by an elastic is developed. Second, the relationship
between the deformation of the elastic tube and its internal pressure when compressed by the jet
flow is investigated through observation and pressure measurement.

2. Theory of Tonometry Method

Figure 1 shows schematic of balance of forces in a radial artery when the thickness of the vessel
wall is taken into account. As shown in Figure 1(a), the balance of forces at the vessel wall is expressed
by Laplace law when blood vessels are not deformed by external pressure [16]

T=p;ri = p,ro, (1)

where T is surface tension at the vessel wall, pi is internal pressure, po is external pressure, ri is radius
of curvature of the inner wall of a blood vessel and r; is radius of curvature of the outer wall of the
blood vessel. Eq. (1) is transformed as follows

ro T
pi=Pot (2)

As shown in Figure 1(b), when the blood vessel is pressed flat by external pressure, the radius of
curvature of the inner wall and outer wall are ri = oo and ro = oo, respectively. Thus, the relationship

between riand r, is as follows
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ri=ro. (3)

Therefore, the surface tension at the blood vessel can be ignored and following equation is
obtained

p=p,. (4)

Eqg. (4) expresses that the internal pressure is equal to the external pressure when the blood
vessel is pressed flat. In the tonometry method, the radial artery is compressed flat by a known
external pressure to estimate the internal pressure of the artery. Figure 2 shows the conceptual
diagram of pressurization by jet flow. In this research, the internal pressure is estimated by pressing
flat the radial artery with a jet flow of a known pressure as shown in Figure 2.
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Fig. 1. Schematic of deformation of radial artery; (a)
Before deformation, (b) Deformed into flat shape
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3. Experimental Setup

Figure 3 shows the schematic of experimental setup developed from this research. In this
experiment, the silicone tube (outer diameter 2.4 mm, inter diameter 2 mm) is used to simulate
blood vessel, and the roller pump (rotation speed 60 rpm) is used to circulate water pulsatile. The air
delivered from the compressor is controlled by the solenoid valve, and jets toward the silicone tube
with the nozzle (inter diameter 1.7 mm). Since the control circuit including the microcomputer is
connected to the solenoid valve, the jet flow is targeted synchronously with rotation of the roller
pump. Figure 4 shows the solenoid valve operation process by the control circuit. From Fig. 4, the
optical sensor (Omron, E3X-SD21) outputs a rotation pulse and transmits the pulse to the
microcomputer when the rotator of the roller pump is detected. The microcomputer outputs a jet
pulse at an arbitrary time in response to the rise of the rotation pulse, and opens the solenoid valve
by activating the relay. Figure 5 shows the side view of the observation area in Figure 3. As shown in
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Figure 5, the nozzle directly fixed to the solenoid valve is positioned at a horizontal distance of 1 mm
from the tube surface. The deformation behavior of the tube is observed by the stereo microscope
(Nikon, SMZ800) from z-axis, and filmed by the video camera (Panasonic, HDC-HS9, framerate 30 fps,
shutter speed 1/8000 s) installed on the microscope. As shown in Figure 6, in this research, the
maximum displacement of one side of the tube is obtained by image analysis. In addition, the internal
pressure of the tube is measured by the pressure sensor (SMC, PSE573) to compare with the tube
displacement, and recorded by the oscilloscope (Yokogawa Test & Measurement, DL1640, sampling
rate 1 kHz) along with the rotation pulse and the jet pulse. In this experiment, the air filling pressure
by the compressor is monitored by the indicator (SMC, ISE40A), and this pressure is defined as the
jet pressure and set to be from 0 MPa (no jet) to 0.37 MPa. Figure 7 shows the time chart of the
rotation pulse and the jet pulse. As shown in Figure 7, the number of jets per rotation of the roller
pump is one, and the solenoid valve is set to be opened for 120 ms at a time 300 ms after the rise of
the rotation pulse.

Position of stereo
microscope

i
80 mm ?'

i Roller pum
Reservoir (water) pump

Indicator .
Nozzle _@/ Resistance

|—| Control circuit

Solenoid valve  Silicone tube ¢
N ] H |

|
y il Pressure sensor P\ iti f
g X 35mm 280 mm osttion o
z 2 optical sensor
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4. Result and Discussion
4.1 Measurement of Pressure History of Jet Flow

First, pressure measurement as a preliminary experiment is conducted to understand the actual
pressure of the jet flow reaching the tube surface. Figure 8 shows schematic of setup measurement
jet pressure. As shown in Figure 8, the position of the pressure sensor (PCB Piezotronics, 113B24) is
horizontally 1 mm from the nozzle. Figure 9 shows the pressure history at the jet pressure of 0.37
MPa as a typical result. From Figure 9, the measurement pressure raised rapidly with the time after
the rise of the jet pulse represents the opening of the solenoid valve, and reached peak pressure of
116 kPa. Conversely, the measurement pressure decreased slowly after reaching peak pressure,
because low-frequency response of the PCB sensor is 0.005 Hz by the specification. Thus, it is
expected that the real fall time may be shorter than the result. In addition, from Figure 9(b), it is
confirmed that there was a 20 ms delay between the rise of the jet pulse and the rise of measurement
pressure. Conversely, since the open time of the solenoid valve is set to 120 ms as stated above, the
pressure from the rise to 120 ms is considered important. Next, the averaged pressure from the rise
to 120 ms was obtained at each jet pressure. Figure 10 shows the averaged pressure between the
rise of the pressure and 120 ms. In Figure 10, the error bar shows 95 % confidence interval calculated
from 3 measurements at each jet pressure. From Figure 10, the measurement pressure increases
linearly with increasing the jet pressure. In addition, the measurement pressure is lower than the jet
pressure at each condition, it is confirmed that measurement pressure reduced 10 % to 20 % of the
jet pressure.

1 mm Solenoid valve Pressure,

PCB sensor
E]: Nozzle Voltage

PCB sensor

Jet pulse

»Time
(a) Position of PCB sensor and solenoid valve (b) Schematic of output signal
Fig. 8. Schematic of measurement of actual jet pressure by PCB sensor
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4.2 Deformation and Internal Pressure Change of Elastic Tube

Figure 11 shows the time history of rotation pulse, jet pulse, displacement and internal pressure
of the tube at the jet pressure of 0 MPa, 0.2 MPa and 0.37 MPa as typical results. The results were
obtained from 2 periods of the rotation from the start of measurement. First, from Figure 11(a), it is
observed that the pulsatile flow was generated and the internal pressure changes from 15 kPa to 20
kPa in the case of no jet flow. From this result, it is confirmed that pulsating blood vessel can be
simulated by using the elastic tube and the roller pump. Next, the effects of the jet flow on
deformation and the internal pressure of the tube are discussed. From Figure 11(b), the tube is
slightly deformed immediately after the rise of the jet pulse when the jet pressure is 0.2 MPa.
However, even when the jet flow of 0.2 MPa was targeted to the tube surface, the behavior of the
internal pressure was the almost same as 0 MPa. Focusing on the case of high-jet pressure, an
increase of the internal pressure was observed at the same time as the time when the tube
deformation was observed in the case of increasing the jet pressure to 0.37 MPa (Figure 11(c)).

Figure 12 shows the comparison of internal pressure and displacement of the tube at each jet
pressure. First, in Figure 12, averaged value of each measurement result for 120 ms (open time of
solenoid valve) was obtained with a delay of 20 ms based on the rise of the jet pulse. Second, each
measurement results were averaged for 5 periods of pulsatile flow. From Figure 12, it is observed
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that the internal pressure increased slowly with increasing jet pressure from 0 MPa to 0.25 MPa. As
shown in Figure 10, when the jet pressure is set from 0 MPa to 0.2 MPa, the actual pressure is from
10 kPa to 30 kPa at the tube surface which is close to the internal pressure in the case of no jet flow.
Thus, it is considered that the slight effect of the jet flow on the internal pressure was observed.
Subsequently, the internal pressure increased rapidly at jet pressures higher than 0.25 MPa. It is
considered that the internal pressure changed significantly because the actual tube received pressure
was 43 kPa or more which is about twice the original internal pressure (15 kPa to 20 kPa) in the case
of jet pressure of 0.25 MPa (Figure 10). Therefore, it is confirmed that the jet flow affects the internal
pressure of the tube when the jet pressure exceeds a certain level. However, if the blood pressure is
changed by the jet flow, actual blood pressure cannot be measured, and the jet flow cannot apply to
a sphygmomanometer. From this reason, the jet pressure higher than 0.25 MPa is considered
excessive, and there is a possibility that the measurable range is the jet pressure lower than 0.25 MPa
in this experimental system.
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Conversely, a significant change in the displacement of the tube was not observed at the jet
pressure from 0 MPa to 0.1 MPa. However, the displacement increased linearly at the jet pressure
from 0.15 MPa to 0.37 MPa. From the comparison between the internal pressure change and the
displacement change, it is found that the sensitivity of the displacement changes to increasing jet
pressure is higher than the internal pressure change. Since the internal pressure changes in
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proportion to volume change of the tube by receiving the jet flow, it is considered that the
displacement which is one-dimensional data was more sensitive than volume as three-dimensional
data. However, it is difficult to capture the volume change with precision in this experiment.

Thus, the cross-sectional area of the tube is estimated from its displacement, and compared with
the internal pressure. In addition, to investigate the inflection point of the area change with
increasing jet pressure, the following approximate curve is applied

fX)= = o (5)

Figure 13 shows the schematic of cross-sectional area. On the assumption that the circumference
of the tube does not change before and after deformation, the cross-sectional area under pressure
is calculated as elliptically varying (Figure 13(b)). The circumference of an ellipse can be calculated by
following the equation

L=nif3(a+b) — /a+3b)(3a+b) } (6)
where a is length of major axis and b is length of minor axis. The length of the minor axis can be

calculated from the difference between the original tube diameter and the displacement obtained
from image analysis. From Eq. (6), the length of the major axis is expressed as follows

a=\//—b2+b#—%é)2+éb—i)z/—éb—i). (7)

The cross-sectional area is calculated as the area of the ellipse by following equation

S=nab. (8)
1A \ 1B
Silicone tube i
N AN B -b-i-s-p-lacement B-B
(a) Original geometry (b) Deformation under pressure

Fig. 13. Schematic of cross-sectional area change of tube

Figure 14 shows relationship between jet pressure and cross-sectional area, and approximate
curve. From Figure 14, the change in the cross-sectional area is not observed at the jet pressure from
0 MPa to 0.1 MPa. Conversely, when the jet pressure is higher than 0.15 MPa, the cross-sectional
area decreases significantly and linearly with increasing jet pressure. Here, the change in cross-
sectional area is compared to the displacement change with increasing jet pressure. Although the
displacement changed significantly at 0.1 MPa, the cross-sectional area changed at 0.15 MPa. Thus,
the sensitivity of deformation with increasing the jet pressure was lowered by calculating the cross-
sectional area. In Figure 14, the approximate curve is written by the dotted line. By fitting the
approximate curve to the cross-sectional area, the coefficients were determined to be o =-1.817, k
=22.74, x0 = 0.2607, yo = 4.524, respectively, and coefficient of determination was obtained to be R2
=0.9997. Next, the inflection points of the area change with increasing jet pressure is investigated in
detail with the approximate curve. Figure 15 shows the relationship between jet pressure and
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gradient of the cross-sectional area. From Figure 15, it is observed that the gradient gradually
decreased from 0 MPa, and reached to inflection point between 0.25 MPa and 0.275 MPa. After
reaching to inflection point, the gradient increased from 0.275 MPa to 0.37 MPa. From the
aforementioned result of the internal pressure of the tube, the inflection point of the internal
pressure change was observed at the jet pressure of 0.25 MPa (Figure 12). Thus, it is observed that
the inflection point of the gradient agrees with the inflection point of the internal pressure. Therefore,
there is a possibility that jet pressure applicable to blood pressure measurement can be estimated
from the gradient change of the cross-sectional area.
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5. Conclusion

In this research, the novel measurement method of blood pressure is proposed which enables
non-contact and continuous measurement based on the tonometry method. The experimental
system is developed with elastic tube and jet flow to investigate the relationship between tube
deformation and pressure of the internal liquid. The following are concluded

i.  Fluctuations in the internal pressure of the elastic tube regardless of whether impinging jet
flow were observed, and it is confirmed that the experimental system developed in this study
can simulate the blood vessel with pulsatile flow.

ii. Itis confirmed that the displacement and internal pressure of the elastic tube changed with
increasing the jet pressure. Especially, the rapid increase of internal pressure was observed
when the jet pressure was set to higher than 0.25 MPa. It is considered that the jet pressure
must be lower than the pressure because of concern about changes in actual blood pressure.

iii.  When the internal pressure increases rapidly, the gradient of the cross-sectional area of the
tube with the jet pressure reached to inflection point. Therefore, there is a possibility that jet
pressure applicable to blood pressure measurement can be estimated from the gradient
change of the cross-sectional area.

In the future, the pressure distribution at the area where the jet flow impinges on the tube needs
to be investigated in detail, and the relationship between deformation and internal pressure of the
elastic tube when the jet flow is continuously targeted also needs to be elucidated.
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