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ABSTRACT
Arterial tonometry is a widely used non-invasive blood pressure measurement method. In con-
trast to the cuff-based method, it is possible to obtain a continuous pressure profile with
respect to systolic and diastolic pressures using this method. However, due to a requirement of
arterial tonometry—that a sensor needs to be placed directly above a blood vessel—placement
error is inevitable if the measurement device is only capable of measuring local regions. This
study assumed that the plate sensor is flexible, thus reducing the placement error. We investi-
gated the pressure distribution along the wrist surface rather than the local region through the
contact simulation between the flexible plate sensor and the wrist. As a result, we concluded
that there is a unique pressure distribution for any specific wrist, regardless of the length and
position of the plate, and that it is possible to measure the blood pressure using the response
at the wrist surface to the pressure inside the radial artery.
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1. Introduction

Blood pressure is widely regarded as a physiological
parameter for clinical diagnosis and management.
Although a direct and invasive method of inserting
the catheter into the vessel can be used to measure
this parameter (Parati et al. 1989; Van Egmond et al.
1985), this method is disadvantageous due to its com-
plexity and risks to patients. Thus, a non-invasive
approach is primarily used in the medical care field
due to its convenience. There are two types of non-
invasive methods—a cuff-based auscultatory method
and arterial tonometry using an oscillometric blood
pressure measurement and a sensor device.

Since the introduction of the auscultatory method
using the upper arm cuff by Riva-Rocci in 1896
(Perloff et al. 1993), the cuff-based method has been
used broadly by physicians in emergency rooms and
hospitals. The principle of the auscultatory method,
which is the first category of the cuff-based method, is
as follows. If the cuff pressure is lower than the systolic
blood pressure, the Korotkoff sound is produced when
the cuff pressure and the blood pressure are at corre-
sponding levels. When the cuff pressure decreases
below the level of the systolic blood pressure and cuff

pressure and blood pressure acquire corresponding lev-
els, the Korotkoff sound is produced. The moment the
cuff pressure decreases below the level corresponding
to the diastolic blood pressure, the Korotkoff sound
disappears (Erlanger 1921; Korotkoff 1905). The major
disadvantage of this auscultatory method is that only
representative values of systolic blood pressure and dia-
stolic blood pressure can be measured, and a continu-
ous pressure profile cannot be obtained. Furthermore,
it requires an enormous amount of training to detect
the Korotkoff sound. In contrast, oscillometric blood
pressure measurement, which is the second category of
cuff-based methods, can be used without significant
training, because a digital signal processor analyzes the
oscillometric pressure pulses that appear when varying
the cuff pressure from the systolic blood pressure to
the diastolic blood pressure (Alpert et al. 2014).
However, oscillometric blood pressure measurement
has the disadvantage that the systolic blood pressure is
overestimated and the diastolic blood pressure is
underestimated (Anastas et al. 2008; van Ittersum et al.
1998). Furthermore, because the influence of the cuff
type on the blood pressure measurement varies, the
user must understand the characteristics of each cuff

CONTACT Seong Wook Cho scho@cau.ac.kr School of Mechanical Engineering, Chung-Ang University, 84 Heukseok ro, Dongjak gu, Seoul 06974,
South Korea
Wookjin Lee and Jaiyoung Ryu equally contributed to this work as first author.
� 2018 Informa UK Limited, trading as Taylor & Francis Group

COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING
https://doi.org/10.1080/10255842.2018.1522533

http://crossmark.crossref.org/dialog/?doi=10.1080/10255842.2018.1522533&domain=pdf
https://doi.org./10.1080/10255842.2018.1522533
http://www.tandfonline.com


type and determine the cuff type needed according to
the situation (Naqvi et al. 2017; Ringrose et al. 2016).

Arterial tonometry is a method of measuring blood
pressure by analyzing pressure (Dueck et al. 2012;
Singh et al. 2017) or strain rate (Kao et al. 2016;
Wang et al. 2016) through a sensor. Thus, it is pos-
sible to obtain a continuous pressure profile with
respect to systolic and diastolic pressures. However,
some issues should be addressed regarding the use of
a sensor. First, sensor-based arterial tonometry is very
sensitive to motion (Salvi et al. 2004; Saugel et al.
2014), which leads to uncertainty in situations where
the behavior of emergency patients is difficult to con-
trol. Second, a placement error inevitably occurs in
the process of positioning the sensor directly above
the artery. Numerous studies measuring blood pres-
sure by arterial tonometry assumed that the optimal
position was achieved without considering a place-
ment error (Dueck et al. 2012; Salvi et al. 2004;
Szmuk et al. 2008; Wang et al. 2016). This assump-
tion does not include the randomness of the measure-
ment location, because it is not always possible to
position the sensor accurately and optimally at the
medical site. According to the literature, considering a
placement error to complement this approach, a
measurement error of 15–26.7% could occur depend-
ing on measurement position (Kao et al. 2016; Tu
et al. 2014). In cases where the sensor is not placed in
the optimal position for blood pressure measurement,
the measurement error could be significant. Thus, a
method of reducing the influence of the placement
error is required for blood pressure measurement.

To reduce the placement error, this study assumed
the sensor type to be a flexible plate in order to evalu-
ate the pressure distribution numerically along the

wrist surface, which differed from the previous study
measuring the pressure directly above the artery.
Accordingly, a simulation of the contact between the
wrist and the flexible plate was performed using the
finite element method to predict the blood pressure
of the radial artery. Finally, the mechanical behavior
according to the pressure applied to the radial artery
and the flexible plate was analyzed to determine
whether the proposed type of sensor could be applied
for arterial tonometry.

2. Methods

2.1. Radial artery and plate sensor model

The radial artery is located between the radial bone of
the wrist and the skin and is surrounded by muscles.
A simple type of radial artery model was developed
with reference to an image of a transverse section
through the wrist (Figure 1). This model consisted of
the radial artery, skin, muscle, radial bone, and ulna
bone. The diameter of the radial artery was approxi-
mately 3mm, similar to the typical radius of the
radial artery (2.4� 2.8mm) (Girerd et al. 1998; Riley
et al. 1992), and the skin thickness was 2mm, which
was the skin thickness provided by previous studies.
Although the body outside the radial artery, skin, and
bone is composed of various types of muscle, nerve,
and tissue aggregates, this study assumed that the
region consisted only of muscles.

The sensor was assumed to be a flexible silicon
plate, and the case where the center of the sensor was
aligned with the center of the radial artery was set as
the basic case. The position and length of the plate
sensor were set as parameters to investigate the effects

Figure 1. Geometry of the radial artery and plate sensor.
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on the pressure distribution in the process of applying
pressure to the plate sensor.

2.2. Setup for finite element analysis

Based on the geometric model described previously, a
finite element model consisting of radial artery, skin,
muscle, radial bone, and ulna bone was created
(Figure 2). Seven simulations were performed by
applying a static load at 20-mmHg intervals ranging
from 60 to 180mmHg as the internal blood pressure
in the radial artery. The pressure applied to the plate
sensor was assumed to be 40mmHg, and a transient
analysis was conducted to perform a contact simula-
tion in which the plate sensor was wound around the
wrist over time. The contact algorithm was set with
the penalty method, and the coefficient of friction
was assumed to be 0.4 (Wang et al. 2016). The bones
were constrained to avoid the rigid body motion.

Skin thickness was assumed to be approximately
2mm (Shaked and Gefen 2013), and the element was
defined as a solid with a size of 0.5mm. The material
properties required to apply a linear elastic isotropic
model to the skin were a Young’s modulus of
150 kPa, a Poisson’s ratio of 0.46, and a density of
1100 kg/m3 (Adams et al. 1999; Lizee et al. 1998;
Verver et al. 2004). The Mooney-Rivlin model was
used to express the nonlinear hyperelastic behavior of
the muscles. The strain energy potential function used
is shown in equation 1:

W ¼ A1 I13ð Þ þ A2 I23ð Þ þ A3 I3
�21

� �
þ A4 I31ð Þ2

(1)

where I1, I2, and I3 refer to invariants of the
Cauchy-Green strain tensor, and material constants

A1 to A4 are defined as A1¼ 1.65 kPa, A2¼ 3.35 kPa,
A3¼ 0.5A1þA2, and A4¼ {A1(5t� 2)þA2(11t �
5)}/2(1 � 2t), where t ¼ 0.49. The density of the
muscle was defined as 1,060 kg/m3. For the finite
element model of the bone, the element size was
defined as 0.5mm, and the physical property was
assumed to be rigid. The material properties for plate
assumed as polyurethane were defined by a Young’s
modulus of 403 kPa, a Poisson’s ratio of 0 and a dens-
ity of 57.8 kg/m3 (Lee et al. 2017). All finite element
analyses were carried out using ANSYS Workbench
17.0 (ANSYS Inc., Canonsburg, PA, USA).

3. Results

In Section 3.1, we examine the influence of these
parameters on the pressure distribution between the
plate and the wrist by setting the position and length
of the plate as parameters. After geometric parameters
were selected based on the results of Section 3.1, the
pressure distribution on the plate according to the
blood pressure was examined in section 3.2.

3.1. Influence of plate length and position

Figure 3 is a stress distribution diagram showing the
complete contact of the flexible plate with the wrist
surface as a result of contact simulation. In this case,
40mmHg pressure was applied inside the radial
artery, and 40mmHg pressure was further applied to
the top of the plate. Based on the case where the cen-
ter of the plate sensor was aligned with the center of
the radial artery, the plate sensors were located 6mm
to the left, at the center, and 6mm to the right,
respectively. For each position, the plate length was

Figure 2. Grid system of the radial artery and plate sensor and boundary condition for simulation.
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24, 30, or 36mm, and the pressure at the bottom of
the plate, which was in contact with the wrist, was
predicted (Figure 4). In this case, the plate with the
shortest length of 24mm could not be compared to
the other plates of lengths 30 and 36mm in the non-
overlapping regions not present in the shorter plate.
Thus, to compare the pressure distributions over the
length, we selected a region where the pressure distri-
bution could be extracted for all cases. The results
qualitatively confirmed that the distribution of contact
pressure tended to be nearly the same regardless of
the plate length for all positions.

3.2. Influence of blood pressure

Based on the results of Section 3.1, the contact pres-
sure of the plate was found to be the same regardless
of the length and position of the plate. In this section,
we assumed that the plate length was 24mm, and the
center of the plate was aligned with the center of the
radial artery. The pressure distribution at the plate
bottom according to the pressure change in the
radial artery was examined numerically. As shown in
Figure 5, the pressure distributions over the regions

tended to be similar, except for the region directly
above the radial artery (in the red circle), as shown in
the results of Section 3.1.

4. Discussion

Initially, we investigated the effects of these parame-
ters on the pressure distribution using the position
and length of the plate sensor as variables. However,
the results in Section 3.1 confirmed that the geometric
parameters of the plate sensor have a negligible effect
on the pressure distribution regardless of the length
and position of the plate sensor. Thus, in Section 3.2,
the appropriate position and length of the plate were
selected to determine whether it was suitable for use
in arterial tonometry.

Figure 4 shows a region where the contact pressure
was less than zero for every position (in the red circle).
This distribution shows the mechanical behavior
induced by the concave geometry of the skin above the
radial artery. The concave geometry of the wrist is a
geometric factor that is largely not considered due to
simplicity. Because the region of interest defined in
this study covers not only the region directly above the

Figure 3. Stress distribution in the basic case after contact simulation.

Figure 4. Contact pressure for each length and location of the plate. The plate sensors were located (a) 6mm to the left, (b) at
the center, and (c) 6mm to the right. Red triangle: center of the plate; blue triangle: center of the artery.
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radial artery, but also the wider surface of the wrist,
this phenomenological geometry was considered.

The pressure difference in the red circle shown in
Figure 5 is due to the dominant effect of blood pres-
sure on the wrist surface directly above the radial
artery. To understand the meaning of this region, the
integrated area of the graph of Figure 5a and the con-
tact pressure in the red circle are shown in Figure 5b
and c, respectively. As the blood pressure increased,
both the integrated area and the contact pressure
showed a nearly linear trend for blood pressure. To
analyze this quantitatively, the coefficients of deter-
mination (R2) were compared (Table 1). The R2 val-
ues of the integrated area and the contact pressure
were 0.9978 and 0.9968, respectively. If a transform-
ation matrix is used to select a correction factor, the
flexible plate sensor can function sufficiently for ton-
ometry, despite contact with a region wider than the
wrist surface directly above the radial artery, because
all of the extracted values showed a linear trend.
However, if a transformation matrix for selecting a
correction factor is used in real life, it should be cal-
culated every moment of measurement even in the
same patient. And this problem seems to be solved
through zero adjustments in terms of the device
before measuring blood pressure. As mentioned
before, this tonometry method has the advantage that
there is no placement error, because it is not affected
by the position and location of the flexible plate.

Thus, finding an optimal blood pressure measurement
point is unnecessary, which differentiates it from the
existing arterial tonometry procedure.

This study has some limitations. First, the model
used in the simulation is simplified. The muscles
inside the wrist are not solid, but are composed of
several strands. Thus, the mechanical behavior due to
this type of muscle was not considered in this study.
Furthermore, because traditional skin and muscle
properties were used, future applications with patient-
specific wrist models should consider individual
measurements in applying the skin and muscle prop-
erties of the patient. In this paper, we focused on the
possibility of using a flexible plate that can reduce
placement error, and confirmed that a unique pres-
sure distribution was predicted for the one wrist. If
the shape of the wrist were changed, a different pres-
sure distribution would be expected, but the research
for figuring out the correlation between the shape of
each wrist and pressure was beyond the scope of this
paper. Accordingly, the various shapes of the wrist
were not considered.

5. Conclusions

This study proposed a method to reduce the place-
ment error of arterial tonometry by focusing on a
surface instead of on a specific point as the range of
measurement of blood pressures in the radial artery.

Figure 5. Contact pressure and integrated area for contact pressure-distance relationship. (a) Contact pressure with respect to dis-
tance from the center of the plate; (b) integrated area for the left figure; (c) contact pressure just above the artery.

Table 1. Coefficients of determination in the cases of Figures 5b and 5c (R2: coefficient of determination, �: y¼ 0.118xþ 559.566,��: y¼ 0.0411xþ 25).
Blood pressure [mmHg]

R2 Note60 80 100 120 140 160 180

Integrated area [mmHg�mm] 566.4 569.03 571.5 573.83 576.45 578.1 580.73 0.9978 �
Contact pressure [mmHg] 28.3 29 29.7 30.5 31.4 32.3 33.2 0.9968 ��
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Because it is necessary to extend the region of interest
to the wrist surface for this purpose, the study numer-
ically identified the base of the blood pressure meas-
urement using a flat plate type sensor. Numerical
simulation showed that the length and position of the
plate sensor had a negligible effect on the pressure
distribution on the wrist surface, and that the pres-
sure distribution due to the geometric characteristics
of the wrist was unique. The results confirmed that
the proposed type of surface-based sensor could be
applied for arterial tonometry through analysis of the
blood pressure in the radial artery and the contact
pressure of the plate due to the pressure applied onto
the flexible plate.
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