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Abstract: In pulse wave analysis, the changing curve of pulse wave strength with continuous
increasing pressure, that is, the P-S (pressure-strength) curve, contains abundant human physiological
information, but there is no accurate model to describe the formation mechanism of the curve.
Therefore, this paper proposes a modeling method of the radial artery P-S curve based on the
radial vibration of the vascular wall. The modeling method includes three parts. Firstly, based on
hemodynamics, we proposed the blood motion equation in the pulsation process of healthy people.
Secondly, the motion equation of the vascular wall based on the fluid–structure interaction between
blood motion and vascular wall was established. Finally, according to the elastic theory of the
vascular wall, the relationship between pulse strength and extravascular pressure of blood vessels
was found. To verify the accuracy and applicability of the model, this paper simulated the changes in
the vascular wall stress and the intravascular pressure with the extravascular pressure during the
process of vascular deformation. In addition, 69 healthy volunteers were selected to participate in
this study. Based on the gradient compression, the pulse strength envelope under the continuous
pressure sequence of the radial artery, namely the pulse P-S curve, was extracted. We also analyzed
the relationship between the individual P-S curve difference and BMI. The results show that the
actual human body data collection and analysis results are consistent with the theoretical model
established in this paper, which indicates that the model can provide a novel idea for the evaluation
of the state of the human body.

Keywords: P-S curve; radial vibration; hemodynamics; fluid–structure interaction; elastic theory of
vascular wall; pulse strength envelope

1. Introduction

The arterial pulse is a phenomenon of periodic oscillation of flow, blood pressure and
blood vessel wall caused by the periodic ejection activity of the heart [1–3]. The arterial
pulse can be noninvasively detected at the body’s surface with the radial artery, which
contains abundant physiological and pathological information [4–7]. In clinical practice,
the pulse information that corresponds to the strongest point of radial artery vibration
is often obtained through finger pressure and finger feeling. The finger pressure that
corresponds to the strongest point represents the static pressure applied to the pulse, and
the finger feeling represents the strength of the pulse [8,9]. The P-S curve of pulse wave can
be used to quantify the change trend of finger pressure and finger feeling. However, the
traditional human perception has subjective factors and it is difficult to continuously record
the two-dimensional information of pulse pressure and strength, so machine perception
came into being.

At present, the analysis and modeling of pulse waves mainly focuses on the single-
cycle waveform of the maximum strength pulse wave. O’Rourke [10] systematically
explained the waveform characteristics of pulse waves from the perspective of time do-
mains. Wang JJ [11] used the linearization method of characteristic analysis to establish
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the pulse wave propagation model in the aorta of the whole body. Stergiopulos N [12]
established a lumped hemodynamic model of the arterial system based on resistance and
compliance. Yoon YZ [13] used the pulse wave peak average value and applied pressure as
parameters to describe the pulse change trend and analyze the pulse static pressure. Wei
CC [14] established a single-cycle pulse wave spring model and carried out data verifi-
cation. Lin Wang Y-Y et al. [15] established a fluid model of elastic tubes and proved the
importance of transverse vibration of the arterial tube. Alastruey J [16] proposed the R-C
circuit model of pulse waves and analyzed the relationship between pressure and flow in
the process of pulse wave propagation. Yoo SK et al. [17] proposed a gradient pressure
measurement method for the differences in biological individuals, obtained the pulse wave
under the optimal pulse pressure, and improved the automation and accuracy of pulse
wave acquisition. These researchers above focused on the modeling of the time-domain
single cycle pulse wave and the analysis of the optimal pulse pressure through the pulse
P-S curve, but there is no accurate research model for the formation mechanism of the
P-S curve.

To solve this problem, based on the theory of radial vibration of vascular walls, this
paper systematically analyzes the change in pulse strength with extravascular pressure from
the perspectives of hemodynamics, fluid–structure interaction and elastic mechanics of the
vascular wall, and establishes a theoretical model of the relationship between pulse strength
and pressure. To verify the accuracy and applicability of this model, this paper simulates
the changes in blood flow velocity, intravascular pressure and vascular wall stress when
the vascular wall is deformed by extravascular pressure. Through the pulse diagnostic
apparatus [18–20] independently developed by our laboratory, the radial pulse signals of
69 healthy human volunteers were collected. Based on the gradient compression method,
the pulse strength envelope under the continuous pressure sequence of the radial artery
was extracted, and the radial artery P-S curve of the sample was obtained. Furthermore,
the relationship between sample P-S curve variability and BMI was analyzed.

The results show that the actual human body data acquisition and analysis results are
in line with the radial artery P-S curve theory based on the radial vibration of the vascular
wall proposed in this paper. At the same time, the reason for the difference in the P-S
curve of the pulse of a healthy human body can be explained by the model. The model can
explain the formation mechanism of pulse P-S curves in healthy human bodies. The study
provides new ideas for assessing the health status of the human body through the radial
artery, and to a certain extent, it can assist doctors in the diagnosis of physical health.

2. Models and Methods

This paper mainly models the pulse P-S curve using the following three steps: firstly,
we established the blood movement equation of human arteries under the condition of
pulsating flow, and analyzed the relationship between axial velocity and radial velocity of
blood flow. Secondly, based on fluid–structure interactions, we established the relationship
between blood flow velocity and vascular wall displacement, and the changes in vascular
wall stress were analyzed. Finally, based on the theory of vascular wall elasticity, we
analyzed the changes in pulse strength under the combined effects of extravascular pressure,
intravascular pressure and elastic stress of vascular wall.

2.1. Model of Blood Movement

The walls of human vessels are composed of three layers. The inner layer is composed
of endothelial cells and the stromal membrane, the middle layer is composed of collagen
and smooth muscle fibers, which is elastic, and the outer layer is a more relaxed connective
tissue. We took a small segment of vascular microns in the radial artery, assumed that
the blood vessels were cylindrical tubes of various isotropy, and constructed the vascular
model shown in Figure 1.
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In this model, the x-axis direction is the axial direction of the blood vessel, r is the
radial direction, θ is the circular direction, µ and the v are the blood axial and radial flow
rate, O is the coordinate origin, and R is the blood vessel radius. In this column coordinate
system, the basic equation for blood movement is as follows [21,22].

Continuity equation:
∂µ

∂x
+

1
r

∂

∂r
(rv) = 0 (1)

Axial and radial equations of motion:

∂µ

∂t
+ µ

∂µ

∂x
+ v

∂µ

∂r
=

1
ρ

∂p
∂x

+ η

(
∂2µ

∂r2 +
1
r

∂µ

∂r
+

∂2µ

∂x2

)
(2)

∂v
∂t

+ µ
∂v
∂x

+ v
∂v
∂r

=
1
ρ

∂p
∂r

+ η

(
∂2v
∂r2 +

1
r

∂v
∂r

+
∂2v
∂x2 −

v
r2

)
(3)

where ρ is the blood density and η indicates the motility viscosity of the blood. Due to
the periodic ejection of the heart, the blood travels within the blood vessel in the form of
pressure waves and assuming that the pulse is propagated by a sine wave with a wave
velocity of a and a circular frequency of ω, the flow rate is expressed in the form of a plural,
as shown in Formula (4). {

µ = µ0(r)ejω(t− x
a )

v = v0(r)ejω(t− x
a )

(4)

Substituting Formula (4) into Formula (1) yields a radial initial flow rate of blood v0
and the order of magnitude relationship (expressed in O) of the axial initial flow rate µ0, as
shown in Formula (5).

v0 = O
(

ωR
a

µ0

)
(5)

Razavi, A., Zhao, Y.C. et al. [3,23] analyzed the changes in arterial blood flow under
different stenosis degrees based on the blood continuity equation and momentum equation.
On this basis, this study introduced the transformation equation of blood flow radial
velocity and axial velocity. In addition, we analyzed the magnitude relationship between
radial velocity and axial velocity, and provided an important basis for the elastic vibration
of the arterial wall.

2.2. Model of Vascular Wall Movement

Vascular wall movement and blood flow are closely coupled, and the pressure of the
doctor’s fingertip touching the radial artery in the clinic is the result of the direct effect of
the vascular wall movement. To obtain the equation of motion of the arterial tube, a very
small unit with the arc angle of the arterial tube as dθ is selected and the force analysis is
performed to establish the following model, as shown in Figure 2.
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In this model, x represents the axial direction, r represents the radial direction, TC and
TL represent the peripheral and axial tension of the vascular wall, Fr and Fx represent the
radial and axial components of the blood viscous friction force on the vascular wall, and ξ
and ζ represent the radial and circumferential displacement of the vascular wall under the
action of external force, respectively. Assuming that blood is a Newtonian fluid, according
to the constitutive equation of Newtonian fluid [24], the viscous stress that acts on the inner
surface of the blood vessel wall is shown in Formula (6). τrr = 2η

(
∂v
∂r

)
r=R

τrx = η
(

∂µ
∂r + ∂v

∂x

)
r=R

(6)

Therefore, the radial and axial components of the viscous friction force are shown in
Equation (7).  Fr = 2η

(
∂v
∂r

)
r=R
·Rdθ·dx

Fx = η
(

∂µ
∂r + ∂v

∂x

)
r=R
·Rdθ·dx

(7)

In addition to the effect of blood friction, the blood vessel wall will also be subject to
elastic tension and assuming that the Young’s modulus of the blood vessel wall is E, the
Poisson ratio of the blood vessel is σ, and the thickness of the blood vessel is h, the axial
strain and circumferential strain of the blood vessel wall are shown in Formula (8).{

εx = ∂ζ
∂x = TL

Eh − σ TC
Eh = 1

Eh (TL − σTC)

εc =
2π(R+ξ)−2πR

2πR = ξ
R = 1

Eh (TC − σTL)
(8)

The circumferential and axial tension can be derived from Equation (9).TC = Eh
1−σ2

(
σ ∂ζ

∂x + ξ
R

)
TL = Eh

1−σ2

(
∂ζ
∂x + σ ξ

R

) (9)

Assuming that the vascular wall density is ρ, the equation of radial motion of the vas-
cular wall can be obtained according to the momentum theorem, as shown in Equation (10).

(ρhRdθ·dx)·∂
2ξ

∂t2 = (P− Pe)Rdθ·dx− TC· sin
dθ

2
·dx− (TC +

∂TC
∂θ

dθ)· sin
dθ

2
·dx− Fr (10)

where P represents the internal pressure of the blood vessel wall, Pe represents the external
pressure of the blood vessel wall and by substituting Formulas (7) and (9) into Formula (10),
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and eliminating the area micro element Rdθ·dx, the radial motion equation of the blood
vessel wall can be obtained, as shown in Formula (11).

ρ
∂2ξ

∂t2 =
P− Pe

h
− E

1− σ2

(
σ

R
∂ζ

∂x
+

ξ

R2

)
− 2η

h

(
∂v
∂r

)
r=R

(11)

To simplify Equation (11) of the motion of the vascular wall, its various magnitudes
are estimated. As is the case with Formula (4), assuming that the pulsation propagates at a
wave velocity of a and a circular frequency of ω, the radial and axial displacement is shown
in Equation (12). {

ξ = ξ0ejω(t− x
a )

ζ = ζ0ejω(t− x
a )

(12)

Thus, the equation of motion for the coupled blood and blood vessel wall is shown in
Equation (13). 

∂ξ
∂t = v

∣∣∣
r=R

∂ζ
∂t = µ

∣∣∣
r=R

(13)

After magnitude comparison and simplification, the Formula (11) can be expressed as
Formula (14).

P− Pe

h
− E

1− σ2

(
σ

R
∂ζ

∂x
+

ξ

R2

)
= 0 (14)

Similarly, the axial motion equation of the arterial tube is shown in Equation (15).

∂2ζ

∂x2 +
σ

R
∂ξ

∂x
= 0 (15)

Formula (16) can be obtained by combining Formula (14) with Formula (15).

P− Pe

h
− E

R2 ξ = 0 (16)

According to Hooke’s law, the annular stress can be obtained, as shown in Equation (17).

τc = E· ξ
R

=
R
h
(P− Pe) (17)

Thus, the radial stress is shown in Equation (18). When the vascular wall is elastically
deformed by an external force, this formula can explain the relationship between the stress
of the vascular wall and the external force.

τr = τC· sin
(

θ

2

)
=

R
h
(P− Pe)· sin

(
θ

2

)
(18)

2.3. Model of Elastic Deformation of the Vascular Wall

When the doctor examines the pulse, the acupressure feels the strength of the pulse
from shallow to deep to find the strongest point of the pulse, and in this process, the
vascular wall will deform with the increasing external force. When the extravascular
pressure Pe is less than the intravascular pressure P, the vascular wall expands due to the
action of the internal pressure of the blood. When the extravascular pressure Pe is equal
to the intravascular pressure P, the vascular wall returns to its natural state. When the
extravascular pressure Pe is greater than the intravascular pressure P, the vascular wall
collapses. Since the blood is an incompressible viscous fluid, the flow in the radial artery
is laminar, satisfying Poiseuille’s law [25]. Therefore, the pressure change in the flow is
shown in Equation (19).

P = ∆P =
Q·8ηl
πR4 (19)
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where Q represents the flow rate, η represents the blood viscosity coefficient, and l repre-
sents the axial length of the vascular micron. If F is used to represent the strength of the
pulse vibration felt by the fingertips of doctors, that is, the combined force of the internal
pressure of blood vessels and the radial stress of the vascular wall deformation, the pulse
strength F can be divided into the following situations:

1. Pe < P:

F = P− FC =
Q·8ηl
πR4 −

R
h
(P− Pe)· sin

(
θ

2

)
(20)

From Formula (20), it can be observed that as the extravascular pressure Pe increases,
the radial stress FC of the vascular wall gradually decreases, and F gradually increases.

2. Pe = P:

F = P− FC =
Q·8ηl
πR4 (21)

At this time, due to the balance of extravascular pressure and intravascular pressure,
the vascular wall stress disappears, and the pulse strength F reaches its maximum, as
shown in Formula (21).

3. Pe > P:
The vascular wall collapses, assuming that L1 and L3 are fixed boundaries, L2 is the

force boundary, and the natural state radius is R. The vascular collapse model is shown in
Figure 3.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 6 of 16 
 

When the doctor examines the pulse, the acupressure feels the strength of the pulse 
from shallow to deep to find the strongest point of the pulse, and in this process, the vas-
cular wall will deform with the increasing external force. When the extravascular pressure 𝑃௘ is less than the intravascular pressure 𝑃, the vascular wall expands due to the action 
of the internal pressure of the blood. When the extravascular pressure 𝑃௘ is equal to the 
intravascular pressure 𝑃, the vascular wall returns to its natural state. When the extravas-
cular pressure 𝑃௘ is greater than the intravascular pressure 𝑃, the vascular wall collapses. 
Since the blood is an incompressible viscous fluid, the flow in the radial artery is laminar, 
satisfying Poiseuille’s law [25]. Therefore, the pressure change in the flow is shown in 
Equation (19). 

𝑃 = ∆𝑃 = 𝑄 ∙ 8𝜂𝑙𝜋𝑅ସ  (19) 

where 𝑄  represents the flow rate, 𝜂  represents the blood viscosity coefficient, and 𝑙 
represents the axial length of the vascular micron. If 𝐹 is used to represent the strength 
of the pulse vibration felt by the fingertips of doctors, that is, the combined force of the 
internal pressure of blood vessels and the radial stress of the vascular wall deformation, 
the pulse strength 𝐹 can be divided into the following situations: 
1. 𝑃௘ < 𝑃: 

𝐹 = 𝑃 − 𝐹஼ = 𝑄 ∙ 8𝜂𝑙𝜋𝑅ସ − 𝑅ℎ (𝑃 − 𝑃௘) ∙ sin ൬𝜃2൰ (20) 

From Formula (20), it can be observed that as the extravascular pressure 𝑃௘  in-
creases, the radial stress 𝐹஼ of the vascular wall gradually decreases, and 𝐹 gradually 
increases. 
2. 𝑃௘ = 𝑃: 

𝐹 = 𝑃 − 𝐹஼ = 𝑄 ∙ 8𝜂𝑙𝜋𝑅ସ  (21) 

At this time, due to the balance of extravascular pressure and intravascular pressure, 
the vascular wall stress disappears, and the pulse strength 𝐹 reaches its maximum, as 
shown in Formula (21). 
3. 𝑃௘ > 𝑃: 

The vascular wall collapses, assuming that 𝐿ଵ and 𝐿ଷ are fixed boundaries, 𝐿ଶ is 
the force boundary, and the natural state radius is R. The vascular collapse model is shown 
in Figure 3. 

 
Figure 3. Vascular collapse model. 

When the vascular wall collapses due to extravascular pressure, the blood flow rate 
at the collapse increases with the degree of collapse. According to Bernoulli’s Equation 
(22), the flow weight potential energy at the same location is the same. The greater the 
velocity of the fluid, the smaller the pressure at the corresponding position. Therefore, 
when the vascular wall collapses, the intravascular pressure at the site of the collapse de-
creases. 

Figure 3. Vascular collapse model.

When the vascular wall collapses due to extravascular pressure, the blood flow rate at
the collapse increases with the degree of collapse. According to Bernoulli’s Equation (22),
the flow weight potential energy at the same location is the same. The greater the velocity
of the fluid, the smaller the pressure at the corresponding position. Therefore, when the
vascular wall collapses, the intravascular pressure at the site of the collapse decreases.

P1 +
1
2

ρv2
1 + G1 = P2 +

1
2

ρv2
2 + G2 (22)

The combined force F is shown in Equation (23).

F = P2 + FC = P2 +
R
h
(Pe − P2)· sin

(
θ

2

)
(23)

From Formula (23), it can be observed that when the vascular wall collapses, the
intravascular pressure P2 decreases, the vascular radius R decreases, and the extravascular
pressure Pe increases, eventually leading to a decrease in F.

In summary, with the increase in the extravascular pressure Pe, the change trend of
pulse strength F gradually increases first. When the intravascular pressure and extravas-
cular pressure reach equilibrium, F reaches the maximum value. As the Pe continues to
increase, the vascular wall collapses, and F will gradually decrease.

3. Model Validation Experiments and Results
3.1. Simulation Experiment

To verify the accuracy of the above model, we first apply the model to simulate the
changes in stress, blood flow velocity and intravascular pressure during the compression
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deformation of the vascular wall. The software environment is COMSOL (COMSOL
Multiphysics® 6.0). The initial parameter settings for the model are shown in Table 1, where
R represents the radius of the blood vessel, h represents the thickness of the vascular wall,
σ represents Poisson’s coefficient, E represents Young’s modulus, η represents the viscosity
coefficient, rho represents the fluid density, Pout represents the outlet pressure, and vin
represents the inlet velocity, L1 and L3 are fixed boundaries and L2 is the force boundary.

Table 1. Hemodynamic model simulation parameters [26,27].

Parameter (Unit) Value

R (m) 2× 103

h (m) 1.5× 10−4

σ 4.95× 10−1

E (Pa) 9.65× 105

η (Pa·s) 5× 10−3

rho (kg/m3) 1.06× 103

Pout (Pa) 0
vin (m/s) 2× 10−1

L1 (m) 1× 10−2

L2 (m) 1× 10−2

L3 (m) 1× 10−1

Assuming that the blood vessels are isotropic, uniform, long straight tubes, we substi-
tuted the simulation parameters of the hemodynamic model shown in Table 1, and obtained
the simulation results of Figure 4.
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As shown in Figure 4, it can be observed through the color scale chart that when the
extravascular pressure Pe gradually increases, the vascular wall stress decreases first and
then increases, but the vascular wall stress is opposite along the direction of the radial
component. While the blood flow velocity gradually increases, the intravascular pressure
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gradually decreases, which indicates that the change law of pulse strength F first increases
and then decreases, and F reaches the maximum when P = Pe. Taking the vascular wall
collapse center as the reference point, the wall stress, blood flow velocity and intravascular
pressure parameters of each reference point in P > Pe, P = Pe, P < Pe were extracted, as
shown in Table 2. Through the simulation model of stress and intravascular pressure, it is
found that the variation law of each parameter is in line with the theoretical calculation
model proposed by this paper.

Table 2. Simulation parameters of vascular wall stress, blood flow velocity, and intravascular pressure
under different pressure conditions.

Pressure Relationship Stress (kPa) Velocity (m/s) Intravascular
Pressure (Pa)

P > Pe 32.57 0.28 319
P = Pe 0.47 0.30 316
P < Pe 45.84 0.37 302

According to the above analysis, when P = Pe, the stress of the vessel wall almost
disappears, and the pulse strength is mainly determined by the intravascular pressure.
According to Formula (21), the intravascular pressure at this time is mainly affected by the
blood flow, vessel radius and blood viscosity coefficient. To verify the positive correlation
between blood viscosity and pulse strength, this paper simulates the changes in intravas-
cular pressure under different blood viscosity coefficients, and the results are shown in
Figure 5.
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As shown in Figure 5 and Table 3, the simulation results showed that the intravascular
pressure increases with the increase in the blood viscosity coefficient. The theory that the
pulse strength increases with the increase in the blood viscosity coefficient is verified.

Table 3. Simulation results of intravascular pressure under different viscosity coefficients.

Pressure Relationship Viscosity Coefficient (Pa·s) Intravascular
Pressure (Pa)

0.5η 157
P = Pe η 316

1.5η 474

3.2. Human Validation Experiments

To verify the applicability of the model, the radial pulse P-S curve of healthy subjects
was collected and extracted. We analyzed the correlation between the actual human P-S
curve trend and the theoretical model, and discussed the relationship between the P-S
curve and BMI of different samples.
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3.2.1. Data Sources

In this study, a total of 69 healthy volunteers from our laboratory team participated in
the data collection process, the basic physiological parameters of the subjects are shown
in Table 4. During the experiment, each participant fully understood the research content
of the project and volunteered to participate in the data collection. The data acquisition
equipment is a pulse diagnosis instrument independently developed by our laboratory.
The equipment can accurately and objectively collect the pulse wave after experimental
verification [18], which adopts the wristband balloon pressurization method to step up
the radial artery of the human wrist. The number of pressurization is 14 times, the single
pressurization pressure maintenance time is 10 s, and the instrument sampling frequency
is 225 Hz. The sensor probe adopts a composite structure, which can record static pressure
and pulse strength at the same time, corresponding to the finger pressure and finger feeling
in the clinical pulse diagnosis process. The specific inclusion criteria for the sample are
as follows:

1. Good physical condition and no cold symptoms;
2. No chronic diseases or genetic diseases;
3. No malformation or injury of the radial artery;
4. No heart bypass.

Table 4. Table of basic physiological parameters for subjects.

Characteristic (Unit) Number or Mean ± SD

Number (n) 69
Age (year) 27.5 ± 4.9

Weight (kg) 66.2 ± 13.4
BMI (kg/m2) 23.6 ± 1.2

BP–diastolic (mmHg) 69.4 ± 9.6
BP–systolic (mmHg) 115.0 ± 12.5

T-body (◦C) 36.8 ± 0.3
T-ambient (◦C) 23.6 ± 1.2

SaO2 97.8 ± 0.8
HR (times/minute) 71.6 ± 10.3

3.2.2. P-S Curve Acquisition

To accurately obtain the relationship between pulse pressure and strength of the
original signal waveform and obtain the P-S curve of the sample, the original signal is
processed through the following four steps:

1. Based on the wavelet filtering algorithm and bandpass filtering algorithm, the noise
interference caused by motion, environment and power frequency is eliminated, As
shown in Figure 6a;

2. Based on the principle of cardiac cycle similarity, the pulse signal under each pressure
segment is divided into a single cycle, and a set of single-cycle pulse wave signals is
obtained, as shown in Figure 6b;

3. Based on the cubic spline interpolation method, the pulse wave under the same
pressure is partitioned by their cycles. Then, pulse waves are interpolated into a group
of waveforms with the same cycle, and averaged these reorganized waveforms in the
time domain. In this way, we obtained a representative waveform of a single cycle, as
shown in Figure 6c;

4. Based on the stepped pressurization method, the pulse strength envelope under the
continuous pressure sequence is extracted, that is, the pulse P-S curve, as shown in
Figure 6d.

The raw signal processing is shown in Figure 6.



Appl. Sci. 2022, 12, 9706 10 of 15
Appl. Sci. 2022, 12, x FOR PEER REVIEW 11 of 16 
 

  
(a) (b) 

  
(c) (d) 

Figure 6. Pulse P-S curve acquisition process: (a) raw pulse signal; (b) the original signal period 
division, the red dotted line is the initial boundary of the pulse cycle, and the blue solid line is the 
actual single cycle pulse waveform; (c) time domain averaging of single-period signals, the dotted 
lines with different colors are the single cycle pulse wave after dividing the cycle, and the solid red 
lines are the pulse wave after time domain average; (d) full pressure segment pulse strength enve-
lope. 

3.2.3. P-S Curve Analysis 
By using the method mentioned above, the P-S curve of the radial artery was ex-

tracted from 69 healthy samples, and the mean and standard deviation of pulse strength 
of the sample population were calculated under the same number of pressurizations. The 
P-S curve trend chart of 69 healthy samples was drawn with the number of times of pres-
surization as the abscissa and the normalized pulse strength as the ordinate. The results 
are shown in Figure 7. 

 

0 20 40 60 80 100 120 140
Time(s)

0

20

40

60

80

100

0

10

20

30

40
pulse wave
static pressure

St
re

ng
th

(g
f)

St
re

ng
th

(g
f)

1.3
6

2.3
2

3.9
3

5.5
6

8.0
5
10

.85
14

.01
17

.11
19

.96
22

.73
25

.36
27

.71
30

.33
32

.85

St
re

ng
th

(g
f)

Figure 6. Pulse P-S curve acquisition process: (a) raw pulse signal; (b) the original signal period
division, the red dotted line is the initial boundary of the pulse cycle, and the blue solid line is the
actual single cycle pulse waveform; (c) time domain averaging of single-period signals, the dotted
lines with different colors are the single cycle pulse wave after dividing the cycle, and the solid red
lines are the pulse wave after time domain average; (d) full pressure segment pulse strength envelope.

3.2.3. P-S Curve Analysis

By using the method mentioned above, the P-S curve of the radial artery was extracted
from 69 healthy samples, and the mean and standard deviation of pulse strength of the
sample population were calculated under the same number of pressurizations. The P-S
curve trend chart of 69 healthy samples was drawn with the number of times of pressur-
ization as the abscissa and the normalized pulse strength as the ordinate. The results are
shown in Figure 7.
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Figure 7. Number of pressurizations–normalized strength curve.
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The experimental results in Figure 7 demonstrated that when the number of pres-
surizations increases from 1 to 9, the average pulse strength gradually increases, with an
increment ∆S = 0.59. When the number of pressurizations reaches 9, the average pulse
strength reaches the maximum. When the number of pressurizations increases from 9 to
14, the pulse strength gradually decreases, with an increment ∆S = −0.32. Therefore, the
pulse P-S curve of the healthy sample population generally shows a trend of increasing
first and then decreasing. However, due to the small number of samples, and the fact
that the maximum strength and position of the P-S curve vary from person to person, the
standard deviation of the pulse strength of the group pulse P-S curve at the same number
of pressurizations is large. According to the simulation results in Table 2, as Pe gradually
increases to equal to P, the stress increment of blood vessel wall is ∆τ = −32.10 kPa, but
the increment of intravascular pressure is small, so the pulse strength gradually increases.
When the vessel wall stress is close to zero, the pulse strength reaches the maximum, and
as Pe continues to increase, the flow rate also increases, which leads to the increment in
intravascular pressure drop and ∆P = −14 Pa, so the pulse strength gradually decreases.
According to Formulas (21)–(24), when Pe < P, the pulse strength gradually increased
with the increase in Pe. When Pe = P, the pulse strength reaches the maximum, and the
maximum pulse strength is mainly affected by blood flow, vessel radius and the blood
viscosity coefficient. When Pe continues to increase to Pe > P, the internal pressure of blood
vessel decreases, leading to the decrease in pulse strength. In conclusion, the experimental
and simulation results are consistent with the theoretical model proposed in this paper.

To verify the relationship between blood viscosity and pulse strength, this study
divided 69 samples into 3 categories according to the BMI (body mass index) and explored
the influence of the BMI on the pulse strength. Then, the theoretical model verified that
the pulse strength is positively correlated with the blood viscosity coefficient. Specifically,
according to the Chinese BMI classification standard, the 69 samples are divided into the
following 3 categories:

1. Lean weight, BMI < = 18.5;
2. Moderate weight, 18.5 < BMI < = 23.9;
3. Overweight, BMI > 23.9.

The positions of the peak points of the P-S curves of the three groups of people were
extracted, and the pulse strength values of the samples were obtained, and the statistical
figure shown in Figure 8 and the statistical tables shown in Table 5 were obtained.
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Figure 8. BMI–pulse strength statistics.

Table 5. BMI–pulse strength parameter statistical table.

Group BMI Number (n) Strength (gf)

Lean weight 17.6 ± 0.6 7 11.7 ± 3.7
Moderate weight 21.4 ± 1.5 44 21.3 ± 11.0

Overweight 26.2 ± 3.8 18 22.7 ± 8.7
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It can be observed from Figure 8 that by drawing the statistical box graph of the pulse
strength of the three groups of people, the change trend of the pulse strength of the three
groups of people with BMI is fitted. And, the mean value and variance in the pulse strength
of the three groups of people are calculated, as shown in Table 5. The above data statistics
results all demonstrate that the pulse strength is positively correlated with BMI. At the
same time, by analyzing the relationship between BMI and hemorheology, Rosito GA, Seki
K and Ercan M [28–30] found that there was a significant positive correlation between BMI
and blood viscosity. In other words, there was a positive correlation between pulse strength
and blood viscosity. So, the experimental results conform to the simulation results and the
theoretical model established in this paper.

4. Discussion

Pulse waves contain rich human physiological and pathological information and
can be used to diagnose diseases [31,32]. However, there are some shortcomings in the
existing methods, that is, they focus on the pulse shape of the strongest point of the
pulse wave and its formation mechanism, and there is no accurate study of the change
trend of pulse strength with pressure and its formation mechanism. Therefore, based
on the radial vibration theory of the vascular wall, a theoretical model of the pulse P-S
curve formation mechanism is established, the relationship between pulse strength and
extravascular pressure is analyzed, and the mechanical relationship between P > Pe, P = Pe
and P < Pe is simulated by using COMSOL software, and the actual human pulse P-S
curve data are extracted and analyzed, which verifies the accuracy and applicability of the
theoretical method.

Specifically, in terms of model establishment, firstly, assuming that the blood vessels
are uniform long straight tubes, the blood movement equation in the normal human
pulsation process is established, and the relationship between the radial flow rate of blood
and the axial flow rate is analyzed. Secondly, according to the fluid–structure interaction
between blood movement and the vascular wall, the stress change in the blood vessel wall
during blood movement was analyzed. Finally, according to the theory of vascular wall
elasticity, the changes in vascular wall stress, blood flow speed and intravascular pressure
under the action of vascular wall extravascular pressure are analyzed, and the relationship
between the above force and pulse strength is established. In terms of experimental results,
this paper uses the bionic parameters of the radial artery of the human body, and uses
COMSOL software to simulate the changes in vascular wall stress, blood flow velocity and
intravascular pressure under the deformation of extravascular pressure, and found that the
change trend of vessel wall stress and intravascular pressure conforms to the theoretical
model established in this paper, which verified the accuracy of the theoretical model. At the
same time, the pulse data of 69 healthy samples are collected. It was found that the pulse
P-S curve of the healthy population showed a trend of first increasing and then decreasing
with the increase in number of pressurizations. This was consistent with the theoretical
model proposed in this paper that demonstrated that the pulse strength first increased and
then decreased with the increase in extravascular pressure, which verified the applicability
of the theoretical model.

However, in the actual situation, there are many factors that affect the physiological
parameters of the pulse of the sample, such as environment, region, temperature, physique,
sex, age, etc. These objective factors will eventually be reflected in the changes in cardiovas-
cular physiological parameters. The experimental results found that there are differences
in the pulse P-S curve of the individual samples that were extracted, mainly reflected in
the difference in pulse strength. According to the theoretical model established in this
paper, when the intravascular pressure and extravascular pressure reach equilibrium, the
pulse strength is mainly related to blood flow, blood viscosity coefficient and blood vessel
radius. Rosito GA, Seki K and Ercan M [28–30] showed that the blood viscosity is positively
correlated with BMI, so this paper divides 69 healthy samples into 3 categories based on
BMI. The pulse strength of three groups of people is counted, and the results show that the



Appl. Sci. 2022, 12, 9706 13 of 15

median pulse strength of the group with a BMI <= 18.5 is 10.5 gf, and the mean ± variance
is 11.7 ± 3.7 gf, 18.5, the median pulse strength of the group with 18.5 < BMI <= 23.9
is 17.3 gf, the mean ± variance is 21.3 ± 11.0 gf, the median pulse strength of the group
with a BMI > 23.9 is 23.7 gf, and the mean ± variance is 22.7 ± 8.7 gf. The above data
reflect that BMI is positively correlated with pulse strength, which in turn shows that the
blood viscosity coefficient is positively correlated with pulse strength, and the rational-
ity of the theoretical model is explained. The applicability of the theoretical model was
further verified.

In the future work, we will analyze the influence of radial artery flow and radius on
the pulse P-S curve on the basis of the above pulse P-S curve theoretical analysis method.
We will collect radial pulse data of specific disease populations, and analyze the difference
between the pulse P-S curve of specific disease populations and healthy people. We also
believe that this work is very helpful in promoting the development of the pulse wave
diagnosis disease field.

5. Conclusions

Pulse waves contain rich physiological and pathological information about the human
body. In clinical practice, the physiological signal at the time of maximum pulse strength is
often found through the pulse P-S curve for disease diagnosis, but the formation mechanism
of the P-S curve has not been accurately studied. To solve this problem, this paper proposed
a P-S curve modeling method of the radial artery based on the radial vibration of the
vascular wall and analyzed the blood movement of healthy human arteries under the
continuous change in intravascular pressure and the force on the vascular wall. We also
established a theoretical model of pulse strength that changed with extravascular pressure.
To verify the accuracy and applicability of the model, the changes in vascular stress, blood
flow velocity and intravascular pressure during the process of vessel deformation were
simulated. The corresponding relationship between the pulse strength and the three
parameters was analyzed. The P-S curve of 69 healthy volunteers under the continuous
pressure sequence of the radial artery was extracted, and the difference in pulse strength
was analyzed from the perspective of BMI. The results show that the simulation experiment
and human data collection and analysis results conform to the theoretical model established
in this paper, which indicates that this model can help clinicians to diagnose the health
status of patients to a certain extent.
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