
 
 
 
 

An Investigation into Ambulatory Blood Pressure 

Measurement  

 
 

by 
 

Hai Lan 
 
 
 
 

A Thesis Submitted to  

Auckland University of Technology  

in Fulfilment of the Requirements for the Degree of  

Doctor of Philosophy (PhD) 
 
 
 
 
 
 
 

 
 
 

Institute of Biomedical Technologies 
 
 
 

March 2012 
 



 i 

 

 

 

dedicated to 

My wife Qiusong Liu and my daughter Oliver Jianing Lan 



 ii 

ACKNOWLEDGEMENT 

There are many people I wish to formally thank for their contribution to this thesis. First 

of all, I would like to express my appreciations and gratitude to my supervisor, 

Professor Ahmed Al-Jumaily. He is such knowledgeable, patient and helpful. Without 

his invaluable support, consistently encouragement and push, I will not finish the 

research like this.  

I am grateful to thank my second supervisor Dr. Andrew Lowe for his generous 

technical guidance, constructive criticism and contiguous support throughout my 

endeavour. I wish to thank Assoc. Professor Wayne Hing for training and technical 

support for ultrasound measurement.  

Warmest thanks to Dr. David Parker and Meha Mathur for revising this thesis. They 

gave me lots of help and valuable suggestions about writing. To my colleagues and 

friends at IBtec, they made everyone feel like in a family here. To Prasika, Gijs, 

Thomas, Mohammad and Maggie, thank you for your help and advice. 

I wish to give my most sincere appreciation to my family Binqi Lan, Wenxian Tong, 

Yanjun Liu, and Jie Hong. They always stay behind me and support me. Without their 

support and encouragement, the thesis would not have been possible. 

I would like to acknowledge Institute of Biomedical Technologies for financial support. 

Finally, I would also like to acknowledge ethical approval from the Auckland 

University of Technology Ethics Committee approval number 08/232 approved on 8 

December 2008.  



 iii 

ABSTRACT 

Hypertension is one of the most common cardiovascular diseases threatening people's 

health worldwide. Although, hypertension itself is rarely an acute problem, it increases 

the risk of cardiovascular events and kidney diseases. Recent studies have shown that 

the end-organ damage associated with hypertension is more strongly correlated with 

ambulatory blood pressure monitoring (ABPM) than with traditional clinic BP 

measurements. Currently, the ambulatory, cuff-based devices are predominantly based 

on automatic techniques which are inherently motion-sensitive. The other devices which 

claim to compensate for motion artefacts measure the arterial pressure at the wrist and 

are less accurate than cuff-based measurement.  

This research aims to develop a cuff-based ABPM technique which can measure BP 

accurately during their daily lives. The primary objective of this research is to 

investigate two major issues related to ABPM technique: (1) the theory of oscillometric 

BP measurement method used in most of ABPM device; (2) the method to compensate 

for the noises during the measurement.  

This thesis introduces for the first time a 3D finite element (FE) model which simulates 

the entire oscillometric BP measurement process. The model is validated by both arm 

simulator and clinical results. The brachial artery closure process and the factors of arm 

material properties in BP measurement are discussed. The model indicates that the 

nonlinearity of brachial artery plays the key role in oscillometric BP measurement. It 

also offers a new explanation of the common phenomenon: overestimation in the 

elderly and underestimation in the younger.  

http://www.patient.co.uk/DisplayConcepts.asp?WordId=BLOOD%20PRESSURE&MaxResults=50�
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Since BP pulse, arm motion and environmental tremors all lead to the upper arm skin 

stretches, it is anticipated that the strain distribution due to these causes is unique for 

different arm motion. This thesis also describes the design of a piezoelectric strain 

sensor array and the relevant method for eliminating the noises and determining the 

subject’s BP. A FE model, whose geometry is obtained from Visible Human Body 

dataset, is established to study surface strain distribution during different arm motions. 

Referring to its results, the piezoelectric sensor array is designed and used in the clinical 

experiments. Using the obtained signals, a generalized input-output configuration of the 

designed measurement system is developed. The transfer functions of the system are 

determined through empirical equations. Using the developed method, the device is able 

to detect the arm motions, compensate for the noises and determine patients’ BP. The 

results can be used as a guide for developing a new type of ABPM device insensitive to 

artefacts. 
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Chapter 1 Background 

1.1 Introduction  

In the human body, blood is pumped into the arteries and then travels through the 

circulatory system. Blood pressure (BP) is the pressure exerted by the blood on the 

walls of the arteries [1]. The term BP as generally used in the medical area refers to 

arterial pressure. During each heartbeat, BP varies between systolic pressure (SP) and 

diastolic pressure (DP). SP is the peak pressure in the arteries, which occurs near the 

end of the cardiac cycle when the ventricles are contracting. DP is the minimum 

pressure in the arteries, which occurs near the beginning of the cardiac cycle when the 

ventricles are filled with blood.  BP is not constant in the body, and it differs at various 

places. The pressure of the circulating blood decreases as blood passes through arteries, 

arterioles, capillaries, and veins. BP used in clinical practice is normally referred to the 

arterial pressure measured at the patient’s upper arm without further specification. As 

BP is a powerful, consistent, and independent risk factor for cardiovascular and renal 

diseases [2]. It is one of the principal vital parameters and the most commonly clinically 

measured. 

1.2 Clinical factors of BP 

High BP, which is known as hypertension, is a medical condition in which the BP 

exceeds normal values. This disease is one of the most common ailments threatening 

people's health worldwide. It increases the risks of strokes, heart diseases, eye damage 

http://en.wikipedia.org/wiki/Systole_(medicine)�
http://en.wikipedia.org/wiki/Diastolic�
http://en.wikipedia.org/wiki/Cardiac_cycle�
http://en.wikipedia.org/wiki/Ventricle_(heart)�
http://en.wikipedia.org/wiki/Artery�
http://en.wikipedia.org/wiki/Arteriole�
http://en.wikipedia.org/wiki/Capillary�
http://en.wikipedia.org/wiki/Vein�
http://en.wikipedia.org/wiki/Arm�
http://en.wikipedia.org/wiki/Vital_signs�
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and kidney failure. Systolic or diastolic BP measurements higher than accepted normal 

values for the age of individuals are classified as pre-hypertension or hypertension. 

Hypertension has several sub-classifications including, hypertension stage I, 

hypertension stage II, and isolated systolic hypertension [3]. The classification of 

hypertension is shown in Table 1-1. 

Table 1-1 Classification of BP [3] 

Classification 

SP DP 

mmHg kPa mmHg kPa 

Normal 90–119 12–15.9 60–79 8.0–10.5 

Prehypertension 120–139 16.0–18.5 80–89 10.7–11.9 

Isolated systolic 

hypertension 
≥140 ≥18.7 <90 <12.0 

Stage 1 (mild) 140–159 18.7–21.2 90–99 12.0–13.2 

Stage 2 (moderate) 160–179 21.3–23.9 100–109 13.3–14.5 

Stage 3 (severe) 180–209 24–27.9 110–119 14.7–15.9 

Stage 4 (very 

severe) 
≥210 ≥28 ≥120 ≥16 

 

 

 

http://en.wikipedia.org/wiki/MmHg�
http://en.wikipedia.org/wiki/Pascal_(unit)�
http://en.wikipedia.org/wiki/MmHg�
http://en.wikipedia.org/wiki/Pascal_(unit)�
http://en.wikipedia.org/wiki/Isolated_systolic_hypertension�
http://en.wikipedia.org/wiki/Isolated_systolic_hypertension�
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In New Zealand, one in five adults (males 18.0%, females 19.3%) has been reported 

suffering from hypertension [4]. Since there is no obvious cause in 90 ~ 95% of people 

who suffer from this disease, and there are often no obvious symptoms, many people 

have high BP for years without knowing it. The actual percentage of persons with 

hypertension might be higher than the reported value. As shown in Figure 1.1, 

hypertension is highly related to age. For people over 45 years of age, the number 

increases dramatically and reaches up to 50% for those are over 65 years of age. 

Therefore, all hypertension organizations recommend men over 50 and women over 55 

years to check their BP regularly.  

0

10

20

30

40

50

60

70

15–24 25–34 35–44 45–54 55–64 65–74 75+
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Male
Female

 

Figure 1.1 Identified high BP in adults, by age group and sex [4]. 

The level of BP is currently the main factor in hypertension diagnosis and the decision 

to start antihypertensive therapy. In normal healthy people, the desirable level of DP is 

about 75 mmHg. Any rise above that number is associated with an increase in adverse 

events: every 10 mm rise in DP will double the risk of heart attack, stroke, kidney 
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failure and heart failure. It has been shown that overestimation of DP by 5 mmHg 

would double the number of patients diagnosed with hypertension; conversely, 

underestimation by 5 mm Hg would reduce by around 60% the number of patients 

perceived as hypertensive [5, 6]. People who are identified incorrectly as having 

hypertension may experience adverse effects of medication and increase insurance and 

treatment costs. The underestimation of BP may cause misdiagnosis leading to delayed 

treatment and serious medical complications. 

1.3 BP measurement 

Accurate measurement of BP is essential in diagnosis and treatment of hypertension and 

ascertaining BP–related risk [2, 7]. BP is most accurately measured invasively by 

placing a catheter in the blood stream which has a high fidelity pressure transducer 

attached to its end. Since the invasive measurement method has a high associated risk, 

non-invasive methods for BP measurement are most commonly used in present clinical 

practice. They are simpler and quicker, produce less physical damage and require less 

expertise in fitting at the cost of slightly lower accuracy and small systematic 

differences in numerical results compared to invasive methods. 

There are many kinds of non-invasive BP measurement methods available which 

include the auscultatory/Riva-Rocci/Korotkoff method, oscillometric method, volume 

clamp/vascular unloading method, tonometric method, and pressure pulse transit-time 

method [8]. Most of these methods are indirect and based mainly on measuring counter-

pressure. The accuracy, popularity and suitable locations for these BP measurement 

methods are summarised in Table 1-2  and explained as follow. 

 

http://en.wikipedia.org/wiki/Scipione_Riva-Rocci�
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Table 1-2 Summary of the mostly used BP measurement methods. 

 

 

Location Method Accuracy  Popularity 

Upper 
arm 

Auscultatory 
method 

SP: slight lower 

DP: slight higher 

The most reliable non-
invasive method in 
clinical practice 

Oscillometric 
method 

Different from device to 
device, need to be validated 
first, average error at 1±7 
mmHg 

Recently accepted and 
used in the clinical 
practice 

Wrist 

Oscillometric 
method 

Different from device to 
device, not accurate enough 
for clinical using standard 

Most of the wrist BP 
measurement  device 
using this method 

Tonometric 
method 

SP: 2.24±8.7 mmHg,  

DP: 0.26±8.88 mmHg,  

slight over the standard 
deviation of error 

Some devices 
available for research 
purpose 

Pressure 
pulse transit-
time method 

Used to associate other BP 
measurement method 

At research stage 

Finger 

Volume 
clamp 

method 

SP: 3.1±7.6 mmHg,  

DP: 4.0±5.6 mmHg 
At research stage 

Pressure 
pulse transit-
time method 

Used to associate other BP 
measurement method 

At research stage 
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The upper arm method required the use of inflatable cuff. Theoretically, this cuff can be 

placed on any part of the patient’s limb using the auscultatory method or oscillometric 

method. Monitors that measure pressure at the wrist and fingers are becoming popular 

because they are smaller and can be easier to use in obese people [9]. However, they are 

less accurate and can only be used for domestic BP monitoring purpose. Since the upper 

arm measurements methods are the most commonly used, they will be elaborated as in 

following sections. 

Clinical results show that SP and DP vary substantially in different parts of the arterial 

tree. In general, the SP increases in more distal arteries, whereas the DP decreases [10]. 

Experimental data have shown that upper arm non-invasive BP measurements at 

locations of the same vertical height as the heart give the most accurate readings [2, 8]. 

Table 1-2 shows that the auscultatory and oscillometric methods measured at the upper 

arm have the minimal errors among all of the non-invasive BP measurement methods 

and are well accepted in clinical practice.  

1.3.1 Auscultatory method 

Auscultatory method of BP measurement was firstly introduced by Riva-Rocci in 1896. 

In this method, firstly, air is pumped into the cuff thereby increasing the cuff pressure 

(CP) to a supra-systolic condition in which the artery is completely occluded (about 30 

mmHg above SP). When the air pressure in the cuff is slowly released, a sound is 

detected by the stethoscope placed over the brachial artery in the antecubital fossa. This 

sound is known as the Korotkoff sound. SP and DP are then determined by the five 

phases of the Korotkoff sound [11]. Although this method has been used for more than 

100 years, to date it is still the most accurate non-invasive BP measurement method. 

The diagrammatic presentation of this method is shown in Figure 1.2. 

http://en.wikipedia.org/wiki/Antecubital_fossa�
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Figure 1.2 Auscultatory BP measurement process [12] 

The auscultatory BP measurement consists of the following processes, see Figure 1.2. 

(a) selecting the proper cuff size for the patient, placing the cuff on the upper arm at 

roughly the same vertical height as the heart, and wrapping the cuff on the arm 

smoothly and snugly, 

(b) inflating cuff to about 30 mmHg above SP rapidly,  

(c) deflating  at a rate of 2–3 mmHg per second and recording the auscultatory 

sounds,  

(d) finishing the measurement when the sound finally disappeared. 

The observer then determines the patient’s BP by the following five phases of 

auscultatory sounds in the measurement process [13].  

Phase I: The first appearance of faint, repetitive, clear tapping sounds which gradually 

increase in intensity for at least two consecutive beats is the systolic BP 

Phase II: A brief period may follow during which the sounds soften and acquire a 

swishing quality 
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Phase III: The return of sharper sounds, which become crisper to regain, or even exceed, 

the intensity of phase I sounds. The clinical significance, if any, to phases II 

and III has not been established 

Phase IV: The distinct abrupt muffling of sounds, which become soft and blowing in 

quality 

Phase V: The point at which all sounds finally disappear completely is the diastolic 

pressure 

As described above, the auscultatory BP measurement technique is complicated and 

only suitable for clinic as assessment, which is normally conducted by professionally 

trained observers. 

1.3.2 Oscillometric method 

The measuring process of oscillometric method is similar to the auscultatory method. 

As shown in Figure 1.3, at the start of measurement, the cuff around a subject’s limb is 

inflated to a pressure above SP and is then deflated in a controlled manner. During the 

process, the CP is monitored and recorded by the measuring device. The amplitude of 

pressure oscillations in the cuff increases gradually until maximum amplitude near the 

mean pressure (MP) is reached and then decreases until the end of the measurement. 

The SP and DP are then calculated by algorithms or characteristic ratio specific to the 

manufacturer [11]. Since the algorithm is different from manufacturer to manufacturer, 

the accuracy of the oscillometric devices are different. 
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Figure 1.3 Typical clinical data in oscillometric BP measuring process: 

measured CP, pressure oscillation after filtering 

The overall accuracy of the oscillometric method is less than the auscultatory method 

and the main problem with this technique is that the amplitude of oscillations depends 

on several factors other than BP such as the stiffness of the arteries [14]. For example, 

in older people with stiff arteries and wide pulse pressures, MP identified by 

oscillometric method may be significantly underestimated and consequently the 

measured BP is underestimated [15]. However, this method is widely used in automated 

BP measurement devices, because it does not require professional training and gives 

reasonable measurement accuracy. 
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1.3.3 Ambulatory BP measurement  

The control of BP requires appropriate diagnosis and antihypertensive therapy, which is 

based on accurate BP measurements. However, in-office BP measurements, which have 

been used for more than 50 years, have clinically shown relevant shortcomings, such as 

what is called the white coat hypertension. This can be explained by the fact that a 

patient's BP is elevated during the examination process due to nervousness and anxiety 

caused by being in a clinical setting [16]. Recent studies have shown that the end-organ 

damage associated with hypertension is more strongly correlated with Ambulatory BP 

monitoring than with traditional clinic BP measurements and useful for diagnosing 

white-coat hypertension [17-19]. Ambulatory monitoring is the BP measurement 

method which measures patients’ BP at regular interval for 24 or 48 hours during their 

daily lives. Furthermore it is a more accurate way to detect a patient’s BP and helpful in 

the evaluation of drug resistance and medication compliance [18]. 

Although the auscultatory method using the standard mercury sphygmomanometer is 

the most accurate device for non-invasive BP measurement [20], the oscillometric 

method is more suitable for self-monitoring using automatic devices, as it requires less 

professional training and is less susceptible to external noise. Therefore, most of the 

ambulatory BP monitoring devices use the oscillometric technique.  

In comparison with typical measurements made under motionless conditions at the 

clinic or home, the ambulatory BP monitoring process sometimes needs to be conducted 

during activities such as working, talking, eating, walking and sports activities. During 

the measurement process, the current ambulatory BP monitoring devices require the 

patients to interrupt their activities and remain stationary until the process has 

completed.  

http://en.wikipedia.org/wiki/White_coat_hypertension�
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There are some non-invasive BP devices which claim to compensate for motion 

artefacts [21-23]. However, most of these devices measure the arterial pressure at the 

wrist, which have been approved to be less accurate than the measurement at the upper 

arms.  Also, they are not suitable for ambulatory BP monitoring [24]. Therefore, the 

need for ambulatory devices which are insensitive to arm motions and environmental 

tremors is essential for better accuracy. 

1.4 Thesis overview 

• Chapter 1 introduces the clinical factors of BP and the most popular BP 

measurement methods. 

• Chapter 2 lists the mechanical analysis of oscillometric BP measurement and 

available model models of BP measurement in the literature. 

• Chapter 3 states numerical implementation of finite element method. 

• Chapter 4 describes the details of developed finite element models including the 

justifications of material properties, geometries, and etc. 

• Chapter 5 illustrates the experiments for model validation and investigation. 

• Chapter 6 shows theoretical analysis oscillometric BP measurement method and 

demonstrates proper sensor array to detect external tremors. 

• Chapter 7 presents the clinical experiment results and shows the methodology of 

eliminating external noises. 

• Chapter 8 gives conclusion and future work of this study. 
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Chapter 2 Literature Review 

2.1 Introduction 

As stated above, the oscillometric method is the most widely-used method in automatic 

BP measurement devices. In the measurement, CP oscillations and values obtained 

during the cuff deflating process are recorded and used to determine the subject’s BP. 

The maximum amplitude pressure algorithm is one of the most commonly used 

techniques in the current available devices [25]. However there is still no specific 

standard procedure for this method such as the five-phase procedure in auscultatory 

method. Some theoretical analyses of oscillometric BP measurement have been 

developed to study the relationship between BP and pressure oscillation in the cuff. The 

literatures on these techniques are elaborated in the following sections.  

2.2 Mechanical analysis of oscillometric measurement process 

The basic principle for the oscillometric method is based on the fact that the subject’s 

BP leads to artery deformation which transfers to the cuff in the form of CP oscillation. 

This deformation can be detected by pressure sensors connected to the cuffs, and then 

the subjects’ BPs can be determined by the device [2, 14, 26, 27].  

There many different types of oscillometric BP measuring devices available in the 

market nowadays. Different manufacturers claim that their devices have unique 

algorithms to determine BP. As all these devices share the same oscillometric 
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measurement process, their results are based on analyzing the relationship between BP 

in the brachial artery and pressure oscillations in the cuff as show in Figure 2.1.  

     

Figure 2.1 Flow chart of signal transmission in the oscillometric BP measurement  

2.2.1 CP transmission 

Since the cuff is wrapped on the arm smoothly and snugly, it is assumed that CP 

transfers to arm surface evenly without any pressure loss [28, 29]. Therefore, the 

pressure acting on the arm surface equals to CP which transfers through the soft tissue 

to the external surface of the brachial artery as an extra-vascular pressure. The brachial 

artery closure status is determined by the transmural pressure (TP), which is defined as 

BP in the brachial artery minus extra-vascular pressure on the external surface of the 
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brachial artery. Since the extra-vascular pressure is usually unknown, in practice it is 

replaced by CP and TP is then defined as the intra-artery pressure (BP) minus the 

external CP [30-32].  

2.2.2 BP transmission 

In the measurement process, CP variation is below 5 mmHg during each heart beat. 

Pulse pressure, which is the difference between SP and DP, is normally over 30 mmHg. 

Therefore, the TP changes over 25 mmHg and leads to a dramatic artery volume change 

under the cuff.  As shown in Figure 2.1, the artery volume changes transfer through the 

arm soft tissue to the cuff which normally leads to pressure oscillations in the cuff. 

Therefore, several TP-volume models have been developed and used to study 

oscillometric method [33, 34]. Since artery deformation was assumed uniform along the 

longitudinal direction, brachial artery volume is normally replaced by lumen area (A). 

Therefore, CP oscillations are dominated by the brachial artery lumen area changes and 

thus the oscillometric method is associated with TP-A relationships [30, 35, 36].  

2.3 Theoretical analysis of non-invasive oscillometric BP measurement 

The maximum amplitude algorithm is the most popular algorithm in oscillometric BP 

measurement [37, 38]. There have been many studies on theoretical analysis of 

oscillometric algorithm in the last 40 years [30, 33, 34, 37-39]. These studies implement 

at various assumptions and different theoretical approaches as explained below.  
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2.3.1 Artery models 

Some previous studies [30, 32, 39-41] considered that the maximum CP oscillation 

during the measurement is due to the bulking of the brachial artery under the cuff.  

Drzewiecki et al [30] developed a mathematical model to describe TP-A relationship in 

oscillometric BP measurement. They also conducted some clinical experiments on 

isolated canine arteries. Their theoretical results matched their experimental data quite 

well. Their results showed that the buckling of an artery under CP occurs near -2 to 0 

mmHg transmural pressure. This result corresponds with a maximum arterial 

compliance and maximum CP oscillations when the CP is nearly equal to MP.  

In 1997, Drzewiecki et al [41] expanded their model considering more artery 

mechanical properties and compared it with the experimental results on latex tubes and 

different arteries. Their results demonstrated that TP-A relationship was highly related 

to the mechanical properties of the artery such as the artery wall thickness and stiffness. 

Therefore, any condition that change the artery thickness or affects their elasticity will 

affect the accuracy of oscillometric BP measurement. Similar conclusions were 

confirmed in other studies [42-44].  

All of these studies were conducted on isolated arteries. In reality, CP has to transmit 

through the soft tissues between the cuff and the brachial artery. Therefore, the TP-A 

relationship is also affected by the properties of these tissues. 

2.3.2 Arm model 

Several mathematical arm and cuff models have been developed to study the 

biomechanical factors which might affect the accuracy of oscillometric BP 

measurement. 



 

 16 

The earliest and simplest arm model for non-invasive BP measurement was built in 

1992 [45] which consisted of isotropic elastic tissues and a rigid bone. To keep the 

geometry of the model symmetrical, the artery was not presented in this model. The 

results indicated that the pressure transmission across the arm was significantly 

influenced by the elasticity of the arm tissue. In 1996, a more completed arm and cuff 

model was built [36]. This model included cuff compliance, pressure transmission from 

the cuff to the brachial artery through the soft tissue of the arm, and the biomechanics of 

the brachial artery. To simplify the model, the artery was replaced by a thin layer of 

volume uniformly distributed on the bone’s external surface. Therefore, the calculated 

pressure on the bone surface was treated as the extra-vascular pressure. The artery 

deformation under the cuff was calculated using the tube law same as Drzewiecki’s 

model. This model indicated that the alterations in the mechanical properties of the arm 

tissues may significantly affect the accuracy of BP estimation.  

In all above mathematical models, there are some drawbacks. They are 

(1) The extra-vascular pressure was assumed uniform along the artery. 

(2) The artery was assumed isolated from the surrounding tissue and its deformation 

was calculated as a thick wall tube.  

(3) Cylindrical axisymmetric geometries were used in these models.  

To overcome these drawbacks, some other modelling techniques were used.  

2.4 Finite element analysis 

There are many methods and software available for human body analysis. The finite 

element (FE) method is currently one of the best established numerical tools in the field 

of biomedical engineering and especially useful for estimating the biomechanical 
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performance of complex biological structures. All of FE models used in the literature 

were developed following similar process: (1) creating the geometry, (2) defining 

material properties, (3) determining boundary conditions and interactive properties, (4) 

applying loading. 

2.4.1 Model geometry 

In order to create anatomically accurate geometrical data for FE analysis, the magnetic 

resonance (MR) image or Visible Human Body (VHB) dataset were used in previous 

studies [46-49].  

Most MR images use greyscales to identify the soft tissue. In an MR image, if an area is 

presented in the same grey grade, the tissue of this area can be considered as having 

similar mechanical properties [50]. In the analysis of human body’s mechanical 

performance, tissue with similar mechanical properties can be considered to be the same 

material. The contour line of each area is defined as the edge between different tissues. 

Although there was a program developed for transferring MR images into input data for 

FE models [49], the obtained geometries were still required to be verified by 

experienced researchers with anatomic background. As shown in Figure 2.2, the contour 

line between ulna and surrounding tissue is clearly shown in this MR image. To get an 

accurate model, there contours have to be manually modified before exporting to FE 

software.  

The VHB dataset gives much more details of the human anatomic structure and is 

becoming a common standard for researchers [51]. Since the VHB dataset includes 

coloured images as shown in Figure 2.3, it is easier to identify the tissue materials and 

boundaries. 
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Figure 2.2 MR image of the right wrist [52] 

 

Figure 2.3 A sample of upper arm from VHB dataset [53] 
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Using the VHB dataset, many 3-D models of human limbs have been developed, 

including the lower limb [48], the upper arm [47], and the upper limb [46]. All of these 

models focus on creating and analysing the skeletal muscles rather than representing the 

entire limb. However, the VHB datasets are developed based on specific subjects and 

they are not suitable to simulate for general purpose applications.  

2.4.2 Material properties of human tissue 

Theoretically, the human tissue’s property is nonlinear anisotropic viscoelastic material 

[54]. Referring to the image shown in Figure 2.3, the upper arm mainly consists of four 

types of materials: fat and skin, muscle, artery and bone. The bone is much stiffer than 

soft tissues and normally is considered rigid in most of previous researches [36, 45, 55, 

56]. In all of the mathematical models of the human body, some simplifications of the 

tissue materials were made in order to achieve a balance between the computational cost 

and accuracy. Some simplifications of the soft tissue are summarized in Table 2-1.  

Looking into the detailed structure of the four materials, while fat and skin tissues have 

no preferred direction and therefore are usually considered to be isotropic, muscle and 

artery tissues have a highly fibrous nature which presents anisotropic isotropic 

properties [54, 57]. The fibre direction in the muscle is closed to uniform, so, the muscle 

tissue is usually considered to be a transverse isotropic material. However, the artery is 

composed of an intima-media layer and an adventitial layer. Because the fibre directions 

in these two layers are quite different, artery materials have different properties in the 

three axes [54, 58], and it is an orthotropic material.   
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Table 2-1 Commonly used material properties for human tissues 

 
Linear 

Isotropic 
Nonlinear isotropic 

Nonlinear transverse 
isotropic 

Nonlinear 
anisotropic 

Required 
parameter 

1.Young’s 
modulus,  

2. Poisson’s 
ratio 

1. Stress-strain (S-ε) 
relationship,  

2. Poisson’s ratio 

1. S-ε relationship on 
longitudinal direction, 

2. S-ε relationship on 
transverse direction 

3. Poisson’s ratio on 
longitudinal direction, 

4. Poisson’s ratio on 
transverse direction 

1-3. S-ε relationship 
on each direction 

4-6. Poisson’s ratio 
on each direction, 

Fat & skin 
Mostly used 

[59, 60] 
Used in the large 
deformation 

Not used in the 
published literature 

Not used in the 
published literature 

Muscle 

Used in simple 
models [61] or 
with small 
deformation 

Used when just 
considering the 
transverse 
deformation [36] 

Mostly used [48, 56, 
62] 

Seldom used 

 

Artery Seldom used 
Usually used in the 
simplified model  
[36] 

Seldom used 

Used when 
investigating the 
artery’s mechanical  
performance [58, 
63] 

 

2.4.3 Other conditions 

Since there is relatively no motion between the bone and soft tissues, the muscles are 

always assumed fixed to the bone [45, 55, 56]. The other conditions such as boundary 

and loading conditions are determined according to the particular simulating conditions.  
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2.4.4 Current models 

To the best of our knowledge, currently, there is no model with more realistic geometry 

of the upper arm available in the open literature. In contrast, some anatomically accurate 

FE models of other parts of the human’s upper limb were built for analyzing the 

pressure transmission in the soft tissue during the oscillometric BP measurement 

process [52, 64]. The geometry of the model was established from the MR image of the 

cross-section scan of human’s wrist as shown in Figure 2.4a. Although the wrist 

contains many different types of tissues, they were classified into four types of materials 

based on their mechanical properties. They were skin and connective tissue, muscle, 

tendon and bone. Therefore, the whole model consisted of four types of parts. As shown 

in Figure 2.4c, different parts of the wrist were represented by the coloured blocks in the 

model.  

Since the bones are much stiffer than the soft tissues, in this work they were replaced by 

rigid boundary conditions in this model[52, 64]. Except for the bone parts, all of the soft 

materials were assumed linear elastic and isotropic. This linear elastic assumption is 

only reasonable for relatively small strains but must be modified if large displacements 

are applied [65]. Since most of the deformations under compression were small in the 

model as shown in Figure 2.4b, the material assumption was acceptable in this model. 

To get the volume change in the artery, a 3-D model of the wrist was constructed by 

extending the 2-D FE model in the longitudinal direction  as shown in Figure 2.4d [66]. 

Some other parts of the human body were also built up using similar techniques [67-69]. 
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a 

 

 

b 
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c 

 

 

d 

Figure 2.4 (a) MR image of the right wrist; (b) MR image of the same wrist under 

inflated cuff; (c) 2D FE model of right wrist: the light grey, dark grey 

and black shades represent skin and connective tissue, muscle, and 

tendons, respectively; (d) 3D  model of right wrist [constructed by 

extending the 2-D . finite-element model at site L in the longitudinal (z) 

direction] [52, 66]  
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2.5 Closure 

This chapter gives a thorough and comprehensive literature survey to summarise many 

different types of theoretical models which have been developed to investigate the 

oscillometric BP measurement. The material properties and classification stated in this 

chapter were obtained from the literature and already validated against the realistic 

tissue. The applied material classification and used material properties were proven 

valid. Among current available mathematical models on the oscillometric method, the 

following points are weakly treated in the available literature: 

1. The brachial artery is assumed to be isolated from the arm in the available 

models. Brachial artery deformations are calculated following the tube law. The 

effects of surrounding tissue are ignored. 

2. Only symmetrical cylindrical geometries are used.  

3. Uniformly distributed pressure is applied on the external surface of the artery.  

4. Lack of geometry accurate models. 

With these assumptions and simplifications, available models are valid only for limited 

conditions. The main conclusion is that there is no model with more realistic geometry 

to investigate the oscillometric BP measurement. 

2.6 Objectives 

Since combining the oscillometric method with the arm in an accurate model form is 

complicated and it requires better understanding and knowledge of the overall system, 

the modelling process in this research is undertaken in two steps: first developing a 

simple model to give a good understating of the oscillometric method in the arm and to 

help setting the necessary conditions and assumptions of a more accurate model which 
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is developed in the second stage of this research. To overcome the weaknesses in the 

current available models, the main aims of this study are: 

1. Develop a simplified FE model to study the effects of the following factors in 

oscillometric method: (a) brachial artery stiffness, (b) soft tissue stiffness and 

compressibility 

2. Build a simulation rig to validate the established model. 

3. Develop a more accurate FE model including more realistic geometry and 

material properties.  

4. Conduct clinical trials to validate the model. 

5. Investigate the effect of arm motions as disturbance to measurements and 

method of eliminating them. 
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Chapter 3 Numerical Formulation 

3.1 Introduction  

In the proposed model, fat, skin, connective tissues, muscle and artery are simulated. 

Since the active motion of the muscle will bring many uncertain changes such as large 

deformation and stiffness changes, it is not practical to simulate active motion in this 

research and only the passive muscle behaviour is considered in the model. Therefore, 

the following types of materials are assumed: isotropic linear material, transverse 

isotropic linear material and isotropic nonlinear material. In this chapter, the basic 

mechanical quantities of nonlinear continuum mechanics are introduced followed by 

discussion of FE implementation. 

3.2 Continuum model  

In the model, the following types of materials are considered: (1) isotropic linear 

material for fat, skin and connective tissues, (2) transverse isotropic linear material for 

muscle (3) nonlinear material for muscle with passive behaviour and artery. To mesh 

the model, tetrahedral element is used for the model with irregular geometry. 

3.2.1 Material  

In continuum model, the object consists of many points. To track the motion of the 

object, each material point is labelled by a position X in the initial object shape. The 

material point is mapped by function Φ to a new position x, which varies as time t. 
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 ( , )x X tφ=  (3.1) 

As shown in Figure 3.1, Φ determines the geometry of the subject. When relating initial 

material point X to its current point x  through the deformation gradient F which is the 

key quantity in continuum model, their relationship is expressed by Equation (3.2). 

 i ij jx F X∂ = ∂  (3.2) 

where xi is the i-th component of position vector in the deformed state and Xj is the j-th 

component of position vector in the undeformed state. 

 

Figure 3.1 Model deformation function in continuum model 

 

Then the total volume change at the point is expressed as  

 detJ F=  (3.3) 

For simplicity, the modified deformation gradient is defined as  

 1 3F J F−=  (3.4) 
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The Right Cauchy-Green Deformation Tensor C is defined as  

 TC F F=  (3.5) 

Then, the Green-Lagrangian Strain Tensor E is written as  

 1 ( )
2

E C I= −  (3.6) 

where I is the identity tensor.  

In linear continuum mechanics, the dominate quantities are the Cauchy stress tensor σ 

and the conjugated strain tensor ε, 

 [ ]Hσ ε=  (3.7) 

where [H] is the stiffness of the material. Since the deformation is very slow during cuff 

based BP measurement process, viscosity of the tissue materials is not considered in this 

model. In anisotropic material, [H] is a 6×6 symmetric matrix with 21 independent 

constants. For the case of transverse isotropic material about the y axis, the matrix of [H] 

could be expressed in terms of five independent mechanical constants [70]. The stress 

tensor is expressed as,  

 ( )Tx y z xy yz zxσ σ σ σ σ σ σ=  (3.8) 

the strain as, 
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u x
v y
w z

y x x y
z y y z
x z z x

ε

∂ ∂ 
 ∂ ∂ 
 ∂ ∂

=  ∂ ∂ + ∂ ∂ 
 ∂ ∂ + ∂ ∂
 
∂ ∂ + ∂ ∂ 

 (3.9) 

and the material stiffness in ABAQUS is described by Hijkl, 
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 (3.10) 

where i, j, k, l are the directions of the selected element. For the selected solid elements 

used in this simulation, the 1-, 2- and 3-directions are the same as default global spatial 

x-, y- and z-directions. For the case of isotropic material, the matrix of [H] could be 

expressed in terms of two independent mechanical constants. Because there is standard 

expression of isotropic material in ABAQUS, the material matrix of isotropic materials 

is not introduced in details.  

Since Cauchy stress tensors are defined in the deformed configuration, it is not practical 

to use for nonlinear continuum mechanics, whose quantities are varied to body 

deformations. To simulate the muscle passive behaviour, the second Piola-Kirchhoff 

stress tensor S is used in nonlinear continuum mechanics. 

 ( ) ( )2W E W CS
E C

∂ ∂
= =

∂ ∂
 (3.11) 
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For the nonlinear elastic strain energy function, W is written in terms of invariants 

, ,E E EI II III  of the Green-Lagrnge Strain Tensor E  as 

 ( ) ( , , )E E EW E W I II III=  (3.12) 

where  

 2

( )
1 ( ( ))
2
det( )

E

E E

E

I trace E

II I trace EE

III E

≡

≡ −

≡

 (3.13) 

Since the artery is almost incompressible, the New-Hookean hyperelastic material 

property is used in the description of the brachial artery. In New-Hookean hyperelastic 

material, the strain energy density function is  

 2
1 2 10 1

1

1( , , ) ( 3) ( 1)U U I I J C I J
D

= = − + −  (3.14) 

where I1, I2 and J are the three strain invariants, expressed in the terms of the left 

Cauchy-Green tensor, 

 
1

2
2 1

det( )

( )
1 ( ( ))
2

T

J F
B F F
I trace B

I I trace B B

≡

= ⋅

≡

≡ − ⋅

 (3.15) 

The relationship between Cauchy stress and deformation gradient is  

 10
1

2 1 2( ) ( 1)
3ij ij ij kk ijC B B J

J D
σ δ δ= − + −  (3.16) 
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Since the Kirchhoff stress is defined as  

 ij ijJτ σ=  (3.17) 

the material Jacobian derives from the variation in Kirchhoff stress is  

 ij ijkl klJC Dδτ δ=  (3.18) 

where Cijkl are the components of the Jacobian, and  

 1 11 ( )
2ij im mj mi jmD F F F Fδ δ δ− −= +  (3.19) 

Using the Neo-Hookean model, the Jacobian matrix of the artery material is defined.  
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1

2 1( ( )
2

2 1 2( )) (2 1)
3 3

ijkl ik jl ik jl il jk il jk

ij kl ij kl ij kl mm ij kl

C C B B B B
J

B B B J
D

δ δ δ δ

δ δ δ δ δ δ

= + + + −

+ − + −
 (3.20) 

3.2.2 Element 

Since the model is designed to simulate the arm with anatomically accurate geometry, 

the tetrahedral element is used in the model which is one of the simplest and practical 

ways to mesh the complicated geometry.  

The state of displacement of a point is defined by three displacement components, u, v, 

and w, in the directions of the three coordinates x, y, and z respectively. Thus   

 
u

U v
w

 
 =  
 
 

 (3.21) 
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Using the finite element concept, the displacements within an element have to be 

uniquely defined by these twelve values (a1~ a12). The simplest representation is clearly 

given by three linear polynomials   

 
1 2 3 4

5 6 7 8

9 10 11 12

u a a x a y a z
v a a x a y a z
w a a x a y a z

= + + +
 = + + +
 = + + +

 (3.22) 

As shown in Figure 3.2, i, j, m, p are four nodes on the tetrahedral element.  

 

 

Figure 3.2 A tetrahedral element is shown in the co-ordinate system. 

 

Equating the values of the displacements of the nodes in u direction in the default co-

ordinate system, we have four equations of the type 
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1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

i i i i

j j j j

m m m m

p p p p

u z
u z
u z
u z

α α α α
α α α α

α α α α
α α α α

= +
 = +
 = +
 = +

x＋y＋
x＋y＋
x＋y＋
x＋y＋

 (3.23) 

The displacement field can be written for each element as  

 
i i j j m m p p

i i j j m m p p

i i j j m m p p

u N u N u N u N u
v N v N v N v N v
w N w N w N w N w

 = + + +


= + + +
 = + + +

 (3.24) 

The interpolation function (shape function) Ni, Nj, Nm, Np, consists of four linear 

polynomials, defining the shape of the displacement field for each tetrahedral element. 

In this model the linear shape functions are assumed to be 

 

( )
6

( )
6

( )
6

( )
6

i i i i
i

j j j j
j

m m m m
m

p p p p
p

a b x c y d zN
V

a b x c y d z
N

V
a b x c y d zN

V
a b x c y d z

N
V

+ + + =


+ + + = −
 + + + =

 + + + = −


 (3.25) 

where V is the volume of the element which can be calculated by  

 

1
11 det
16
1

i i i

j j j

m m m

p p p

x y z
x x z

V
x y z
x y y

=  (3.26) 

and  ai, bi, ci, di are coefficients calculated from the nodal coordinates. 
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1
det det 1

1

1 1
det 1 det 1

1 1

j j j j j

i m m m i m m

p p p p p

j j j j

i m m i m m

p p p p

x y z y z
a x y z b y z

x y y y y

x z x y
c x z d x y

x y x y

= = −

= − = −

 (3.27) 

The shape function can be determined by substituting Equation (3.27) into Equation 

(3.26). The stiffness and mass matrices will be defined in ABAQUS. The nodal force 

vector acting on each element is the aerodynamic pressure force, which can be 

calculated from Equation (3.7) by using the corresponding nodes. 

3.2.3 Equilibrium Equations of the Model  

The following sections state the equilibrium equations of motion and definitions to 

solve the finite element model. For infinitesimal displacements in an elastic continuum 

object, Newton’s second law of motion is written as  

 

2

2

2

2

2

2

xyx zx
x

xy y yz
y

yzzx z
z

uF
x y z t

vF
x y z t

wF
x y z t

τσ τ ρ

τ σ τ
ρ

ττ σ ρ

∂ ∂ ∂ ∂
+ + + = ∂ ∂ ∂ ∂

∂ ∂ ∂ ∂ + + + = ∂ ∂ ∂ ∂
 ∂∂ ∂ ∂

+ + + =
∂ ∂ ∂ ∂

 (3.28) 

where u, v and w are displacements in the x, y and z directions; ρ is the density of the 

material; σi are normal stresses; τij are shear stresses (i, j = x, y, z); and Fx, Fy and Fz are 

the body forces. Consequently, the general tissue displacement vector about the 

equilibrium position is written as  
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 ( , , , ) ( , , , ) ( , , , ) ( , , , )x y z t u x y z t i v x y z t j w x y z t kΨ = + +  (3.29) 

Equations (3.28) and (3.29) contain both stresses and displacements as variables. To 

solve the equations, either stresses or displacements should be chosen and converted to 

the others. The model of upper arm needs spatial resolution that is capable of 

representing the tissue movement during the BP measurement process. Therefore, it is 

more appropriate to use displacements as variable in this research. The relationship 

between stresses and displacements depends on the nature of the material. 

However, using stress-displacement equations are too involved and a bit complicated to 

solve explicitly. Another numerically oriented approach is normally used. Virtual work 

principle is the numerically oriented approach of motion. Problems of elasticity are 

intimately related to the energy principles which define equilibrium conditions. The 

concept of energy principles is very important in the solution of elasticity problems. The 

potential energy of the deformed vibrating continuum is  

 pU Wπ = −  (3.30) 

where U is the strain energy calculated from energy density as  

 1 ( )
2 x x y y z z xy xy yz yz zx zxv

U dVσ ε σ ε σ ε τ γ τ γ τ γ= + + + + +∫∫∫  (3.31) 

and pW is the virtual work defined as, 

 ( ) ( )p x y z x y zv A
W F u F v F w dV S u S v S w dA= + + + + +∫∫∫ ∫∫  (3.32) 
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In Equation (3.32), , ,x y zF F F  are components of the body force (inertia) and , ,x y zS S S  

are components of the surface forces. The equations of motion are obtained by setting 

the variations of potential energy with respect to nodal displacement to zero Principle of 

virtual work is an alternative formulation of Newton’s law. It is entirely equivalent to 

Newton’s first law. In this model, the virtual work principle is used to solve the 

equilibrium of motions. 

The exponential form of the energy function as shown below is widely used for 

simulating passive behaviour of skeletal muscle [71, 72]. 

 2 2 2 2
0 1 2 3 11 4 12 13( ) [exp( ( )) 1]E EW E a a I a II a E a E E= + + + + −  (3.33) 

And their constant values in the equation are  a0 = 0.6, a1 = 15.0, a2 = 30.0, a3 = -12, a4 

= -15 [73]. 

Since the muscle is assumed transverse isotropic in this simulation, the reduced 

polynomial model available in ABAQUS is used instead. Similarly as Equation(3.12), 

the elastic strain energy function W can also be written in terms of the invariants of the 

Right Cauchy-Green Deformation Tensor C as   

 ( ) ( , , )C C CW C W I II III=  (3.34) 

 where 

 2

( )
1 ( ( ))
2
det( )

C

C C

C

I trace C

II I trace CC

III C

≡

≡ −

≡

 (3.35) 



 

 37 

Since the stress-strain relationship must hold for all coordinate axis orientations, the 

equation is written in terms of the modified invariants ,C CI II  and CIII in ABAQUS as 

 ( ) ( , , )C C CW C W I II III=  (3.36) 

where 

 

1 3

2 3

1 2

C

C

C C

C C

C C

I I III

II Ii III

III III

−

−

≡

≡

≡

 (3.37) 

In the reduced polynomial model, the strain energy function is written as  

 2

1 1

1( ) ( 3) ( 1)
2

N N
i i

io C C
i i

W C c I III
= =

= − + −∑ ∑  (3.38) 

For 3N = the third order reduced polynomial strain energy function is obtained from 

Equation (3.38) as  

 

2 3
10 20 30

2 4 6

1 2 3

( ) ( 3) ( 3) ( 3)
1 1 1( 1) ( 1) ( 1)

C C C

c c c

W C c I c I c I

III III III
d d d

= − + − + −

+ − + − + −
 (3.39) 

where 10 20 30 1 2 3, , , , ,c c c d d d are material parameters obtained from experiments. Since the 

muscle material is almost incompressible in the assumption, the volumetric change 

parameters 1 2 3, ,d d d are set to infinite in the model. The other three parameters are 0.01, 

0.01, 0.0066667 [73]. 

Due to the transverse isotropic and linear assumptions, the parameters in [H] can take 

the form of  



 

 38 

 

( )

1111 3333

1122 2233

1212 2323

3131 3333 1133
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E E E
E E E
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µ

= =
 ′= =

′ = =

 = − =


 (3.40) 

Equation (3.40) is inversed in order to obtain the strains expressed by stresses,  

 1[ ]Hε σ−=  (3.41) 
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u x E v E v E
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y x x y
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τµ
τµ

′∂ ∂ − −     
    ′ ′ ′∂ ∂ − −     
    ′∂ ∂ − −

=     ′∂ ∂ + ∂ ∂     
    ′∂ ∂ + ∂ ∂
        ∂ ∂ + ∂ ∂    

 (3.42) 

where E is the Young’s modulus in the transverse plane, E’ is the Young’s modulus 

along the y axis, μ’ is the shear modulus along the y axis, v is the Poisson’s ratio in the 

transverse plane, and v’ is the Poisson’s ratio along the y axis.  

Another constant μ (the shear modulus in the transverse plane), can be expressed by 

 
2(1 )

E
v

µ =
+

 (3.43) 

3.2.4 Contact Problem 

The physical contact problem occurs when two or more bodies touch each other. There 

are two kinds of contact occurring in the model: (1) the soft tissues contact with each 

other, (2) the artery internal wall contacts itself under high cuff pressure.  

In upper arm, every muscle is wrapped by a thin layer of fascia. Therefore, the surfaces 

between the different parts are assumed frictionless. On the contact surfaces, the traction 
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forces acting are called contact forces. The contact forces deform the objects. In this 

model, the simulation uses a contact algorithm (considering pure master-slave) to deal 

with the contact problem: all collided nodes (on the surface that interact with the other) 

are collected with the purpose of calculating the required forces to avoid body 

interpenetration. Such forces are calculated in terms of how deep one surface can enter 

into each other. A typical iterative algorithm repeats two operations until it finds a 

stable solution as shown in Figure 3.3: 

• Find the section where two objects penetrate. 

• Apply forces to push back the penetrating section. 

 

Figure 3.3 Typical steps for solving the contact problem. 

 

The contact forces are the same as the push back forces in the final stable configuration. 

In conventional methods, the direction of a push back force, or the “normal”, is chosen 

as the direction from a penetrating surface point to the closest projection. 

Mathematically, all the collided nodes follow the restriction: 
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( ) * 0

* 0
* 0

TG X Y N
L F N
G L

= − ≥
= ≥

=
 (3.44) 

G = the gap normal to the contact surface  

F = the collision force 

N = the unit normal vector of the contact surface 

L = the contact force normal to the contact surface 

It means that the gap (G) between two nodes (X and Y are the spatial position of two 

nodes on master and slave surfaces) should be non-negative and that the collision force 

F should always take the bodies apart. Equation (3.44) points out that both the 

inequalities are exclusive: when one condition is achieved, the other one is 

automatically equal to zero.  

3.3 Summary 

The basic formulation of the finite element analysis used in ABAQUS is adopted in this 

work to link the relationship between the analytical and numerical modelling in the 

upper arm structure while searching for the dynamic response in application to BP 

measurement simulation. In the simulation, the continuum description of the muscle [71] 

is converted and applied in ABAQUS. Reduced polynomial strain energy function is 

adopted to provide the passive muscle characteristics.  
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Chapter 4 Finite Element Models 

4.1 Introduction 

The finite element method is currently one of the best established tools in the field of 

biomedical engineering and widely used in the computational analysis of complex 

biological structures. Anatomically, the human upper arm consists of different tissues 

with irregular geometries and various mechanical properties. In this research, some 

simplifications are made with the aim of achieving a balance between computational 

cost and accuracy. In this chapter, two finite element models are developed using the 

commercial software ABAQUS® which is widely used in biomedical engineering. The 

first one is a simplified cylindrical model, which is established to study the brachial 

artery closure process under external CP. It was used to compare with experimental 

results and give an initial assessment of the cuff based BP measurement. The second 

one is an anatomic accurate model, whose geometry is extracted from VHB dataset. 

This comprehensive model was able to simulate arm motion and used to map the strain 

distribution in different conditions.  

4.2 Model selection 

At the first stage of the investigation, the simplified model with cylindrical geometry is 

developed to simulate the entire BP measurement process and study the artery closure 

process during BP measurement. The simplified geometry was chosen for the following 

reasons:  
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1) The basic geometry of the simplified cylindrical model was widely used in 

previous studies [36, 61, 74], and the models were proven valid in studying cuff 

based non-invasive BP measurement in static status.  

2) The location of the brachial artery was improved by suing to VHB Dataset [75]. 

The introduced model is able to give more accurate results. 

3) Since the brachial artery will be fully closed under high CP, the clinical 

experiment with intra-vascular sensors is not valid. An arm simulator with 

simplified cylindrical geometry was developed to represent BP measurement 

and validate the mathematical model. 

4.2.1 Material properties  

The human arm consists mainly of five different types of nonlinear, anisotropic, 

viscoelastic and nearly incompressible tissues; namely, the skin, fat, muscle, bone and 

vessel. The following physical parameters play an important role in the modelling: 

viscosity, density, modulus of elasticity, and Poisson’ ratio. To develop an appropriate 

and feasible theoretical model, some assumptions of tissue properties are made in this 

BP measurement process simulation:  

I. As the CP decreases slowly from supra-systolic to sub-DPs during the BP 

measurement process, the viscosities of these materials are neglected.  

II. Since the upper arm mainly consists of muscles, the density of the simulated soft 

tissues is assumed the same as the muscles 1.05g/cm3 [54]. 

III. The fat and skin tissues have no preferred direction and show evidence of 

isotropic properties, whereas the muscle and artery tissues are fibrous in nature 
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and present anisotropic properties [54, 57]. However, previous clinical 

experiments present that when the strain is under 10%, the muscle tissue exhibits 

linear isotropic elastic behaviour and its stiffness is similar to that of fat and skin 

[76].  Because the existing literature has confirmed that the arm tissue strain is 

less than 10% in normal BP measurements [77], the arm muscle tissue is 

considered as a linear isotropic elastic material. Consequently, the skin, fat and 

muscle tissues are integrated as one part and named soft tissue. The applied 

Young’s modulus of the soft tissue is Est = 47.5 kPa [36, 54].  

IV. Since the bone (Ebone = 10 GPa) is about two hundred thousand times stiffer than 

that of the arm soft tissues [78], the deformation of the bone is very little 

compared with soft tissues. In this simulation, the bone is assumed as a rigid 

undeformable material. 

V. In the oscillometric BP measurement method, the CP oscillation is recorded 

through the whole measurement process. However, only part of the data, which 

is obtained when CP is between the patient’s supra-SP and slightly under DP, 

are used for analysis. Within the above CP range, most vessels are closed during 

the measurement process except for the brachial artery. Thus only the brachial 

artery is simulated and all of the other vessels are ignored in this model.  

VI. As the arm tissue and the artery materials contain around 75% water, they are 

assumed nearly incompressible with Poisson’s ratio γ = 0.45 [54]. 

VII. The brachial artery wall consists mainly of three components: collagen, elastin, 

and smooth muscle. All of these components contain tissue fibres in different 

directions, which imply that the artery tissue has no preferred direction. 

Although the artery wall is anisotropic in nature, the literature lacks sufficient 
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information about the anisotropic properties. Thus for simplicity of modelling, 

the assumption of “isotropic” is widely used which has been proven to give 

satisfactory outcomes [36]. Therefore, the artery tissue is assumed as an 

isotropic material.  

VIII. Although various individuals have different artery mechanical properties which 

may indicate nonlinearity, the arterial wall reveals minimum stiffness when the 

transmural pressure across the arterial wall is zero, which is defined as BP minus 

CP in BP measurement [54, 58]. This is attributed to the fact that the elasticity of 

collagen and smooth muscle approach their lowest values when the artery is 

minimally distended, while the elastin remains unchanged regardless of loading 

[54].  

Implementing the above assumptions leads to the fact that the artery parameter which 

needs to be determined is the modulus of elasticity. Currently, measuring simultaneous 

BP, diameter (cross section area), and wall thickness of the artery in vivo is the most 

reliable way to determine the arterial elasticity [79]. By inflating a cuff surrounding the 

underlying brachial artery, the transmural arterial pressure is reduced. Under normal 

condition, which is also called baseline condition [80], the mean in vivo transmural 

pressure vs. area curve the for eight normal human subjects measured by intravascular 

ultrasound over a wide transmural pressure range as shown Figure 4.1 [81]. In order to 

change the artery stiffness, the measurement after the administration of intra-arterial 

nitroglycerin (NTG) which relaxes artery smooth muscle and decrease artery stiffness 

and norepinephrine (NE) which increases vascular tone and artery stiffness are also 

presented in Figure 4.1.  
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Figure 4.1 Brachial artery pressure vs. area under three experimental conditions: 

baseline, norepinephrine (NE, 1.2 µg), and nitroglycerin (NTG, 100 µg). 

[82] 

To represent the transmural pressure – area relationship as shown in Figure 4.1, the 

experimental data are fitted to Langewouters’ arctangent model,  

 11(0.5 tan ( ))TP bA a
c cπ

−= × + × −   (4.1) 

where TP is transmural pressure, A is the cross section area of brachial artery and a, b, c 

are constant parameters describing the curve. By applying the data shown in Figure 4.1, 

the constant parameters in Equation (4.1) are obtained by fitting with different numbers 

with coefficient R2 values over 0.97: (1) under baseline condition, a = 21.55, b = -16,    

c = 28; (2) after using NE, a = 18, b = -12, c = 29; (3) after using NTG, a = 25.95,         

b = -10,    c = 24.5. 
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The measured area A includes wall cross sectional area (WCSA),  

 
2 2( )out inWCSA R Rπ= −  (4.2) 

 
2

outA Rπ=  (4.3) 

where Rout is the outer radius, Rin is the inner radius. Since the artery wall is nearly 

incompressible, WCSA of the brachial artery under CP is assumed constant [83]. In this 

study, WCSA is assigned to be 4.37 mm2 [80]. 

Since the ratio of brachial artery thickness and radius is 0.6:2.5 is higher than 1:10, the 

brachial artery was considered as a thick-wall cylinder in this study. For a thick-wall 

cylinder under uniform internal pressure, the modulus of elasticity of the vessel can be 

calculated by the following equations [81]. 

 
2

2 2

2 out in
out

out in

R RTPR
E R R

∆ =
−

  (4.4) 

Rearrange this equation to get   

 
2

2 2

2 out in

out out in

R RTPE
R R R

∴ =
∆ −

 (4.5) 

Using Equation (4.2)(4.3)  into Equation (4.5) leads to  

 
2 ( )TP A A WCSAE

dA
⋅ −

=  (4.6) 

where E is the modulus of elasticity. By substituting Equation (4.1) into Equation (4.6), 

the elasticity of the artery under different transmural pressure can be obtained. Using the 

clinical data shown in Figure 4.1, the TP-Elasticity relationships of the normal 
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(baseline), the hard (after using NTG) and the soft (after using NE) are calculated by 

Equation (4.6) is shown in Figure 4.2.  Therefore, the stress-strain relationships of these 

three types of artery are obtained and shown in Figure 4.3. 
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Figure 4.2 The stress-strain relationship of the artery wall used in the finite 

element model  
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Figure 4.3 The stress-strain relationship of the artery wall is calculated from 

experimental results [81].  normal artery, soft artery,  

hard artery 

4.2.2 Geometry  

From material properties aspect, the upper arm consists of three parts: bone, artery and 

soft tissue. Anatomically, the diaphysis of humerus is similar to a cylinder and the 

brachial artery is comparable to a tube. During BP measurement, the upper arm is 

surrounded by uniform external pressure. The arm tissue deforms and changes to the 

more stable geometry – cylinder. Therefore, the soft tissue part which includes the skin, 

fat and muscle is also assumed to be cylindrical.  

By analysing cross-sectional images of the upper arm from the VHB Dataset [75], the 

humerus is simulated as an axisymmetric cylinder of radius 1.2 cm at the centre of the 

upper arm model; the brachial artery is simulated as a compliant tube of internal radius 

2.5 mm and wall thickness 0.6 mm embedded in the muscle tissue at a distance of 4.2 
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cm from the longitudinal axis; the skin, fat and the muscle tissues are amalgamated as a 

single contiguous annular element with internal and external radii of 1.2 cm and 5.2 cm, 

respectively. The length of the model is 24 cm. Figure 4.4 shows a transverse section of 

the arm model with the above dimensions. All of the used dimensions are typical values 

and have been previously validated [35, 36, 40].  

 

Figure 4.4 Transverse section of the arm model [36, 75] 

4.2.3 Interactive properties  

There are three pairs of interactive surfaces between the different parts in the simple 

model:  

- The surface between the bone part and the soft tissue part  

Since the muscles are attached to the bone, they are fixed to the bone and there is 

no relative motion between them at the points of contact.  
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- The surface between the brachial artery part and the soft tissue part 

The brachial artery is connected with surrounding tissues through connective 

tissues. Thus, this pair of interactive surfaces is assumed to be rigidly fixed to 

each other. i.e. The interface between the artery and the tissue have the same 

property. 

- The internal surface of the brachial artery  

The internal surface of artery is smooth and there is no relative motion between 

the contacted surfaces during normal BP measurement. Therefore, frictionless 

self-contact interactive property is assigned on the internal surface of the 

brachial artery. 

4.2.4 Boundary conditions  

In context with the above assumptions, boundary conditions applied to the model are as 

following: 

1) As the soft tissue is attached to the rigid bone, the boundary condition of the 

contacting surface is the same as the bone and the bone can be ignored in the 

simulation process. In normal BP measurement, the patient’s arm is suitably 

supported to minimise any motion. So the bone is assumed fixed in 3D space at 

both ends. Consequently, fixed boundary conditions are applied on the internal 

surface of the soft tissue.  

2) The cuff is assumed to perfectly adhere to the arm with no relative motion in 

between during the whole BP measurement. Since the cuff material is nearly 

unstretchable, the cuff stretch is very little during BP measurement. Therefore, 

the soft tissue surface under the cuff, which is the highlighted part in the mid of 
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the model as shown in Figure 4.5, can only move in radial direction. The degree 

of freedom in the longitudinal direction (Z direction) is set to zero. 

3) The biceps, triceps and brachialis muscles terminate at or close to the elbow and 

shoulder. As the arm is fixed to minimize arm motion during normal BP 

measurement, the soft tissue at either end of the model is assumed no 

longitudinal movement and free to move in the cross section plane (X-Y plane). 

This boundary condition is applied to both of the end surfaces as shown in 

Figure 4.5. 

 

Figure 4.5 Boundary conditions of the simplified model  
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4.2.5 Model loading  

Following the guideline from the British Hypertension Society, the proper size of the 

inflatable cuff is 12 × 35 cm (width × length) for the chosen arm size [28]. To define the 

surface undergoing the external CP, the model is partitioned to three parts: 6 cm at both 

ends (outside of the cuff) and 12 cm in the middle (under the cuff) as shown in Figure 

4.6.  

In the normal cuff based BP measurement process, there are two loading: BP and CP 

which are applied at internal surface of the brachial artery and mid part of the soft tissue 

external surface as shown in Figure 4.6.  

 

Figure 4.6 Load and boundary conditions of the simplified model  
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1. In previous research, it has been shown that the fluid interaction in the brachial 

artery has small influence on oscillometric BP measurement [36]. In this study, 

it is assumed that the acting pressure on the internal artery wall is not affected by 

the artery closure status. This assumption is validated by the following 

theoretical calculation.  

Figure 4.7 shows a schematic diagram of the artery deformation under external 

CP in the BP measurement. 

 

Figure 4.7 The artery is at normal open status at position 1 and compressed at 

position 2 by external CP. 

As there is no blood leak in the brachial artery, the volume flow rate is constant 

along the artery and is expressed as, 

 1 1 2 2Q AV A V= =  (4.7) 

where, Q is the blood volume flow rate, V is the blood flow velocity, A is the 

cross section area of the brachial artery. The flow pressure in the artery before 

and under the cuff can be calculated by Bernoulli’s equation, 

 2 2
1 1 1 2 2 2

1 1
2 2 lossP V gh P V gh Pρ ρ ρ ρ+ + = + + +  (4.8) 
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where, P is the flow pressure, h is the height. Since the blood flow in brachial 

artery was assumed laminar [84] and the artery internal surface is smooth [54], 

the friction between the blood and artery internal wall is very small and can be 

ignored. Therefore, the pressure loss is assumed zero in this study. Furthermore, 

the arm is placed almost horizontal in the normal BP measurement, h1 and h2 

equal to each other. In an average sized adult, the normal blood flow in the entire 

human circulation is about 5 l/min at rest, and about 5% of the blood flow 

through brachial artery in each heart beat. Therefore, the average flow velocity 

in the brachial artery is 21.2 cm/s. In extreme conditions, when the artery is 

totally closed and there is no blood flowing through position 2, the pressure 

difference is 2
2 1 1

1 23.6
2

P P P V Paρ∆ = − = = . Comparing with the normal blood 

pressure 110/70 mmHg (16000/10665 Pa), the pressure change due to artery 

closure status is less than 0.1%, and is ignored in this study. Hence, BP is 

assumed to be uniform along the artery. 

2. To minimize the modelling and calculation expense, BP is simulated by 

applying pressure directly onto the artery internal wall. In this simulation, 

constant BP is applied, which remains the same diastolic and SP and the same 

pressure waveform. As shown in Figure 4.8, periodic BP waves obtained from 

typical clinical data conducted in this work, which is 110/70 mmHg at the heart 

rate of 1 beat/s (60 beat/min), is applied on the internal surface of the brachial 

artery. As the cuff is assumed to be perfectly adhered to the arm with no relative 

motion in between, and CP is distributed uniformly on the arm surface, the cuff 

material is ignored in the model and the CP is applied on the external surface of 

the mid part directly. 
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Figure 4.8 BP waveform obtained from clinical experiment. 

Theoretically, CP need to be increased up to 30 mmHg over the patient’s SP and then 

decrease to 0 mmHg at a rate of 2~5 mmHg/s. As shown in Figure 4.9, the simulated CP 

in this model is increased up to 150 mmHg at a high speed and then decreased to 0 

mmHg linearly at 2.5 mmHg/s which is similar to the deflating speed in our BP 

monitoring device.  

 
Figure 4.9 CP changes in the finite element model 
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4.2.6 Model mesh 

Since this study was focused on the deformation of the brachial artery, the mesh process 

was initiated from the brachial artery.  In finite element analysis, the thick wall tube was 

normal divided into 2-4 layers, and the element size was decided by the layer thickness. 

Since the brachial artery was the smallest part in the model, the entire model would be 

overly fine meshed if it was meshed using the same element size. Two different element 

sizes as shown in Figure 4.10 were tested in this study. In the test, both of the models 

had the same boundary conditions, material properties and pressure loading on the 

external surfaces. Both of the models showed the same artery closure process and 

achieve the most area change when the transmural pressure was 6 mmHg. The 

simulated results also matched the previous clinical experiment results which was 

conducted at 5 mmHg [41]. Therefore, the model mesh shown in Figure 4.10b is fine 

enough and used for determine the size of surrounding elements.  

In order to minimize the element penetration between the brachial artery part and the 

soft tissue part, the coordinates of element nodes were shared by the contacting surface. 

Referring to the shared element nodes on the contacting surface, the soft tissue part was 

mesh using hex-dominated method with advancing front algorithm. This mesh method 

has the advantage of simplicity, robustness and handling capability of changes in the 

topology of the domain. Furthermore, the elements near the boundary can be controlled 

directly using advancing front methods. The whole meshed model is shown in Figure 

4.11, which contains 104,544 nodes, 86,686 elements in the soft tissue and 1344 nodes 

1296 elements in the artery. 
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a      b 

Figure 4.10 (a) the fine mesh with four layers; (b) the used mesh with two layers. 

 
Figure 4.11 Cross section view of the meshed model 
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4.3 Refined model 

Although the simplified model can simulate BP measurement process, it is very difficult 

to simulate arm motions using the model with simplified cylindrical geometry and a 

more accurate realistic model of the upper arm needs to be developed based on the 

geometry extracted from VHB Dataset [75]. This model will be used to study the artery 

closure process and surface strain distribution during BP measurement with arm 

motions.  

4.3.1 Material properties 

As shown in Figure 4.12a, the different tissues and organs can be identified by the 

colour, shape and texture. From the original image in VHB dataset shown in Figure 

4.12b, the following tissues can be identified: skin, adipose fat, connective tissue, 

vessels, muscle, brachial artery and bone. In this model, the skin, adipose fat, 

connective tissue, vessels are integrated as one part named soft tissue for the following 

reasons: 

1) The skin, adipose fat and connective tissue are connected to each other tightly 

and there are no clear boundaries between each other. Therefore, there is not 

interactive movement between these tissues. 

2) Because adipose fat is another form of connective tissue and has similar 

properties, both are considered as one material – fat tissue.  

3) As described in Section 4.2.1, the mechanical properties of skin, fat and 

connective tissues are the same.  
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4) The vessels shown in Figure 4.12b will be closed and the space will be filled by 

fat tissue when the arm is compressed by external CP. Therefore, the vessels 

except brachial artery are replaced by the fat tissue.  

Therefore, the anatomic accurate model includes four different types of material: soft 

tissue, bone, muscle and brachial artery.  

As introduced in Section 4.2.1, the material properties of artery, bone, and soft tissue 

are already known. They are also used in this anatomic accurate model. Since some arm 

motion will be simulated in this model, the previously defined property of muscle 

tissues is no longer valid here. As the muscle tissues are almost incompressible which 

implies that the volume of the muscles is conserved during deformation, the 

hyperelastic material is used in this model to simulate the response of muscle tissue 

undergoing large deformation.  
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a 

 

b 

Figure 4.12 (a) one sample (No.0417) of the selected images from VHB dataset [75] 

(b) the image between pixel (1335, 530) and pixel (1713, 1033) of the 

original image is selected from the original image for further analysis. 
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4.3.2 Geometry of the model  

In anatomical usage, the upper arm is defined to be the segment between 

the shoulder and the elbow [85]. As shown in Figure 4.13, the upper arm is subdivided 

into two parts: the part above axila and the part between axila and elbow. Since the 

upper arm tissue and the body tissue join together above axila, it is very difficult to 

isolate the upper arm from the body. Furthermore, the tissues and muscles in the 

shoulder are not involved in BP measurement. Therefore the part of the upper arm 

between axila and elbow is selected for simulation in this study. 

In the VHB dataset, the geometry of the proposed part is contained in the images 

between No.0402 and No.0557 as shown in Figure 4.13b. Figure 4.12a shows the 

original image including the cross section view of both arms and body. For 

simplification purpose, only the data containing the left upper arm, which are between 

pixel (1335, 530) and pixel (1713, 1033) of images are shown in Figure 4.12b. These 

data are selected and used in the next step. However, it is difficult to address the 

boundary edges between different anatomical structures in the original image. Therefore, 

the post-processing of these images is made to clarify the boundaries between the 

different tissues and muscles. As shown in Figure 4.14a, the contours of biceps, triceps 

and brachial artery are very easy to identify after image processing. Based on the colour 

threshold and the knowledge of anatomic structures, the simulated upper arm was 

segmented into the following parts: the muscles, the soft tissue, the brachial artery, and 

the bone. Referring to the functions of the arm muscles, the arm muscles are subdivided 

into three parts: the biceps, the triceps and other muscles. As shown in Figure 4.14b, the 

edges between each region are defined by smoothed spin lines in Solidworks®. 

 

http://en.wikipedia.org/wiki/Shoulder�
http://en.wikipedia.org/wiki/Elbow-joint�
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a 

 

 

b 

Figure 4.13 (a) Anterior and posterior view of upper arm muscles, (b) the positions 

of selected slices in VHB Dataset [75, 86] 
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a 

 

 
b 

Figure 4.14 (a) The edges between different materials are highlighted after colour 

processing. (b) The boundaries of different parts are defined by 

smoothed spin lines which are guided by the highlighted edges.  
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a    b    c 

 

     
d       e 

 

      

f       g 

Figure 4.15 The 3D models of the simulated parts are shown above: (a) the biceps, 

(b) the triceps, (c) other muscles, (d) integrated muscles, (e) the soft 

tissue, (f) the bone, (g) the brachial artery. 
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The same process was done for all of the selected images from VHB dataset. 

Consequently, the contours of each part are defined in each image. As the interval 

between these images/slices is already known from the VHB dataset, the 3D models of 

these parts can be built up by connecting the contours together. Originally, the interval 

between each image is 1 mm. However, only a few of these images are shown in Figure 

4.15 for demonstration purpose. In Figure 4.15, the 3D model contains: the biceps, the 

triceps, the other muscle, the brachial artery, the soft tissue and the bone.  

In this study, all of the models were developed using Solidworks® software. Among the 

developed models, the biceps, the triceps, the bone and the brachial artery are built by 

connecting their contours together using loft function in Solidworks®. Since the loft 

function uses spline surface to connect the contours in each slice, there are some gaps or 

overlapped parts between the connected parts. In order to minimize the unmatched 

surfaces, the integrated muscles part is built by connecting the external edges of all of 

the muscles and cutting the bone part from the model as shown in Figure 4.15d. The 

part of other muscles, which is placed between the biceps and the triceps, is formed by 

cutting the biceps, and the triceps from the entire muscle as shown in Figure 4.15c. The 

soft tissue part is developed by cutting the integrated muscle and brachial artery from 

the entire arm model. Therefore, all of the contacted surfaces are formed by the same 

spline surfaces.  

When assembling the developed models together, the 3D model of the upper arm is 

completed as shown in Figure 4.16. As the muscles are attached to the bone, the 

surfaces connecting to the bone are assumed to be fixed on the bone. Furthermore, the 

bone is rigid and indeformable in this model. Therefore, the internal surfaces of the 

muscles have the same boundary conditions as the bone, and the bone can be removed 

in the analysis as shown in Figure 4.16c. 
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a      b 

 

 

c 

Figure 4.16 3D structure of the upper arm model: (a) biceps, triceps, other muscles 

and artery; (b) soft tissue and bone, (c) the assembled model.  
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4.3.3 Boundary conditions  

In the principle coordinate system of this model, the X-Y plane is parallel to transverse 

plane and “Z” direction is from superior to inferior. However, the axis of humerus is not 

parallel to the axis of the whole body in VHB dataset. Since all arm deformations and 

arm motions are referred to the bone, a local co-ordinate system is set up as shown in 

Figure 4.17. The longitudinal direction “Z” starts from the central point of the biceps on 

the lower surface parallels to the axial direction of humerus, as shown in Figure 4.17.  

 

Figure 4.17 Boundary condition and loading in the 3D model  

In the normal BP measurement, the cuff needs to be positioned about 2 cm above the 

elbow. Furthermore, the proper cuff size for the simulated arm size is 12 × 35 cm as 

stated in previous section. Therefore, the cuff covered surface is defined between two 

edges, which are 2 cm and 14 cm above the distal surface, as shown in Figure 4.17.  
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Boundary conditions are applied to the model as following: 

1) Because the patient’s arm is suitably supported to minimise any motion, the 

humerus is not moving during the BP measurement process. As the bone is 

removed from this model, the fixed boundary condition is applied on the internal 

surfaces of the muscles.  

2) The cuff is assumed to perfectly adhere to the arm with no relative motion in 

between during the whole BP measurement. The soft tissue surface under the 

cuff is fixed in “Z” direction of the local coordinate system of the bone.  

3) The biceps, triceps and brachialis muscles terminate at or close to the elbow and 

shoulder. When simulating normal BP measurement without any arm motion, 

the soft tissue and muscles at either end of the model are assumed fixed in local 

direction “Z”.  

4.3.4 Interactive properties  

The interactive properties included in this model are: 

1) The internal surface of the artery part is assigned self-contact interactive 

property with friction factor of 0. 

2) Since the brachial artery connects to surrounding tissues by connective tissues, 

the surfaces between the brachial artery part and the soft tissue part are assumed 

fixed to each other. 

3) There is a layer of fascia surrounding every muscle in the upper arm in order to 

isolate them from the other tissues. The interactive properties between different 

muscles and soft tissues are frictionless.  
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4) Although the artery and soft tissue parts share the same edges, there are some 

intersections or small gaps existing between the surfaces. In order to improve 

this problem, the interactive tolerance of artery external surface and soft tissue 

surface is 0.2 mm. 

5) Since the shapes of the other surfaces are more complicated, the intersections 

and gaps are much larger. The interactive tolerance of the other contact pairs is 3 

mm.  

4.3.5 Model loading  

Similar to the simplified model, there are two loadings applied on this model, which are 

BP and CP. The BP is applied on the internal surface of the artery. As shown in Figure 

4.8, the periodic BP is 110/70 mmHg at the heart rate of 1 beat/s (60 beat/min). The CP 

is applied on the cuff covered region which is defined in the Section 2.3.3. As shown in 

Figure 4.9, CP is increased to 150 mmHg at a high speed and then decreased to 0 

mmHg linearly at 2.5 mmHg/s.  

4.3.6 Model mesh 

Since the thickness of the brachial artery is uniform, hex element (C3D8) is used for 

this part. The geometries of the other parts are non-uniform and meshed by tetrahedral 

element (C3D4).  For the artery and the surface contacting with the artery, the mesh size 

is 0.8 mm. For the other parts, the mesh size is 4 mm. In summary, brachial artery part 

contains11088 nodes, 5520 elements; biceps part contains 8972 nodes, 42967 elements; 

soft tissue part contains 3683 nodes, 164952 elements; other muscles part contains 

14692 nodes, 68270 elements; triceps part contains 7585 nodes, 36226 elements. Figure 

4.18 shows the five parts after meshing.  
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a       b 

     
c       d 

 
e 

Figure 4.18 Mesh of different parts in the finite element model: (a) brachial artery, 

(b) biceps (c) soft tissue, (d) other muscles (e) triceps 
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The analyses were repeated by using a model with smaller mesh elements which were 

0.4 mm in the artery part and 2 mm in the other parts. The difference of artery 

deformation between the two models is within 3%, which indicates that the current 

mesh is fine enough to achieve convergence of results. 

4.4 Summary 

The finite element models with both the simplified geometry and the anatomically 

accurate geometry were introduced in this chapter. The simplified model was designed 

to study the BP measurement in static status. Its geometry was mainly obtained from 

previous literature. With the improved artery location, the simulating results would be 

closer to reality. The anatomically accurate model was developed to study the BP 

measurement in both static and moving status. Its geometry was obtained from VHB 

Dataset. With the anatomically accurate geometry, some types of arm motion can be 

simulated.  
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Chapter 5     EXPERIMENT INVESTIGATION 

5.1 Introduction 

Since in vivo testing is very difficult to achieve with the condition of this work, an arm 

simulator is designed and manufactured to investigate the artery closure process during 

BP measurements and validate the FE model. It consists of two systems: the upper arm 

system and the circulation system. The structure of the upper arm system is referred to 

the simplified model introduced in Chapter 4. Two carefully selected silicone materials 

were used in this simulator, which have the most similar mechanical properties to 

human tissues [87]. The circulation system was set to generate blood pressure pulses in 

various cardiovascular conditions. It was driven by a DC pump and controlled by the 

customer designed Labview® program. The artery closure process was represented 

using the arm simulator and the artery deformation under external pressure was 

monitored and recorded by an ultrasound device. The clinical experimental protocol is 

also introduced in this chapter.   

5.2 Arm simulator  

The arm simulator is designed with three objectives in mind: (1) represent the BP 

measurement process, (2) investigate the relationship between the BP pulse in the artery 

and pressure oscillation in the inflatable cuff, and (3) validate the mathematic models. 

The simulator consists of two systems: the upper arm system and the circulation system.  
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5.2.1 Upper arm system 

The upper arm system was designed and developed to simulate the upper arm. It was 

represented by silicone materials with simplified cylindrical geometry. 

5.2.1.1 Model geometry  

Since the simulator was designed to simulate the arm during normal BP measurement 

without any arm motion, the simplification made in Section 4.2 was applied. As 

described in Chapter 4, the simplified model includes three cylindrical segments: the 

soft tissue segment, the brachial artery segment and the bone segment. The geometrical 

details of the upper arm system were stated in Section 4.2.2. Furthermore, an additional 

artery was added in the arm simulator to study the artery closure process at different 

depth. The transverse section of the arm simulator is shown in Figure 5.1. The length of 

the arm simulator was 24 cm. 

 

Figure 5.1 Transverse section of the arm simulator  
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5.2.1.2 Materials  

Currently, silicone materials are most often used to simulate human tissues. This is 

mostly due to the fact that their mechanical properties are similar to human tissues, and 

they have low toxicity, high thermal stability, low chemical reactivity and long service 

life. Their mechanical properties can also be modified by adding additives to match the 

requirements. Since the bone is much stiffer than the soft tissue and assumed rigid in the 

model, an aluminium rod is used to simulate the bone segment.  

As stated in Chapter 4, the skin, fat and muscles tissues were integrated together as the 

soft tissue segment. Since the muscle tissue is the major part of the arm tissues, the 

mechanical properties of the relaxed muscle were used as the criteria for choosing the 

proper material. Due to the multiple layers structure of the brachial artery, currently 

there is no available material which has the same non-linear elasticity as the brachial 

artery. Therefore, the mean elasticity of the published values was used to determine the 

desired material. Although the mechanical properties of human tissues vary among 

different people, previous studies have indicated the ranges of these tissues: 

• Young’s modulus of muscle tissue in the relaxed state is between 40 and 60 kPa 

[54]. 

• Densities of muscle, artery and skin are similar and approximately 1050 kg/m3 

[54].  

• Invasive measurements of brachial artery elasticity modulus are in the range of 

400 to 600 kPa [81]. 

Among all types of silicone available in the market, two were chosen from their 

characteristics given by the suppliers. To mimic the brachial artery, the best fitting 
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silicone was Rhodorsil® RTV 3428 which was also used to build large arteries in 

previous studies [87]. The silicone to simulated soft tissue was Proskin®, which was a 

two-part condensation cure (RTV-2) silicone rubber. Data sheets supplied by 

manufacturers are attached to the end of this thesis in Appendices A and B. However, 

the mechanical data given by the manufacture companies was not enough for research 

purpose. The tensile tests are required to obtain the strain-stress relationship of the 

selected materials. 

For rubber-like soft silicone materials, the samples were tested as specified in ASTM 

standard D638. Because the chosen materials are very flexible, standard jigs cannot be 

used to hold the testing samples. As shown in Figure 5.2, specially designed jigs and 

fixtures were fabricated, where extremities of the sample were rolled up around axis to 

fix the sample.  

 

Figure 5.2 Custom designed jigs and fixtures for testing the elasticity of the 

selected silicone 
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From the tensile test, the calculated Young modulus of Rhodorsil® RTV 3428 was 441.7 

kPa ( 3428 441.7RTVE kPa= ), which is within the range of brachial artery. However, the 

calculated elasticity of Proskin was 96 kPa, which was slightly above the required 

elasticity. Since the elasticity of Proskin can be reduced by adding silicone diluent, 

samples with different proportions of diluent were tested and shown in Table 5-1. 

Among the tested samples, Proskin with 15% of diluent was within the criteria and 

chosen to create the soft tissue segment for the arm simulator.  

Table 5-1: Tensile test results of Proskin with different proportions of diluent.  

Silicone Percentage of diluent Elasticity 

Proskin 0% 96 kPa 

Proskin 10% 62 kPa 

Proskin 15% 45 kPa 

Proskin 20% 39 kPa 
 

 

5.2.1.3 Mould Development 

Because of the characteristics of the selected silicone, moulding is the most suitable 

method to build the simulator. The custom designed mould consists of the following 

parts: 1×PVC pipe, 1×aluminium rod, 2×steel bar, 2×holding plate, 2×cap, 1×vacuum 

cover, 1×rubber stopper, and 1×glass tube. All of the parts were assembled together as 

shown in Figure 5.3. 
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Figure 5.3 The assembled silicone mould 

5.2.1.4 Model fabrication 

For the selected two-part condensation cure silicone - Proskin, moulding is the best way 

to create the model. During the mixing process, many air bubbles were present into the 

silicone. As the viscosity of Proskin in liquid status is very high, the air bubble 

degassing process is very slow. Furthermore air bubbles significantly change the final 

silicone properties, silicone mixture must be degassed during the moulding process to 

remove air bubbles inside. In this experiment, the mould was connected to a vacuum 

device to accelerate the degassing process. 
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The moulding process is described as follow:  

1. The bottom cap, bottom holding plate, PVC pipe, aluminium rod and steel bars 

were assembled together. To avoid leaking, the connecting surfaces were sealed. 

2. The two-part condensation and diluent were mixed properly and placed in a 

vacuum charmer for 20 minutes, which included 820 ml Proskin Part A, 820 ml 

Proskin Part B and 290 ml diluent.  

3. The degassed silicone mixture were poured into the mould as shown in Figure 

5.4a;  

4. The top holding plate, top cap and vacuum cover were connected to the mould.  

5. The vacuum device was connected to the mould as shown in Figure 5.4b and 

operated in the entire curing process. 

When the silicone was totally cured, the mould was removed and the soft tissue segment 

was fixed on wooden frame as shown in Figure 5.5. The aluminium rod was remained 

to simulate the bone. The top and bottom caps were fixed on the aluminium rod to limit 

the movement in axial directions.  
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a 

  

b 

Figure 5.4 Moulding process: a. the pouring process of moulding; b. the entire 

setup for simulator moulding 
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Figure 5.5 The assembled arm simulator. 

In order to get the artery segment with accurate and uniform wall thickness, the 

improved spin coating technique was used in this study. The manufacturing process 

includes the following steps:  

1. mixing RTV3428 Part A, Part B at the ratio of 10:1; 

2. placing the mixture of RTV3428 in a vacuum chamber for 15 minutes to remove 

all air bubbles,  

3. transferring the silicone mixture to a syringe,  

4. fitting the steel bar (diameter is 5 mm) into the lathe as shown in Figure 5.6a,  

5. applying a very thin layer of Vaseline on the bar to facilitate the removal of the 

cured silicone tube,  
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6. starting the lathe and setting the spinning speed at 45 rpm,  

7. dripping the silicone at constant speed along the bar,  

8. moving the parting tool along the steel bar to remove the extra silicone and 

control the tube thickness as shown in Figure 5.6b,  

9. adjusting the parting tool’s position and repeating step 8 until the silicone is 

cured. 

 

a 

 

b 

Figure 5.6 (a) The silver steel bar is fitted into the lathe. (b) The parting tool is set 

to control the wall thickness.  
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Because the diameter of the fitted steel bar is just 5 mm and the length of the bar is over 

40 cm, the normal steel bar will sag by gravity. Silver steel made bar was selected in 

this study, which has relatively high rigidity and good surface finish. When the tube was 

fully cured, it was removed from the spinning bar and inserted into the Proskin made 

soft tissue segment as shown in Figure 5.5. 

5.2.2 Circulation System 

The circulation system was designed to simulate the blood flow in the upper arm system. 

As shown in Figure 5.7, the circulation system consists of the following components: a 

DC operating pump to simulate the heart, the circulation pipes to simulate the arteries, 

pressure sensors, a computer controlling system, a field-programmable gate array 

(FPGA) pulse width modulation system, an H-bridge switch system and a fluid 

reservoir. In the circulation system, the operating pump is used to generate pressure and 

flow waves.  

In this study, the circulation system contains two branches: the brachial artery branch 

and the other circulation branch. Since the experiment was designed to track the 

pressure wave in the brachial artery, most of the pressure sensors were placed in the 

brachial artery branch. As shown in Figure 5.7, four pressure sensors were connected to 

the circulation system to monitor the pressure in the circulation system, which are 

located after the operating pump (P1), before the silicone arm (P2), in the middle of the 

silicone arm (P3) and just after the silicone arm (P4).  
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In the human circulations system, about 5% of the blood flow from the heart goes 

through the brachial artery in each heart beat [88], and the normal BP measurement has 

little effect on blood flow in human circulation system. In the arm simulator’s 

circulation system, the sizes of the main and bypass branches in the circulation system 

are much larger than the brachial artery branch, and their diameters are 25 mm and 22 

mm respectively. The diameter of the brachial artery branch is 5 mm as described 

previously in the model manufacturing section.  

For an average sized adult, the normal blood flow in the entire human circulation is 

about 5 l/min at rest, but the value may be increased 5-6 times during heavy exercise 

[84]. Further, the maximum flow rate is about 3 times over the average flow rate. 

Therefore, the maximum flow rate occurring in the normal adult circulation system can 

achieve up to 90 l/min (1426.5 gallon/hr). Referring to the calculated value, the DC 

powered centrifugal pump (Rule® 1500), which can deliver up to 1500 gallon/hr was 

selected and used to simulate the heart in this study. 

In order to perform the heart beat waveform as observed in human beings’ circulation 

system, the pump was controlled by an open-loop control system as shown in  

Figure 5.8. A customer designed Labview program sent the waveform to the on-chip 

FPGA which was set to Pulse Width Modulation (PWM) modulus. By adjusting the 

pulse width ratio of the supplied DC power, the programmed PWM provided variable 

voltage DC power to control the DC motor’s running speed. The switches of the H-

bridge are opened and closed to control the running directions of the DC motor. 
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Figure 5.8 The open loop DC pump control system 

Associated with the customer designed Labview® program as shown in Figure 5.9, the 

arm simulator can generate blood pressure pulses over a wide range: heart beats, 40 ~ 

200 beat/min; blood pressure, 40 ~ 220 mmHg; blood pressure pulse amplitude, 20 ~ 

100 mmHg.  

Since the operating pump can generate the pressure up to 220 mmHg, 26PCB serials 

sensors (Honeywell Inc. Illinois, USA) were used in the system, which have linear 

performance and can measure pressure 0 ~ 5 psi (0 ~ 258 mmHg). In the circulation 

system, the pressure sensor P1 was connected to the main branch just after the operating 

pump to monitor the pump performance; the pressure sensor P2 and P4 was connected 

to the brachial artery branch through two side pressure tabs to measure fluid pressure at 

the proximal and distal ends of the arm simulator; the pressure sensor P3 was connected 

to a fluid filled catheter to measure the pressure in the arm simulator. Another sensor 

Pcuff was connected to the cuff to track the CP. The outputs of these sensors were 

connected to a data acquisition card CB-68LP and recorded by the Labview® program 

as shown in Figure 5.10. 
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a 

 

b 

Figure 5.9 The Labview® program for generating pressure pulse waves: (a) front 

panel, (b) block diagram. 
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5.2.3 Ultrasound Measurement 

In order to track the artery closure process under external pressure in the arm simulator, 

an ultrasound technique was used. Since the ultrasound signal cannot transfer through 

the air, the cuff and brachial artery branch were inflated with water. The deformation of 

the arm simulator under the water cuff was imaged and recorded by Philips® HD11 

Ultrasound device (768 x 576 pixels) with a L12-5 MHz, 50mm broadband linear array 

transducer. The obtained data was initially post-processed on Phillips QLAB® software 

(Release 5.0, Da Best, The Netherlands) to create image files for further analysis. 

Because of the circular shape of the brachial artery branch, the reflected ultrasound 

wave was weak when the ultrasound sensor was placed in transverse plane. Furthermore, 

because the densities of the silicone and water are very close, the edge between the 

brachial artery branch and water is hard to be identified as shown in Figure 5.11. 

Therefore it is impractical to track the artery branch closure process using the image in 

transverse plane.  

 

Figure 5.11 Ultrasound image in transverse plane 
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In this experiment, the ultrasound sensor was set parallel to the brachial artery branch in 

coronal plane as illustrated in Figure 5.12. From the obtained ultrasound image, the 

following subjects can be clearly identified: external and internal walls of the cuff, 

water in the cuff, the soft silicone (Proskin), internal walls of the brachial artery branch.  

  

Figure 5.12 Ultrasound image in coronal plane 

 

Water cuffWater cuff

 

 Figure 5.13 Ultrasound image of the silicone arm simulator 
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From the identified edges shown in Figure 5.12, the following dimensions were used in 

this study as shown in Figure 5.13: artery embedded depth (Dimension 1 – D1), artery 

wall thickness (Dimension 2 – D2) and the artery internal diameter (Dimension 3 – D3). 

These dimensions are also illustrated in cross-section view as shown in Figure 4.3. 

During the measurement, the internal pressure in the brachial artery and water CP were 

set to zero. The obtained dimensions as shown in Figure 5.13 were 10.62 mm, 0.92 mm 

and 5.03 mm respectively which were measured by QLAB®. The results were quite 

different from the designed dimension 6.9 mm, 0.6 mm and 5 mm. This is attributed to 

the fact that the dimension distances shown in Figure 5.13 were originally calibrated for 

quantifying ultrasound data in human tissues. Therefore, the recalibration must be made 

for the silicone materials. The speed of ultrasound sound in human tissue is 1540 m/s 

[89], while that in silicone and water is 1000 m/s [89] and 1482 m/s [90] respectively. 

Consequently, the distance Dmeasured shown in QLAB® program must be recalculated to 

the corresponding value in human tissue Dcor using the Equation (5.1), 

 testing
cor measured

tissue

V
D D

V
=  (5.1) 

where Vtesting and Vtissue are the speed of ultrasound in the tested materials and tissue 

respectively. Applying Equation (5.1) on the measured dimensions shown in Figure 

5.13, the recalibrated results of D1, D2, and D3 are 6.896 mm, 0.597 mm, and 4.841 

mm respectively. Comparing with the designed dimensions demonstrated in Figure 4.4, 

which are 6.9 mm, 0.6 mm and 5.0 mm, the measurement error is less than 3.2%. 

Therefore, the ultrasound technique associating with the amending equation is reliable 

and appropriate for this study. 
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5.3 FE Model Validation 

The internal flow pressure at different positions in the brachial artery branch was tested 

to ensure the accurate measurement in the following experiments. In the tests, the flow 

pressure was kept at the mean pressure 90 mmHg; while the CP was set to 60 mmHg at 

the start. Then the CP was increased by 10 mmHg at each step until it achieved 190 

mmHg. In each of these steps, the catheter was placed at different locations along the 

brachial artery branch. These measurements indicated that the internal flow pressure 

was almost constant with very small variation along the brachial artery segment when 

transmural pressure changed from 30 mmHg to -90 mmHg. These experimental results 

matched the assumption made in Section 4.2.5. The artery closure process was 

simulated using the arm simulator and used to compare with estimation from the finite 

element model. During the experiment, the artery opening status was tracked by 

ultrasound device.  

Since the artery closure process is related to the transmural pressure rather than the 

external CP or internal flow pressure individually, the operating pump was set at a 

constant speed to maintain the flow pressure at 90 mmHg to make the experiment 

simpler. The cuff was inflated to 190 mmHg at first, then it was decreased from 190 

mmHg to 90 mmHg at the rate of 5 mmHg/s. The catheter pressure sensor was placed in 

the middle portion of the arm simulator under the cuff. During the experiment, the data 

from the pressure sensors was synchronised in time with the image data to calculate the 

arm simulator deformation in the system at different transmural pressure levels. As 

shown in Figure 5.14, the relationship between the transmural pressure and artery 

diameter (D3) was plotted.  
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Figure 5.14 The relationship between transmural pressure and artery diameter 

obtained from arm simulator by ultrasound device. 

5.4 Clinical Trial 

All clinical trials were conducted with ethical approval (AUTEC 08/232). Clinical trials 

of normal BP measurement using oscillometric technique on 30 subjects were 

conducted in this study, which include 15 males and 15 females, age 20-80. CP 

oscillations during the measurement were recorded by a Pulsecor® R6.5 non-invasive 

monitor. Subjects’ BP values were determined by the auscultatory method.  

5.4.1 Oscillometric BP Measurement 

Since it was cuff-based non-invasive BP measurement, BP pulses in the brachial artery 

are not able to be obtained and CP oscillations were recorded instead. Figure 5.15 

shows the measurement result of one patient.  

http://www.pulsecor.com/index_files/Page264.htm�
http://www.pulsecor.com/index_files/Page264.htm�


 

 94 

 

Figure 5.15 The CP oscillation measured in oscillometric BP measurement 

5.4.2 Experimental Protocol  

Other than CP oscillation, BP signals are also transferred to the arm skin by the form of 

surface strain. In the normal adult, the brachial artery lumen area change between 

systolic pressure and diastolic pressure is about 30% during each heart beat. When 

applying the upper arm size used in Chapter 4, the circumferential strain of the upper 

arm during each heart beat is about 0.35 millistrains.  

Since the upper arm is soft and the shape is irregular, only the sensitive and flexible 

sensors are eligible for this study. Piezoelectric film sensors were selected among the 

strain sensors in the market. It is more sensitive, more flexible and easier to fit to the 

skin. In this study, Measurement Specialties FDT1-028K type piezoelectric film sensors 

were used. The properties of these sensors are attached in Appendix I-C. The electrical 

analog of the selected piezoelectric film sensor is a capacitor in series with a voltage 

source. As the impedance of FDT1-028K type sensor is normally over 10 MΩ, the 

normal measurement device such as the scope probe whose impedance is 1 MΩ act 
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almost like a short-circuit when connects to the piezoelectric film sensor. With 

sensitivity of 12×10-3 v/millistrain, the sensor reading of in normal BP pulse is    

4.2×10-3 v. Therefore, a differential charge amplifier is required. The advantages of 

connecting to a charge amplifier are: (1) the output of the amplifier is independent of 

cable capacitance and therefore the long cable can be used between the sensor and the 

charge amplifier; (2) since the feedback resistance of charge amplifier is very high 

resistant, the charge leakage of sensor is minimized. The designed circuit of the charge 

amplifier is shown in Figure 5.16. 

 

Figure 5.16 The differential charge amplifier is designed to connect the 

piezoelectric film sensor with data acquisition card. 



 

 96 

R1, R2 and small bypass capacitor (C3) set the input common-mode voltage at the mid-

supply level. Therefore, the output of the sensor varies between 0 V and 5 V. In the 

charge amplifier, the capacitance of the feedback capacitor is C1 = C2 = 10pF, and the 

voltage gain of the charge amplifier equals to Cpie/C1. As the capacitance of FDT1-

028K piezoelectric sensor is 1.36 nF, the gain of the charge amplifier is 136. The charge 

amplifier also acts as a high pass filter and a low pass filter. The high-pass filter is 

determined by the capacitance of piezoelectric film sensor (Cpie,) and feedback 

resistance (R3, R4); the low-pass filter is determined by the feedback capacitance (C1, 

C2) and feedback resistors (R3, R4) which are 1000 MΩ. Using Equation (5.2), the 

calculated cut-off frequencies of the designed charge amplifier are 0.12 Hz and 15.7 Hz 

respectively.  

 
1

2
f

RCπ
=

 (5.2) 

Since normal people’s heart rate is 30 ~ 180 beat per minute and most of BP features 

are contained in the first 5 harmonic frequencies, all of the useful signals are in the 

range between 0.5 Hz and 15 Hz. Therefore, the developed charge amplifier was 

suitable for the current study. Since the impedance of the piezoelectric film sensor is 

very high, the op amps are required to have high impedance to minimize the input 

current leakage. Therefore, low noise J-FET quad op amps TL074CN was selected, 

whose impedance is 1000 GΩ.  

5.4.3 Experimental Procedures 

Other than BP pulses, the muscle motions are also transferred to the skin in the form of 

surface strain.  In this study the following arm motion are considered: bend and twist. 

From the model prediction and anatomic analysis, sensors will be placed at the 
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location(s) where the model predicts maximal strain in response to the arterial pulse and 

at location(s) where the model predicts minimal strain in response to the arterial pulse. 

Based on analyses carried out by the developed models, the piezoelectric film sensors 

were places above brachial artery, bicep, and triceps respectively. The details of this 

sensor array will be demonstrated in Chapter 6.  

5.5 Summary  

The silicone made arm simulator was designed and manufactured to simulate the 

oscillometric BP measurement process. The artery closure process under external CP 

was tracked and recorded by an ultrasound device. The finite element model was 

validated and used to simulated brachial artery closure process during BP measurement. 

The piezo film sensors were selected to measure the surface strain on the arm.   
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Chapter 6 FE Model Results and Discussion 

6.1 Introduction 

This chapter first explains how the FE model of the upper arm is validated by the arm 

simulator experiments and clinical data respectively. The experimental silicone material 

properties are then simulated in the FE model for validation purpose. Then the arm 

tissues with various mechanical properties were implemented in the FE model. The 

effects of mechanical properties of the arm tissue material on the oscillometric BP 

measurement are also investigated. Thirdly, the FE model with anatomically accurate 

geometry was analysed in this chapter. The loadings, which included BP, muscle 

movement and CP, were simulated respectively in the anatomically accurate model. The 

surface strain distribution with different loadings was presented and utilized to 

determine the proper locations for piezoelectric film sensors which were attached to the 

arm skin to detect the arm motion and BP pulses. 

6.2 FE model with cylindrical geometry 

The FE model with simplified cylindrical geometry was validated using the simulator 

discussed in Chapter 4. CP oscillations and the artery closure process were simulated 

and compared with the clinical results. The models with different material properties 

were simulated to determine the effects of arm tissue mechanical properties in 

oscillometric BP measurement.  
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6.2.1  Validation of simplified cylindrical FE model  

The FE model was validated by comparison with experimental results and clinical data. 

The first test looked at the artery closure process under external CP and compared with 

experimental results conducted on arm simulator. The second test looked at artery 

volume changing trend in the BP measurement process and compared with CP 

oscillations in the clinical measurements.  

6.2.1.1 Artery closure process 

In previous literature, it was reported that the artery closure status plays an important 

role in oscillometric BP measurement [30]. The artery closure processes under different 

CPs were reproduced by the FE model and the arm simulator respectively and their 

results were compared for validation.  

As described in Section 4.2.3, the artery deformation under the central part of the cuff 

was recorded by the ultrasound device, in the TP range of 0 ~ 100 mmHg. To compare 

with the obtained results, the same process was simulated using the FE model with 

material properties of the same value as the arm simulator. Figure 6.1 shows artery 

diameter vs. TP obtained from the FE model. This figure shows an excellent agreement 

with the experimental data obtained from the arm simulator with coefficient R2 value of 

0.988. This kind of accuracy for the ABAQUS model provides a good justification for 

using the model to predict other conditions of the artery closure process.  
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Figure 6.1 The relationship between TP and artery diameter obtained from arm 

simulator and FE model respectively.   FE model results;  

Ultrasound measurement 

To validate the simplified cylindrical geometry, the model results were compared with 

those of the clinical data. To do that, the silicone material properties in the FE model 

were replaced by the soft tissue and brachial artery material properties as described in 

Chapter 4. In previous clinical experiments, Bank et al [81] reported changes of 71% for 

in vivo intravascular ultrasound measurement of the lumen area when TP changes from 

100 to 0 mmHg, which was achieved by increasing the CP from 0 to 100 mmHg. Using 

a similar procedure in the present work, the initial BP value was set to 100 mmHg and 

the CP increased from 0 to 100 mmHg. The change in the predicted value of the lumen 

area is 69%, which is just 2% lower than the in vivo intravascular results.  Therefore, the 

developed model accurately describes the artery deformation when TP is in the range of 

1 ~ 100 mmHg. Since the brachial artery might collapse when TP is under 0 mmHg, the 
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lumen area of the brachial artery cannot be measured directly by the intravascular 

ultrasound device. Therefore, to compare with the FE model, further validation and 

modification to the experiment was carried out as introduced in the next section. 

6.2.1.2 CP oscillation during BP measuring process 

The oscillometric BP measuring process was simulated using the simplified cylindrical 

FE model developed in this work and the results were compared with clinical data. All 

clinical trials were conducted with ethical approval (AUTEC 08/232). In this study, 

clinical trials of normal BP measurement were conducted on 30 subjects, 15 males and 

15 females, age 20-80. Each one of these trials generated a figure similar to Figure 6.2a 

(for brevity only one case is given). The CP deflation processes were controlled by a 

Pulsecor® R6.5 non-invasive monitor and subjects’ BP values were determined by the 

auscultatory BP measurement method which was considered. At the same time, CP 

oscillations during the entire BP measurement process were recorded by the Pulsecor® 

R6.5 non-invasive monitor and the signals obtained were filtered by the inbuilt filters 

for further analysis. For the clinical experimental results shown in Figure 6.2a, the 

subject’s BP reading was 110/70 mmHg by both auscultatory method and oscillometric 

method. To check against clinical trials, the simplified cylindrical FE model was 

simulated under the same loading as the clinical experiment, as follows:  

1. distributed CP was linearly decreased from 130 mmHg to 60 mmHg at a speed 

of 3 mmHg per second;  

2. BP was 110/70 mmHg with the heart rate at 72 beats/min.  

Since invasive BP measurement in the brachial artery is very difficult to achieve and 

brings a high associated risk, the BP waveform in the brachial artery was replaced by 

http://www.pulsecor.com/index_files/Page264.htm�
http://www.pulsecor.com/index_files/Page264.htm�
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the clinical waveform shown in Figure 4.8 which was collected from the artery near the 

heart. In this simulation, the applied BP pressure was 110/70 mmHg with the mean BP 

of 85 mmHg. 

 
a 

 

b 

Figure 6.2 Pressure oscillations vs. CP: (a) clinical result, (b) FE model results. 
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In oscillometric BP measurement, the obtained BP values were determined by the 

oscillation amplitude of CP in the cuff deflation process. As the cuff was excluded in 

the current FE model, the CP oscillation cannot be predicted by the FE model directly, 

and the results were required to be converted to CP oscillations to compare with clinical 

results. Therefore, CP oscillations were calculated using Boyle’s Law with the 

following assumptions: 

1. Since the CP was decreased at a low speed in the BP measurement process, the 

amount of air in the cuff was assumed constant during each heart beat.  

2. Since the external layer of the cuff was very rigid, the total volume under the 

external layer of the cuff was also assumed constant during each heart beat. 

3. The volume of soft tissue under the cuff was constant during each heart beat. 

Because the pressure change during each heart beat was very small and the 

human tissues were nearly incompressible. 

4. As stated Chapter 4, most of the arteries other than brachial artery and veins 

were closed when the CP was above diastolic pressure in the normal cuff based 

BP measurement. 

Therefore, the artery volume changes under the cuff transferred to the cuff entirely and 

equalled the cuff volume changes. Consequently, CP changes could be calculated by 

Boyle’s law as shown in Equation 6.1. The relationship between the cuff volume and 

CP during each heart beat was described by the following equation: 

 1 1 1 1( )( )osci osciPV P P V V= + −  (6.1)  

where P1 and V1 are the mean CP and cuff volume in each heart beat, and Posci and Vosci 

are oscillating pressure and volume in each heart beat respectively. Figure 6.2b shows 
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the pressure oscillation when the cuff volume was set to a typical working volume of 

200 ml. As the applied BP waveform in the brachial artery of the FE model was 

different from the waveform in the clinical experiment, only the oscillation amplitude 

and the changing trend of the oscillation amplitude were compared with the clinical 

results in this study. As shown in Figure 6.2, in the cuff deflation process in which CP 

decreased from supra-systolic to sub-diastolic pressure, the amplitude of CP oscillations 

increased gradually until achieving the maximum amplitude at the midpoint of the 

process and then decreased slowly. In this process, the maximum pressure oscillation 

occurred when CP = 83 mmHg which was very close to the mean value of the applied 

BP, 85 mmHg. The value of CP at maximum amplitude is an identical point in 

oscillometric BP measurement method and is used in determining the subjects’ BP. 

Furthermore, the maximum oscillation amplitude was 1.4 mmHg which was within the 

clinical observation of 1 - 5 mmHg.  

In the FE model, the diastolic pressure and systolic pressure of applied BP was 70 and 

110 mmHg. From Figure 6.2b, the calculated diastolic and systolic characteristics ratios 

of the model were 0.85 and 0.61 respectively, which were calculated by dividing the 

oscillation amplitude at diastolic and systolic pressure by the maximum oscillation 

amplitude near the mean BP. In the developed FE model, both the diastolic and systolic 

characteristics ratios were within previously reported range of 0.69-0.86 for diastolic 

pressure and 0.43-0.73 for systolic pressure in clinic [38], as shown in Figure 6.3. 

Therefore, the developed cylindrical FE model with tissue material properties was 

eligible for simulating oscillometric BP measurement.  
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Figure 6.3 The relationship between CP oscillation amplitude and applied CP. × 

shows the characteristic ratios range of diastolic pressure and * shows 

the characteristic ratios range of the systolic pressure reported in the 

literature [38]. 

6.2.2 Variability of the arm tissue mechanical properties  

As described above, CP oscillations in oscillometric BP measurement were dominated 

by the artery volume changes. The materials properties of the arm were considered to 

place an important role in artery closure process. The effects of soft tissue materials and 

brachial artery material are discussed respectively in this section.  

6.2.2.1 Soft tissue materials 

As the brachial artery was embedded in the soft tissue, its closure status is determined 

by the extra-vascular pressure in the soft tissue. As shown in Figure 6.4, the pressure 
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values around the brachial artery are calculated by the FE model and shown in the form 

of colour contour.  

Since the pressure distribution is uniform along the arm axis and symmetrical about the 

cuff’s mid-section, only half of the model along the longitudinal direction is shown in 

the figure. Furthermore, the displayed model is subdivided into two sections: Section 1 

is the arm over the cuff and Section 2 is the arm under the cuff. As only the volume 

change in Section 2 would be transferred into the cuff, the contour colour gradients are 

determined by the maximum and minimum stress in Section 2 rather than the entire 

model. Therefore, some of the area in Section 1 is in black colour which means it is 

over the defined limit. From colour contour shown in Figure 6.4, the following factors 

were identified:  

1. the extra-vascular pressure around the artery is different from the CP acting on 

the arm surface; and 

2. the transferred pressure on brachial artery surface varies at different longitudinal 

locations in spite of the fact that the external pressure is uniformly applied on 

the arm surface.  

As shown Figure 6.4, the pressure in the arm is uniform in both longitudinal and axial 

directions. In order to study the variation of pressure transmission in the longitudinal 

direction, fourteen equally spaced points along the external brachial artery surface were 

specified. Since the CP varied in most of the simulations, the pressure transmission ratio, 

which is defined as the pressure in the tissue divided by CP on the surface, is used in the 

study instead of the actual values of pressure in the surrounding tissues. As shown in 

Figure 6.5, only about half of the artery under the centre of the cuff experiences extra-

vascular pressure close to CP, while the pressure transmission ratio drops gradually 
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down to 30% at the edge of the cuff. In previous studies, it is assumed that the CP 

transferred to the brachial artery uniformly [32, 61], or the extra-vascular pressure  was 

equal to the CP [32, 36]. The results obtained in the work reflect the inaccuracy of these 

previous findings.  

 

Figure 6.4 Pressure distribution of FE model under CP in longitudinal direction, 

when CP=100mmHg. 

Other than the FE model’s geometry, the pressure transmission ratio in the FE model 

might also be related to the mechanical properties of the tissues. Among the mechanical 

properties, compressibility and elasticity of the material were considered as the major 

factors. In previous studies, values were stated within a certain range. The Poisson’s 

ratio of soft tissues was reported between 0.4 and 0.49 [36, 45, 54], and 0.45 was the 

most widely used value. The modulus of elasticity was reported between 30 kPa and 60 

kPa [54] and 40 kPa was mostly used. For a modulus of elasticity E = 40kPa, three 

different Poisson’s ratios 0.4, 0.45, 0.49 were tested in the FE model separately. As 

shown in Figure 6.5a, the pressure transmission ratio increases with Poisson’s ratio of 

the surrounding tissues in most parts of the FE model. At the central half of the arm 
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under cuff, the obtained pressure transmission ratios are 93% to 97% and 101% 

corresponding to Poisson’s ratios of 0.4, 0.45 and 0.49. With Poisson’s ratio γ = 0.45, 

three tissues with different stiffness 30 kPa, 40 kPa, 60 kP were tested in the FE model. 

As shown in Figure 6.5b, the obtained pressure transmission ratios are similar at the 

central half of the arm under the cuff. For the other half of the arm under the cuff, the 

pressure transmission ratio increases with the increase of the tissue’s modulus of 

elasticity.  

When the Poisson’s ratio of the soft tissue changed between 0.4 and 0.49, the overall 

transmission ratio vary by up to 4% compared with a typical value of γ = 0.45. however, 

when the stiffness of the soft tissue changes between 30 kPa and 60 kPa, the overall 

transmission ratio varies by less than 1% compared with the value E = 40 kPa. To 

achieve the same extra-vascular pressure, the applied CP is varied up to 5% comparing 

with the standard value ( 40 , 0.45E kPa γ= = ). Therefore the BP measurement would be 

overestimated or underestimated by up to 5% because of the variation of the soft tissue 

properties. This finding quantifies the errors in BP measurements, in essence indicating 

that they are overestimated by about 5% in people with soft tissue that is softer and 

more compressible, which is normally observed in elderly and underestimated by about 

5% in people with soft tissue which are less compressible, which is observed in children 

[9]. 
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a 

 

b 

Figure 6.5 FE pressure transmission ratio for soft tissue material properties at 

CP= 100 mmHg; (a) E = 40 kPa, γ: , 0.40; ,  0.45;   0.49.  

(b) γ = 0.45, E (kPa): , 30;  , 40; , 60 
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6.2.2.2 Theory of oscillometric BP measurement method and brachial artery  

In previous studies, it was explained that the maximum CP oscillations during BP 

measurement was due to buckling of the brachial artery under the cuff [30, 32, 36]. This 

conclusion was based on the observation that a brachial artery collapses at TP = -7 

mmHg when the artery was isolated from the surrounding tissues. The same process 

was simulated by the FE model and the obtained artery buckling pressure was TP = -5.6 

mmHg as shown in Figure 6.6. This result demonstrates that the used mechanical 

properties are similar to those of in vitro artery.  

 

Figure 6.6 Brachial artery buckling pressure was TP = -5.6 mmHg when it was 

isolated from the surrounding tissues.  

However, the brachial artery buckling pressure changes when it was surround by the 

soft tissues in the upper arm. A clinical experiment showed that the brachial artery 

buckled at TP = -50 mmHg [91]. As shown in Figure 6.7, the present FE model indicate 

that the brachial artery buckles at TP = -70 mmHg when it was in the arm. This result is 

closer to the clinical value than the value obtained for an artery in isolation.  
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Since the brachial artery was surrounded by the soft tissue, the stiffness of the soft 

tissue might affect the artery closure status significantly.  As shown in Figure 6.8, the 

CP required to close the brachial artery increases in direct proportion to the elasticity of 

the surrounding tissue. A common practice is to use the collapse point as the point of 

mean BP [7]. The current work indicates that the required CP for closing the brachial 

artery is much higher than the measured BP and therefore this assumption is not valid 

and other approaches had to be sought. 

 

Figure 6.8 Relationship between artery buckling pressure and soft tissue elasticity 

E 

In the experiments on the arm simulator, both auscultatory method and oscillometric 

method were used to determine the applied pressure in the brachial artery. However, 

neither of these two methods could give a close reading of the applied pressure 110/70 

mmHg. The CP oscillations change trend is calculated from the FE model with material 

of the same properties as the arm simulator. As shown in Figure 6.9, CP oscillations 

obtained from the simulator keep increasing in the whole deflating process. This result 
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is quite different from normal oscillometric BP measurement. This unique trend of CP 

oscillation explains the misreading of BP in the arm simulator. Since the major change 

between this model and previous model was the elasticity of the brachial artery, the 

nonlinearity of the brachial artery played an important role in BP measurement. 

 

Figure 6.9 CP oscillations trend when linear elastic artery wall was used in the 

model 

To study the effect of the artery properties on BP measurements, the data on the 

stiffness of the brachial artery wall shown in Figure 4.3 were applied in the model. In 

these simulations, the surrounding tissue properties were set to E = 30 kPa and γ = 0.45. 

Figure 6.10 shows the relationship between artery lumen area and CP at the mid section 

of the model. In these three simulations, which used normal, hard and soft artery 

materials, the results indicate that the trends generated in these simulations are identical 

to previous findings [14] that the oscillation amplitude increases initially until it reaches 

a maximum value and then gradually decreases to the end of the range. For the brachial 

arterial wall models with different stiffness data, their behaviours are qualitatively 
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similar, and the CP at which the maximum amplitude oscillations are obtained is 

approximately unchanged. However, the amplitude of the oscillations changed 

significantly. Since the oscillometric BP measurement is based on the location rather 

than the amplitude of the maximum oscillation, the difference in brachial artery wall 

stiffness would not affect the readings of the oscillometric BP measurements. As shown 

in Figure 6.10, the total brachial artery lumen area changes for each heart beat and 

achieve a maximal value when CP equals 70.6 mmHg, which is just above the diastolic 

pressure. Since the mechanical properties of the surrounding tissues are the same in 

these models, the pressure transmission ratios are equivalent in these models.  The total 

artery volume changes under the cuff would give a similar trend. Therefore, the stiffness 

of the brachial artery would not affect the accuracy of non-invasive oscillometric BP 

measurement. In the measurement, the oscillation amplitude would be smaller with hard 

arteries and the measurement might be more sensitive to external noises.  

 

Figure 6.10 FE artery lumen area vs. CP of the mid section predicted:  

normal artery;   soft artery;   hard artery. 
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6.3 Realistic FE model  

The FE model with anatomically accurate geometry was developed to simulate the BP 

measurement process in different situations. The arm deformations obtained and the 

surface strain distribution under the cuff are used to determine the best locations for the 

piezoelectric film sensors to detecting the arm motion and BP pulses. This section 

begins by considering BP loading and muscle movements individually. Then the best 

locations for piezoelectric film sensors are determined. Finally CP was introduced and 

compared with other loadings.  

6.3.1 Piezoelectric film sensor array 

The piezoelectric film sensors are small, flexible and very sensitive. The sensors 

attached on specified positions are sensitive to different signals. The sensor array was 

designed referring to positions determined by the FE model. 

6.3.1.1 Strain distribution with BP 

When the BP pulse passes through the brachial artery, the BP signal would be 

transferred to the skin surface in the form of strain change. In order to find the most 

sensitive location to pick up the BP pulses, a simulation with BP only was conducted. 

Since the minimum pressure in the brachial artery was diastolic pressure, it was applied 

as the initial loading in the simulation. The colour contour shown in Figure 6.11 is the 

stain distribution when the BP achieved systolic pressure and gave the maximum stain. 
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Figure 6.11 Arm surface strain distribution driven by the BP in the brachial artery 

without any external pressure 

As shown in Figure 6.11, the strain changes are mainly on a 2.5 cm wide band area on 

the top of the brachial artery. If a 3 cm long piezoelectric film sensor was placed along 

the mid section as shown in Figure 6.11, the obtained strain changes are up to 0.0045 

when the applied BP was 120/80 mmHg. Since the sensitivity of the selected 

piezoelectric film sensors are 0.00001, the proposed piezoelectric film sensor FDT1-

028K was capable of capturing the BP pulse without CP.  

In order to compare waveform of the applied intravascular pressure in the brachial 

artery and strain change on the arm surface easily, BP with sine waveform was applied 

in the simulation instead of the waveform obtained from clinical data. Furthermore, the 

BP waveform was scaled down to match the magnitude of strain changes. As shown in 

Figure 6.12, the surface strain change in the proposed 3 cm long area caught the similar 

waveform as the applied intravascular pressure. However, their relationship was 
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nonlinear and highly related to the mechanical properties of the brachial artery. 

Therefore the obtained strain signals would not be suitable to represent the intravascular 

pressure in the brachial artery. 

 

Figure 6.12 Comparison between the applied intravascular pressure and obtained 

surface strain changes. :  Surface strain change, intravascular 

pressure 

6.3.1.2 Strain distribution with arm motion 

In the human body, any arm motion is controlled by the specific muscles. During 

muscle contraction or extension, their shapes change and their deformation transfers to 

the arm surface in the form of surface strain change.  

In the upper arm, biceps and triceps dominate most of the arm motions and their moving 

directions are opposite in most of the arm motions. Since the muscle contraction 

generates more muscle deformation, this study was focused on finding out the arm 

surface areas which are most sensitive to individual muscle contractions. The 

contractions of the biceps and triceps are simulated separately using the developed FE 
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model. The colour contours in Figure 6.13 showed the strain distribution on the model’s 

surface and indicated the best locations to reflex the muscle motions. 

 

a 

  

b 

Figure 6.13 (a) Surface strain distribution during the biceps contraction; (b) 

Surface strain distribution during the triceps contraction 
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As shown in Figure 6.13a, the surface strain generated by the biceps contraction are 

mainly observed on the surface over the biceps. The maximum strain was just above the 

mid section of the model. On the area for detecting BP signals, the strain changes are 

very minor. Similar situation was also observed in Figure 6.13b. Referring to the strain 

distribution shown in Figure 6.11 and Figure 6.13, the three areas shown in Figure 6.14 

are most sensitive to BP, biceps and triceps respectively, and insensitive to other signals. 

Therefore, the piezoelectric film sensors are better to be placed on the proposed 

locations in the clinical experiments. The sensors placed on locations 1, 2, 3 are named 

brachial artery sensor, biceps sensor and triceps sensor respectively. 

 

Figure 6.14 The locations for the piezoelectric sensors to detect arm motion and BP 

pulses. Location 1: on the mid section of the model and above brachial 

artery; Location 2: over the mid section of the model and above the 

biceps belly; Location 3: on the mid section of the model and above 

triceps. 
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From the above results, it was indicated that theoretically both arm motions and BP 

pulses in the brachial artery can be detected by piezoelectric film sensors on the arm 

surface in the designed array as shown in Figure 6.14.  

6.3.2 Components of piezoelectric film sensor signals  

Using the designed sensor array, piezoelectric film sensors would respond to both cuff 

compression and soft tissue stretches. In the normal cuff based BP measurement process, 

the cuff was tightened evenly over the upper arm before inflation to ensure CP was 

applied uniformly on the arm surface in the whole measurement process. Therefore, the 

compressive pressure on the piezoelectric film sensors was uniform and generated 

equivalent output in each sensor. With CP, the arm tissue would be compressed and 

deformed. As shown in Figure 6.15, the strain distribution in the upper arm surface was 

almost uniform under the cuff regardless of the irregular geometry of the upper arm. 

The outcomes of the piezoelectric film sensors would be equal to each other as well. 

Therefore, all of these three piezoelectric film sensors showed the same response to CP. 

Comparing the arm deformation shown in Figure 6.11and Figure 6.15, CP created much 

more arm deformation than BP and muscle motions. Because CP rate of change was 

very slow in the BP measurement process, these signals could be recognized by the 

system. As shown in Figure 6.16, BP signal was still identical in the model.  
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Figure 6.15 Pressure distribution under CP 

 

Figure 6.16 Strain distribution of the surface near the brachial artery 



 

 122 

6.4 Summary 

The FE model is compared with experimental data and validated in this chapter. The 

biomechanical basis of oscillometric BP measurements investigated using the model. 

The analysis showed that:  

1. The CP transmission through the arm was not uniform.  

2. The measured CP oscillations are a reflection of the artery volume change under 

the cuff which was a mixture of arterial distension in different closure states 

during the entire BP measurement process.  

3. The errors in BP measurements that it was overestimated in elderly people and 

underestimated in children are because of the difference of soft tissue 

compressibility.  

A refined model whose geometry is extracted from VHB dataset is developed in this 

study. When BP pulses and some muscle movement were simulated in the model, the 

obtained arm surface strain distribution is shown in the form of colour contour. From 

the modelling results, a piezoelectric film sensor array was placed at the positions which 

are most sensitive to different muscle movements and BP pulses.  
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Chapter 7 Experimental results and Signal Post-Processing 

7.1 Introduction 

This chapter consists of clinical experiment results and signal post-processing. In all 

tests, CP was controlled and recorded by a Pulsecor® R6.5 non-invasive monitor and 

arm surface strain changes were measured by the piezoelectric film sensor array as 

demonstrated in Chapter 6. The tests were conducted in different conditions, including 

normal BP measurement process, constant CP and arm motions. The subjects’ BP was 

monitored using the auscultatory method at the same time to get referring values. In the 

signal post-processing part, the input-output configuration of the designed measurement 

system was introduced. The transfer functions between different signals were obtained 

using empirical equations. By the developed method, the device is able to detect arm 

motions and determine the patient’s BP in a way that is insensitive to arm motions.  

7.2 Clinical experiment 

In the normal oscillometric BP measurement without any arm motion, the biceps piezo 

sensor and triceps piezo sensor reflex CP changes, while the brachial artery sensor 

combined artery deformation signals and CP changes.  As stated in Chapter 5, all of the 

piezoelectric film sensor signals are passed through a 0.12 ~ 15.7 Hz band-pass filter. 

The CP trend was obtained by using a 0.3 Hz low-pass filter. Since the signals were 

measured by different types of sensors, all of the signals shown in this section were 

http://www.pulsecor.com/index_files/Page264.htm�
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normalized before comparison in order to study oscillation waveforms and trends in 

amplitude changes. 

7.2.1 Oscillometric BP measurement  

The data used in this section was collected from a subject whose BP was 110/77 mmHg. 

The whole measurement process was recorded as shown in Figure 7.1a. The data 

between 13 ~ 40 seconds in the deflating process was used in the oscillometric method 

and therefore analyzed in this study. 

In the normal oscillometric BP measurement process, the arm muscles are at rest and 

the stiffness of arm soft tissues, such as skin, fat, connective tissues and muscles, is 

similar [54]. Therefore, the arm surface deformation under the cuff is nearly uniform. 

Since the applied CP is also considered to be uniform under the cuff, the readings from 

the biceps sensor and the triceps sensor are assumed to be similar to each other. As 

shown in Figure 7.1b, the readings from these two sensors prove the assumption and the 

trend in their amplitude changes is the same as for CP, especially when CP is in the 

measuring range between SP and DP.  

Since the artery sensor responded to both CP and arterial pulses, the readings are 

different from the other two sensors as shown in Figure 7.1c. When CP was greater than 

SP, the artery sensor was more sensitive to arterial pulses. The oscillation amplitude 

kept increasing and achieved the maximum value when CP was just above MP. Then it 

decreased slowly and dropped off dramatically when CP was lower than DP.  

The Fast Fourier transform (FFT) analysis was also carried out on the obtained readings. 

Figure 7.1d shows the normalized FFT results. It is shown that all of these signals 

contain the same frequency components. However, the magnitude of each is slightly 

http://en.wikipedia.org/wiki/Fast_Fourier_transform�
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different. This difference leads to the waveform distinction. In this measurement, the 

signals mainly consist of one fundamental frequency and three harmonic frequencies. 

The fundamental frequency illustrates the heart rate of the subject. 

 
a 

 
b 
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Figure 7.1 Sensor readings in the normal oscillometric BP measurement: (a) CP 

reading in the entire measuring process; (b) readings from the biceps 

sensor and the triceps sensor during normal oscillometric BP 

measurement; (c) artery CP reading during BP no motion; (d) FFT 

analysis of the obtained signals after normalizing:  artery sensor, 

 biceps sensor, triceps sensor, CP oscillation, CP. 
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7.2.2 Constant CP 

As shown in Figure 7.1, the measured waveforms and sensor response vary under 

different CP in the measurement process.  Therefore, experiments at some critical CP 

were conducted in this study. In each trial, CP was pumped up to the target value and 

kept at that value for 15 seconds. Because of the cuff system leakage, CP was normally 

about 5mmHg lower than set values and decreased slowly in the measuring process. All 

of the presented results were conducted on the subject whose BP was 110/70 mmHg 

throughout the whole measuring process.  

7.2.2.1 CP at supra-systolic pressure 

The measurement was initiated from supra-systolic pressure. Figure 7.2 shows the 

readings when CP was set to 140 mmHg. The actual CP was between 136 mmHg and 

130 mmHg. As shown in Figure 7.2a, readings from the biceps sensor and the triceps 

sensor are similar to each other and have comparable features of CP oscillation.   

The artery sensor measures both CP oscillation and artery deformations. As shown in 

Figure 7.2b, the readings of the artery sensor show different features from CP 

oscillation. When the arm is highly compressed, the strain change due to artery 

deformation is comparable high. Therefore the artery sensor is more sensitive to artery 

deformation. Because the cuff is inflated with compressible air, the damping effect is 

observed in the cuff. The artery sensor is more sensitive to BP changes and the response 

time is shorter.  

The FFT analysis also indicates the difference between the artery sensor readings and 

other signals. As shown in Figure 7.2c, the magnitudes of harmonic frequencies are 
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higher in the artery sensor readings. The damping factor of air inflated cuff also 

contributes to this difference. 

 

a 

 

 
b 
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Figure 7.2 Experiment results when CP was at supra-systolic pressure: (a) 

readings from the biceps sensor and the triceps sensor during normal 

oscillometric BP measurement; (b) artery CP reading during BP no 

motion; (c) FFT analysis of the obtained signals after normalizing:  

artery sensor,  biceps sensor, triceps sensor,  CP oscillation, 

 CP. 

7.2.2.2 CP at SP  

When CP was initially set to 115 mmHg, CP remained constant at 110 mmHg (±2 

mmHg) which was the SP of the subject.  

The waveform of CP oscillations is similar to that shown in Figure 7.2 when CP was 

kept at supra-systolic pressure. Furthermore, the readings from the biceps sensor and the 

triceps sensor are still similar to CP oscillation, as shown in Figure 7.3a. However, the 

waveform measured from the artery sensor changes significantly, as shown Figure 7.3b. 

It is more sensitive to artery deformation when CP is near SP:  

1. It responds to the artery deformation faster than CP oscillation.  
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2. There is an obvious second peak observed which is considered to be the 

combination of artery deformation and CP compression signals.  

The FFT analysis was carried out and the results in Figure 7.3c show different 

frequency components.  

 
a 
 

 
b 
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Figure 7.3 Experiment results when CP was at SP: (a) readings from the biceps 

sensor and the triceps sensor during normal oscillometric BP 

measurement; (b) artery CP reading during BP no motion; (c) FFT 

analysis of the obtained signals after normalizing:  artery sensor, 

 biceps sensor, triceps sensor,  CP oscillation,  CP. 

7.2.2.3 CP at MP 

When CP was set to 90 mmHg in the device, CP remained around 85 mmHg which was 

close to the MP of the subject. As shown in Figure 7.4a, the outputs of the biceps sensor 

and the triceps are still dominated by CP. Figure 7.4b shows that the artery sensor is 

also sensitive to artery deformations and responds to BP impulses faster than CP when 

CP equals MP. The frequency analysis of all of the obtained signals is shown in Figure 

7.4c. 
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Figure 7.4 Experiment results when CP was at MP: (a) readings from the biceps 

sensor and the triceps sensor during normal oscillometric BP 

measurement; (b) artery CP reading during BP no motion; (c) FFT 

analysis of the obtained signals after normalizing:  artery sensor, 

 biceps sensor, triceps sensor,  CP oscillation,  CP. 

7.2.2.4 CP at DP 

When CP was set to 75 mmHg in the device, CP was around the DP of the subject at 70 

mmHg. Since the arm was less compressed under the cuff and artery deformation was 

small, the strain change transferred to the arm surface was low. The artery sensor 

mainly responded to CP oscillations. As shown in Figure 7.5a and Figure 7.5b, all of the 

attached piezoelectric film sensors give a waveform similar to CP oscillations.  
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Figure 7.5 Experiment results when CP was at DP: (a) readings from the biceps 

sensor and the triceps sensor during normal oscillometric BP 

measurement; (b) artery CP reading during BP no motion; (c) FFT 

analysis of the obtained signals after normalizing:  artery sensor, 

 biceps sensor, triceps sensor,  CP oscillation,  CP. 

7.2.2.5 CP at sub-diastolic pressure 

When CP was lower than DP, environmental noises become more obviously in 

piezoelectric film sensors signals. Although the obtained results still have features 

identical to CP oscillations, random noises are detected in the waveforms as shown in 

Figure 7.6. This is mainly because the arm tissue was more free to move when CP was 

low. Since the reading at sub-diastolic pressure is not used in oscillometric method, 

these results will not be used for further study.   
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Figure 7.6 Experiment results when CP was at sub-diastolic pressure: (a) readings 

from the biceps sensor and the triceps sensor during normal 

oscillometric BP measurement; (b) artery CP reading during BP no 

motion:  artery sensor,  biceps sensor, triceps sensor, 

CP oscillation,  CP. 
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7.2.3 Arm motion 

In the human arm, any arm motion will lead to muscle movement and arm volume 

changes. Since the external layer of the cuff is very rigid, the arm volume change will 

transfer to the cuff in the form of volume and CP changes. When arm motions are 

introduced into the oscillometric BP measurement, the arm deformation led to 

unexpected pressure changes in the cuff. The CP reading is the combination of artery 

volume change and arm volume change. Since the artery is fairly small, the major 

component of the reading is derived from the arm motion. Therefore, the automated 

device can not figure out the subject’s BP using the obtained CP readings, as shown in 

Figure 7.7.  

 

Figure 7.7 CP in the oscillometric BP measurement process when arm motion was 

involved in the BP measurement process.  
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7.3 Signal relationship 

As demonstrated in Chapter 5, the designed measurement system consists of four 

sensors: one pressure sensor connected to the cuff and three piezoelectric film sensors 

on the skin of the arm. Since piezoelectric film sensors are placed on the arm surface 

under the cuff, they measured both arm skin strain changes and CP compression. Figure 

7.8 shows the signal transmission for each piezoelectric film sensor in the designed 

system.  

 

Figure 7.8 Generalized input-output configuration of the designed BP 

measurement system. 

Where G, H, M, N, X are transfer functions in the system,  

CPbp = CP oscillation dominated by BP pulses,  

CPmot = CP changes generated by arm motions,  

CPm = the measured CP in the cuff by connected pressure sensor,  

Mot = arm motion signal,  

P1, P2 = strain signal generated by CPm and arm motion respectively,  
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PS = output of the piezoelectric film sensor.  

In this system, BP pulse signals transfer to the cuff in the form of CP oscillations (CPbp) 

by changing artery volume under the cuff. The arm motions transfer to the cuff and 

create CP change (CPmot). The measured CP value CPm equals to CPmot+ CPbp. When 

the piezoelectric film sensor is compressed by CP, it gives the reading P1. It is also 

sensitive to arm surface strain changes from the arm motions and its output is P2. The 

measured piezoelectric film sensor value PS equals to P1 +P2.  

7.3.1 Without arm motion 

As piezoelectric film sensors are placed on different locations, signal transmissions are 

different from each other, as shown in Figure 7.9. In the designed system, the biceps 

sensor and the triceps sensor are placed on top of biceps and triceps and proven non-

sensitive to brachial artery movement in the FE model. Therefore the relationships 

between the obtained signals are  

 bp mBP M CP CP⋅ = =  (7.1) 

 1bpCP G P PS⋅ = =  (7.2) 

The artery sensor is place just above the brachial artery where it is also sensitive to 

artery movement. Therefore, the artery sensor measures both CP oscillations and 

brachial artery stretches. The relationships between the obtained signals are 

 bp mBP M CP CP⋅ = =  (7.3) 

 1 2bpCP G BP N P P PS⋅ + ⋅ = + =  (7.4) 
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Figure 7.9 Generalized input-output configuration of the measurement without 

any arm motion. 

Because of the lack of intravascular measurement in this study, it is impossible to work 

out the transfer function M between BP pulse and CP oscillation. Using the measured 

results CPm and PS, the transfer function G is calculated through an empirical equation. 

The CPm-PS relationships of the biceps sensor and triceps sensor (Gbic and Gtri) are very 

close to each other. Since the artery sensor has the same property as the other two 

sensors, the transfer function Gart is also similar to Gbic and Gtri. In order to remove the 

artery stretch signals derived from BP pulses, a low-pass filter was applied to the artery 

sensor readings. As there is no muscle under the artery sensor, it is slightly different 

from the others. The relationship between the obtain signals are shown in Figure 7.10. 

Therefore, the brachial artery stretches (P2 shown in Figure 7.9) can be isolated from the 

measured signals.  
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Figure 7.10 The relationship between CP and piezoelectric sensors.  Gbic  

Gtri  Gart 

7.3.2 With arm motion 

When arm motions are introduced in the measurement, BP pulse transmission is the 

same as situation 1. However, there are too many unknown variables when arm motion 

is introduced into the system. In order to figure out the transfer functions in the 

designed system, the following experiments were done: (1) without BP, and with arm 

motion, (2) with BP and arm motion. 

7.3.2.1 Without BP 

In order to study the relationship between the motions and sensor readings, the 

experiments without BP pulses were conducted by placing an inflated cuff above the 

current cuff. When the blocking cuff was inflated 50 mmHg over the subject’s supra-

systolic pressure, the brachial artery was fully compressed and there was no blood 
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passing through. Therefore, CPm readings were all derived from the arm motions. The 

input-output configuration of this test is as shown in Figure 7.11. 

 

Figure 7.11 Generalized input-output configuration of the measurement without 

BP signals. 

From in Figure 7.11, we get the following equations:  

 mot mMot N CP CP⋅ = =  (7.5) 

 2 mMot H P PS CP G⋅ = = − ⋅  (7.6) 

Therefore, the transfer function X is   

 2/ ( )mot m mX CP P CP PS CP G= = − ⋅  (7.7) 

Since CPm and PS are directly measured by the devices in the experiment and G is 

already known from the previous test, the transfer function X is obtainable. However, 

the transfer function X for each sensor is unique, because piezoelectric film sensors are 

placed on different locations and they are sensitive to different muscle movements. 

Furthermore, the transfer function varies with different arm motions. In order to choose 

the proper transfer function, the system has to identify the arm motion beforehand.  
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An experiment was carried out without the surrounding cuff. Therefore, pure arm 

surface strain changes were measured. Two most common passive arm motions – lifting 

and twisting – were tested, and were controlled by a small motion control system to 

manage the moving frequency and amplitude. The results shown in Figure 7.12 indicate 

that the relationship between the arm motion and arm surface strain are repeatable and 

predictable. It is also shown that the sensor readings have a unique relationship for each 

arm motion which can be used to identify the arm motion. 
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Figure 7.12 (a) Readings from piezoelectric film sensors during passive lifting; (b) 

Readings from piezoelectric film sensors during passive twisting:  

artery sensor  biceps sensor  triceps sensor 
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As shown in Figure 7.12a, the biceps sensor is more sensitive to a lifting motion: the 

reading amplitude is about two times of the other two sensors. In the test, the biceps 

sensor is placed on the top the biceps belly where the maximum biceps deformation 

during biceps contraction and extension presents. The artery sensor gives a similar 

waveform to the biceps sensor but with lower amplitude. Because the artery sensor is 

placed on the inner side of the biceps, it also catches the biceps deformation signal but 

at lower sensitivity. Since the artery sensor will measure the signal from an artery 

deformation when BP is introduced in the brachial artery, the artery sensor will give 

different waveform from the biceps sensor during the BP measurement process. 

Because the triceps does the opposite movement as the biceps to create the lifting 

motion, the strain change in the triceps sensor is opposite to that in the biceps sensor. 

Furthermore, because the triceps deformation is more distributed over the entire muscle 

and the triceps sensor is placed above the medial head of the triceps, less strain change 

is produced in the triceps sensor area. From the results obtained, it is shown that the 

stretch of triceps sensor reading is close to half of that in the biceps sensor. 

In Figure 7.12b, it is shown that the triceps sensor reading is less than 10% of the other 

two sensor readings in the twisting motion. The amplitude of the artery sensor and the 

biceps sensor readings is similar but there is a phase shift between the artery sensor and 

the biceps sensor readings which indicates the arm motion speed.  

7.3.2.2 With BP and arm motion  

In the designed system as shown in Figure 7.8, the signal transmission with both BP 

pulse and arm motion is described by the following equations 

 bp mot mBP M Mot N CP CP CP⋅ + ⋅ = + =  (7.8) 
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 1 2mCP G Mot H P P PS⋅ + ⋅ = + =  (7.9) 

Therefore,  

 2 ( )bp m mot m m mCP CP CP CP P X CP PS CP G X= − = − ⋅ = − − ⋅ ⋅  (7.10) 

Since CPm and PS are measured by the device, and G and X are already determined, 

CPbp can be calculated from the measured results CPm and used to determine the 

patients’ BP using the oscillometric method. 

7.4 Waveform rebuild  

An example of the CP waveform rebuilding process is shown in this section. Since the 

arm motion introduces a large CP oscillation in the BP measurement process, as shown 

in Figure 7.7 and Figure 7.13a, CP oscillations derived from the BP pulses cannot be 

identified by the normal device and therefore cannot give a subject’s BP value. In order 

to display the arm motion more clearly, the arm motion was repeated at constant 

frequency (2.3Hz) instead of random motion in this study. 

Because the biceps sensor and triceps sensor were each placed on the top of the muscles 

which dominate arm motions, they were more sensitive to arm motions. As shown in 

Figure 7.13b, their amplitudes of FFT analysis are comparably high at the motion 

frequency and can be ignored at BP frequency. In contrast, the artery sensor and cuff 

pressure sensor measured both arm motion signals and BP pulse signals.  



 

 146 

 
a 
 

 
b 



 

 147 

45.5 46 46.5 47 47.5 48
-0.4

-0.2

0

0.2

0.4

Time (s)

A
m

pl
itu

de

 

 

 

45.5 46 46.5 47 47.5 48
80

90

100

C
uf

f p
re

ss
ur

e 
(m

m
H

g)

 
c 

Figure 7.13 Experiment results when arm motion was involved in the BP 

measurement process: (a) rebuilt CP oscillations for BP analysis; (b) 

FFT analysis of the obtained signals after normalizing; (c) the 

measured oscillations signal from the artery sensor, the biceps sensor 

and the triceps sensor:  artery sensor,  biceps sensor,  

triceps sensor,  measured CP oscillation,  CP,  rebuilt CP 

oscillation. 

The CP oscillations in the BP measurement process are rebuilt in the following steps: 

1. Readings from the biceps sensor and the triceps sensor were used to identify arm 

motions.  

As shown in Figure 7.13c, the biceps sensor and the triceps sensor oscillate at 

the same frequency; the relationship between their readings is close to lifting 

motion criteria 0.5tri biPS PS≈ − .  

2. The subject’s heart rate was determined by analyzing the artery stretch signals.   

Since the normal heart rate is between 40 and 180 beat per minute, the frequency 

between 0.6 Hz and 3 Hz is analyzed. From the FFT analysis of the artery sensor, 

the identical peaks in the proposed range are 1.05 Hz, 2.1 Hz and 2.3 Hz. The 
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first peak at 1.05 Hz is determined as the heart rate for the following reasons: (a) 

the amplitude of the highest peak (2.3 Hz) is much higher than the other peaks 

and over the heart beat range, therefore it is considered to be arm motion 

frequency. (b) The second peak occurs at 2.1 Hz which is two times the first 

peak and its amplitude is about 30% of the first one. Both of these relationships 

are observed in the BP measurement.    

3. Removing the noise from pressure sensor readings and using the result to 

calculating BP. 

Using the transfer function for lifting motion, the noise is removed and CP 

oscillations are rebuilt as shown in Figure 7.13a. With the rebuild CP 

oscillations, the subject’s BP value is determined by the Pulsecor® R6.5 non-

invasive monitor and the result is equal to reference value measured by 

auscultatory method. 

7.5 Summary 

The relationships between the piezoelectric strain sensors under different conditions are 

studied in this chapter. The transfer functions between measured signals are determined 

separately through experiments conducted in different conditions. Using the method 

developed here, the designed system is able to detect the arm motions and rebuild CP 

oscillation for the automatic BP measurement device. 

 

http://www.pulsecor.com/index_files/Page264.htm�
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Chapter 8    Conclusion and Future work 

8.1 Conclusion 

This study has investigated two major issues related to ABPM technique: (1) the theory 

of oscillometric BP measurement method which is used in most of ABPM device; (2) 

the method to compensate the noises during the measurement.  

8.1.1 Theory of oscillometric BP measurement method   

The investigation of oscillometric BP measurement theory was carried out through a FE 

model. Although some simplifications were made to achieve the balance between 

computational cost and accuracy, the developed model was closer to reality and gave 

more accurate results than previous ones. It was validated by both experimental results 

on an arm simulator and clinical results on human body. The following findings were 

obtained from this investigation: 

1. The CP transmission through the arm is not uniform and the artery closure status 

varies along the artery. Therefore, the measured CP oscillations are a reflection 

of the artery volume change under the cuff which is a mixture of arterial 

distension in different closure states.  

2. The brachial artery did not collapse when CP equals to MP. Therefore, it denies 

the estimation that the maximum CP oscillation during oscillometric 

measurement is due to the buckling of the artery under the cuff.  
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3. The nonlinearity plays the key role in oscillometric BP measurement method. 

The stiffness of the brachial artery does not have significant effect on the 

measurement accuracy using oscillometric BP measurement method. 

4. The BP overestimation in the elderly and underestimation in the younger are 

mainly caused by the changes of compressibility of arm tissues. 

8.1.2 Compensate the noises during the measurement 

An anatomically accurate model was developed in this study, whose geometry was 

extracted from VHB dataset. The arm movements were achieved in the model by 

changing the boundary conditions of the simulated muscles. From the modelling results, 

a piezoelectric film sensor array was designed to detect the arm motions, which were 

placed above the brachial artery, biceps belly and the medial head of triceps respectively. 

The relationships between the piezoelectric strain sensors under different conditions 

were studied experimentally. The transfer functions between measured signals were 

determined separately by empirical equations through the experimental results. Using 

the developed method, the designed system was able to detect and determine simple 

arm motions, and then compensate the introduced noise. The CP oscillations were 

obtained by removing the noise from measured CP signals and then sent to the 

automatic BP measurement device to determine the subject’s BP. 

8.2 Future work 

There are some suggestions for the future work on this study.  
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8.2.1 BP measurement technique 

From the measurements at different CPs, it is shown that the oscillation waveforms vary 

with accompanying CP changes. Especially in the results from artery sensor, there are 

obviously impulses when CP is above MP. This phenomenon indicates that the 

practicality of getting the subject’s BP by determining waveform features at different 

CP. This investigation can be carried out when the intravascular measurement is 

available.   

8.2.2 Detecting BP waveform  

As illustration from the developed model, the pressure sensor in the cuff measuring the 

mixture of arterial distension in different closure states, it is very difficult to represent 

the actual BP waveform in the brachial artery through obtained CP oscillation. The 

results from artery sensor are more suitable for working out the BP waveform for the 

following reasons:  

1. The sensor is very narrow and just covers 1cm long artery.  

2. The sensor is placed at the centre of the cuff range where the pressure 

transmission ratio is highest. 

With intravascular experiments, the relationship between BP waveform and artery 

sensor readings can be solved and the obtained BP waveform will be used for 

diagnosing the subject’s cardiovascular health conditions.   

8.2.3 Noise compensation 

In this study, the obtained transfer functions were valid for individuals only. The 

parameters of the transfer functions had to be recalculated in each time. Universal 
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transfer functions are required to be developed in the future. Furthermore, only lifting 

and twisting motions are investigated in this study. More arm motions can be developed 

in the future.  
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APPENDIX II 

*Heading 
** Job name: long-nolinear-BP80-CP200-st Model name: long-
nonlinear-cir 
*Preprint, echo=NO, model=NO, history=NO, contact=NO 
** 
** PARTS 
** 
*Part, name=PART-1-1 
*Node 
1,          54.,           0.,          70. 
                                      . 
                                      . 
                                      . 
*Element, type=C3D8R 
1,   267,  4152, 23884,  3284,     1,    61,  2230,   156 
                                      . 
                                      . 
                                      . 
*Element, type=C3D6 
38341, 11539, 11393, 11432, 57019, 56873, 56912 
                                      . 
                                      . 
                                      . 
*Element, type=C3D8RH 
94289,     41,   1825,  21659,   1624,   1969,  22434, 103165,   
                                      . 
                                      . 
                                      . 
 
*Nset, nset=_PICKEDSET6, internal 
1,      2,      3,      4,      5,      6,      7,      8,       
                                      . 
                                      . 
                                      . 
*Elset, elset=_PICKEDSET6, internal, generate 
1,  94288,      1 
                                      . 
                                      . 
                                      . 
*Nset, nset=_PICKEDSET7, internal 
37,     38,     39,     40,     41,     42,     43,     44,      
                                      . 
                                      . 
                                      . 
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*Elset, elset=_PICKEDSET7, internal, generate 
 94289,  97696,      1 
                                      . 
                                      . 
                                      . 
** Region: (Section-1-_PICKEDSET6:Picked) 
*Elset, elset=_I1, internal, generate 
     1,  94288,      1 
                                      . 
                                      . 
                                      . 
 
** Section: Section-1-_PICKEDSET6 
*Solid Section, elset=_I1, material=PROSKIN 
1., 
                                      . 
                                      . 
                                      . 
 
** Region: (Section-2-_PICKEDSET7:Picked) 
*Elset, elset=_I2, internal, generate 
 94289,  97696,      1 
                                      . 
                                      . 
                                      . 
 
** Section: Section-2-_PICKEDSET7 
*Solid Section, elset=_I2, material=NONLINEAR-EQUATION 
1., 
*End Part 
**   
** 
** ASSEMBLY 
** 
*Assembly, name=Assembly 
**   
*Instance, name=PART-1-1, part=PART-1-1 
*End Instance 
**   
*Nset, nset=_PICKEDSET6, internal, instance=PART-1-1 
5,     6,     7,     8,    11,    12,    13,    14,    17,    23,    
                                      . 
                                      . 
                                      . 
*Elset, elset=_PICKEDSET6, internal, instance=PART-1-1 
8065,  8066,  8067,  8068,  8069,  8070,  8071,  8072,  8073,   
                                      . 
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                                      . 
                                      . 
*Nset, nset=_PICKEDSET46, internal, instance=PART-1-1 
3,     4,    10,    13,    14,    15,    16,    17,    18,    24,     
                                      . 
                                      . 
                                      . 
*Elset, elset=_PICKEDSET46, internal, instance=PART-1-1 
559,   560,   561,   562,   563,   564,   565,   566,   567,    
                                      . 
                                      . 
                                      . 
*Elset, elset=__PICKEDSURF4_S2, internal, instance=PART-1-1 
 94523, 94524, 94525, 94526, 94527, 94528, 94529, 94530, 94531,  
                                      . 
                                      . 
                                      . 
 
*Elset, elset=__PICKEDSURF23_S5, internal, instance=PART-1-1 
 65332, 65333, 65335, 65339, 65340, 65342, 65346, 65348, 65360,  
                                      . 
                                      . 
                                      . 
 
*Elset, elset=__PICKEDSURF23_S3, internal, instance=PART-1-1 
 65344, 65357, 65359, 65367, 65397, 65400, 65679, 65692, 65694,  
                                      . 
                                      . 
                                      . 
 
*Elset, elset=__PICKEDSURF23_S6, internal, instance=PART-1-1 
 65354, 65689, 66024, 66359, 66694, 67029, 67364, 67699, 68034,  
                                      . 
                                      . 
                                      . 
 
*Elset, elset=__PICKEDSURF23_S4, internal, instance=PART-1-1, 
generate 
 76225,  86982,    347 
                                      . 
                                      . 
                                      . 
 
*Elset, elset=__PICKEDSURF23_S2, internal, instance=PART-1-1 
1,    2,    3,    4,    5,    6,    7,    8,    9,   10,   11,    
                                      . 
                                      . 
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                                      . 
 
*Elset, elset=__PICKEDSURF4_S2, internal, instance=PART-1-1 
 94523, 94524, 94525, 94526, 94527, 94528, 94529, 94530, 94531,  
                                      . 
                                      . 
                                      . 
 
*Surface, type=ELEMENT, name=_PICKEDSURF4, internal 
__PICKEDSURF4_S2, S2 
*Elset, elset=__PICKEDSURF23_S5, internal, instance=PART-1-1 
 65332, 65333, 65335, 65339, 65340, 65342, 65346, 65348, 65360,  
                                      . 
                                      . 
                                      . 
 
*Elset, elset=__PICKEDSURF23_S6, internal, instance=PART-1-1 
 65354, 65689, 66024, 66359, 66694, 67029, 67364, 67699, 68034,  
                                      . 
                                      . 
                                      . 
 
*Elset, elset=__PICKEDSURF23_S4, internal, instance=PART-1-1, 
generate 
 76225,  86982,    347 
                                      . 
                                      . 
                                      . 
 
*Elset, elset=__PICKEDSURF23_S2, internal, instance=PART-1-1 
1,    2,    3,    4,    5,    6,    7,    8,    9,   10,   11,    
                                      . 
                                      . 
                                      . 
      
*Surface, type=ELEMENT, name=_PICKEDSURF23, internal 
__PICKEDSURF23_S5, S5 
                                      . 
                                      . 
                                      . 
*Elset, elset=__PickedSurf16_S2, internal, instance=PART-1-1 
 94523, 94524, 94525, 94526, 94527, 94528, 94529, 94530, 94531,  
                                      . 
                                      . 
                                      . 
 
*Surface, type=ELEMENT, name=_PickedSurf16, internal 
__PickedSurf16_S2, S2 
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*End Assembly 
*Amplitude, name=BP, time=TOTAL TIME 
0., 0., 0.8, 80., 3., 80. 
*Amplitude, name=CP, time=TOTAL TIME 
0., 0., 0.8, 0., 3., 220. 
**  
** MATERIALS 
**  
*Material, name=MUSCLE 
*Density 
 1.05e-09, 
*Elastic 
 0.04, 0.499 
*Material, name=NONLINEAR-EQUATION 
*Density 
 1.05e-09, 
*Hyperelastic, neo hooke, test data input, poisson=0.499 
*Uniaxial Test Data 
  0.00032054, 0.01 
 0.000682848, 0.02 
  0.00108824, 0.03 
  0.00153841, 0.04 
           . 
           . 
           . 
*Material, name=PROSKIN 
*Density 
 1.05e-09, 
*Elastic 
 0.03, 0.45 
** INTERACTION PROPERTIES 
**  
*Surface Interaction, name=IntProp-1 
1., 
*Friction 
0., 
**  
** BOUNDARY CONDITIONS 
**  
** Name: Disp-BC-1 Type: Symmetry/Antisymmetry/Encastre 
*Boundary 
_PICKEDSET46, ZSYMM 
** Name: Disp-BC-2 Type: Symmetry/Antisymmetry/Encastre 
*Boundary 
_PICKEDSET6, ENCASTRE 
**  
** INTERACTIONS 
**  
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** Interaction: Int-1 
*Contact Pair, interaction=IntProp-1, type=SURFACE TO SURFACE 
_PickedSurf16, 
**  
** STEP: bp 
**  
*Step, name=bp, nlgeom=YES 
*Static 
0.8, 0.8, 8e-06, 0.8 
**  
** LOADS 
**  
** Name: SURFFORCE-1   Type: Pressure 
*Dsload, amplitude=BP 
_PICKEDSURF4, P, 0.000133322 
** Name: SURFFORCE-2   Type: Pressure 
*Dsload, amplitude=CP 
_PICKEDSURF23, P, 0.000133322 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, variable=PRESELECT, time interval=0.1, time 
marks=NO 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history 
*Energy Output 
ALLAE,  
*End Step 
**  
** STEP: Step-1 
**  
*Step, name=Step-1, nlgeom=YES, inc=1000000 
*Static 
0.02, 2., 2e-05, 0.02 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, number interval=1, time marks=NO 
**  
** FIELD OUTPUT: F-Output-1 
**  
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*Output, field, variable=PRESELECT, time interval=0.02, time 
marks=NO 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history 
*Energy Output 
ALLAE,  
*End Step 
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APPENDIX III 
 
clc 
clear all 
format long 
cuff=xlsread('M:\bp-large-3.xlsx');   % read excel file 
biceps=cuff(100:(length(cuff)-1000),2);    % input 1,2,3,4 are 
artery,biceps,triceps,CP 
triceps=cuff(100:(length(cuff)-1000),3); 
artery=cuff(100:(length(cuff)-1000),1); 
CP=cuff(100:(length(cuff)-1000),4); 
[b1,a1]=butter(5,[5]/500);            % low pass filter: 20 Hz 
CPphg=(filtfilt(b1,a1,CP)*72.2+0.7274); 
CPhgx=CPphg(1:5:end); 
CPP=CPphg(1:5:end); 
ttt=(1:5:length(CPphg))/1000; 
ttt=ttt'; 
[b1,a1]=butter(5,0.5/500);           % sample frequency 1000, low pass 
filter 0.5Hz 
CPllp=filtfilt(b1,a1,CP);           % CP without oscillation 
x=find(CPllp(:,1)==max(CPllp(:,1)))+1000;  % find the pump stop point 
dCPllp=diff(CPllp); % find maximum CP change point (valve or motor 
action) 
y=find(dCPllp(:,1)==min(dCPllp(:,1)))-1000;    % find the measurement 
stop point 
CPhg=CPllp(x:y)*72.2+0.7274;       % convert to mmHg 
t=[x:y]*0.001; 
t=t'; 
  
bicepschop=biceps(x:y)/(max(biceps(x:y))-min(biceps(x:y))); 
tricepschop=triceps(x:y)/(max(triceps(x:y))-min(triceps(x:y))); 
arterychop=artery(x:y)/(max(artery(x:y))-min(artery(x:y))); 
CPchop=CP(x:y)/(max(CP(x:y))-min(CP(x:y))); % low pass 
[b1,a1]=butter(5,[15]/500);          % low pass filter: 15 Hz 
bicepslp=filtfilt(b1,a1,bicepschop); 
tricepslp=filtfilt(b1,a1,tricepschop);    %filter signal 
arterylp=filtfilt(b1,a1,arterychop); 
CPlp=filtfilt(b1,a1,CPchop); 
% high pass  
[b,a]=butter(5,[0.5]/500,'high');         % filter 
bicepshp=filtfilt(b,a,bicepschop); 
tricepshp=filtfilt(b,a,tricepschop);      % filter signal 
arteryhp=filtfilt(b,a,arterychop); 
CPhp=filtfilt(b,a,CPchop);   % band pass 
bicepsbp=filtfilt(b,a,bicepslp); 
bicepsbpp=bicepsbp/(max(bicepsbp(2000:end))-min(bicepsbp(2000:end)));
          % normalization for FFT analysis 
tricepsbp=filtfilt(b,a,tricepslp);        
tricepsbpp=tricepsbp/(max(tricepsbp(2000:end))-
min(tricepsbp(2000:end))); 
arterybp=filtfilt(b,a,arterylp); 
arterybpp=arterybp/(max(arterybp(2000:end))-min(arterybp(2000:end))); 
CPbp=filtfilt(b,a,CPlp); 
CPbpp=CPbp/(max(CPbp(1000:end))-min(CPbp(1000:end))); 
tt=(1:length(CPphg))/1000; 
tt=tttt(x:y)'; 
  
%% 
figure(1) 
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plot(ttt,CPP, 'DisplayName', 'CPphg', 'YDataSource', 'CPphg'); 
figure(1) 
hold off 
[tt,CPc,CPh]=plotyy((1:length(CP)),CP,(1:length(CP)),CPphg); 
set(CPc,'displayname','CP') 
set(CPh,'displayname','CPtrend') 
hold on;  
plot(artery,'--b','LineWidth',2.5,'displayName','artery','YDataSource', 
'artery');  
plot(biceps,'-.r','LineWidth',2.5,'displayName','biceps') 
plot(triceps,':c','LineWidth',2.5,'displayName','triceps') 
plot(CP,'g','LineWidth',2.5,'displayName','CP') 
scatter(x,CP(x));scatter(y,CP(y)) 
legend('show') 
hold off 
 
%% fft 
figure(2) 
subplot(2,1,1) 
[tt,CP1,CP2]=plotyy(t,CPbpp,t,CPhg); 
set(CP1,'displayname','CP-osc','LineWidth',2.5,'color','g'); 
set(CP2,'displayname','CPtrend','LineWidth',2.5,'color','k'); 
hold on 
plot(t,arterybpp,'--b','LineWidth',2.5,'DisplayName', 'artery', 
'YDataSource', 'artery') 
plot(t,bicepsbpp,'-.r','LineWidth',2.5,'DisplayName', 'biceps', 
'YDataSource', 'biceps') 
plot(t,tricepsbpp,':c','LineWidth',2.5,'DisplayName', 'triceps', 
'YDataSource', 'triceps') 
legend('show') 
grid on 
hold off 
xlabel('Time (s)') 
ylabel('applitude (V)') 
set(get(tt(2),'Ylabel'),'String','Cuff pressure (mmHg)') 
Fs = 1000;                    % Sampling frequency 
z=bicepsbp; 
L = length(z);                     % Length of signal 
NFFT = 2^nextpow2(L); % Next power of 2 from length of z 
Z = fft(z,NFFT)/L; 
bicepsfft=fft(bicepsbpp,NFFT)/L; 
tricepsfft=fft(tricepsbpp,NFFT)/L; 
arteryfft=fft(arterybpp,NFFT)/L; 
CPfft=fft(CPbpp,NFFT)/L; 
f = Fs/2*linspace(0,1,NFFT/2+1); 
fftartery=2*abs(arteryfft(1:300)); 
fftbiceps=2*abs(bicepsfft(1:300)); 
ffttriceps=2*abs(tricepsfft(1:300)); 
fftCP=2*abs(CPfft(1:300)); 
% find the frequency of the max amplitude 
mfartery=f(fftartery==max(fftartery)); 
mfbiceps=f(fftbiceps==max(fftbiceps)); 
mftriceps=f(ffttriceps==max(ffttriceps)); 
mfCP=f(fftCP==max(fftCP)); 
mf=[mfartery,mfbiceps,mftriceps,mfCP]; 
maxf=max(mf); 
%% 
subplot(2,1,2) 
Bfft=2*abs(bicepsfft(1:300)); 
Afft=2*abs(arteryfft(1:300)); 
Cfft=2*abs(CPfft(1:300)); 
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Tfft=2*abs(tricepsfft(1:300)); 
Ffft=f(1:300); 
Ffft=Ffft'; 
hold off 
plot(f(1:300),2*abs(bicepsfft(1:300)),'-
.r','LineWidth',2.5,'DisplayName', 'mbiceps', 'YDataSource', 'mbiceps')  
hold on  
plot(f(1:300),2*abs(tricepsfft(1:300)),':c','LineWidth',2.5,'DisplayNa
me', 'triceps', 'YDataSource', 'triceps')  
plot(f(1:300),2*abs(arteryfft(1:300)),'--
b','LineWidth',2.5,'DisplayName', 'artery', 'YDataSource', 'artery')  
plot(f(1:300),2*abs(CPfft(1:300)),'g','LineWidth',2.5,'DisplayName', 
'CP', 'YDataSource', 'CP')  
legend('show') 
hold off 
grid on 
legend show 
title('FFT') 
xlabel('Frequency (Hz)') 
ylabel('|Y(f)|') 
 
%% 
figure(3) 
subplot(4,1,1) 
plot(t,arterybp,'--b','LineWidth',2.5,'DisplayName', 'artery', 
'YDataSource', 'artery') 
legend('show')  
grid on 
subplot(4,1,2) 
plot(t,bicepsbp,'-.r','LineWidth',2.5,'DisplayName', 'biceps', 
'YDataSource', 'biceps') 
legend('show') 
grid on 
subplot(4,1,3) 
plot(t,tricepsbp,':c','LineWidth',2.5,'DisplayName', 'triceps', 
'YDataSource', 'triceps') 
legend('show') 
grid on 
subplot(4,1,4) 
plotyy(t,CPbp,t,CPhg) 
grid on 
hold off 
  
%% 
[b1,a1]=butter(5,[mfbiceps+0.5]/500); %filter 
bicepsid=filtfilt(b1,a1,bicepsbp); 
bicepsiddiff=diff(bicepsid); 
k=0; 
n=0; 
for i=2:length(bicepsiddiff) 
    if bicepsiddiff(i)/bicepsiddiff(i-1)<0 
        if bicepsiddiff(i)>bicepsiddiff(i-1) 
            k=k+1; 
            lidb(k)=i; 
        else 
            n=n+1; 
            hidb(n)=i; 
    end 
    end 
end 
if length(hidb)<=length(lidb) 
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    n=length(hidb); 
else 
    n=length(lidb); 
end 
for i=1:(n-1) 
    minbi(i)=find(bicepsbp==min(bicepsbp(hidb(i):hidb(i+1)))); 
end 
for i=1:(n-1) 
    maxbi(i)=find(bicepsbp==max(bicepsbp(lidb(i):lidb(i+1)))); 
end 
if maxbi(1)<minbi(1) 
    maxbi=maxbi(2:end); 
end 
if length(maxbi)<length(minbi) 
    minbi=minbi(1:(end-1)); 
end 
% individual normalize 
for i=1:(length(maxbi)-1) 
    bicepsn(minbi(i):maxbi(i))=(bicepsbp(minbi(i):maxbi(i))-
bicepsbp(minbi(i)))/(bicepsbp(maxbi(i))-bicepsbp(minbi(i))); 
    bicepsn(maxbi(i):minbi(i+1))=(bicepsbp(maxbi(i):minbi(i+1))-
bicepsbp(minbi(i+1)))/(bicepsbp(maxbi(i))-bicepsbp(minbi(i+1))); 
end 
%% 
[b1,a1]=butter(5,[mftriceps+0.5]/500); %filter 
tricepsid=filtfilt(b1,a1,tricepsbp); 
tricepsiddiff=diff(tricepsid); 
k=0; 
n=0; 
for i=2:length(tricepsiddiff) 
    if tricepsiddiff(i)/tricepsiddiff(i-1)<0 
        if tricepsiddiff(i)>tricepsiddiff(i-1) 
            k=k+1; 
            tricepsidl(k)=i; 
        else 
            n=n+1; 
            tricepsidh(n)=i; 
    end 
    end 
end 
if length(tricepsidh)<=length(tricepsidl) 
    n=length(tricepsidh); 
else 
    n=length(tricepsidl); 
end 
for i=1:(n-1) 
    
mintri(i)=find(tricepsbp==min(tricepsbp(tricepsidh(i):tricepsidh(i+1))
)); 
end 
for i=1:(n-1) 
    
maxtri(i)=find(tricepsbp==max(tricepsbp(tricepsidl(i):tricepsidl(i+1))
)); 
end 
if maxtri(1)<mintri(1) 
    maxtri=maxtri(2:end); 
end 
if length(maxtri)<length(mintri) 
    mintri=mintri(1:(end-1)); 
end 
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% individual normalize 
for i=1:(length(maxtri)-1) 
    tricepsn(mintri(i):maxtri(i))=(tricepsbp(mintri(i):maxtri(i))-
tricepsbp(mintri(i)))/(tricepsbp(maxtri(i))-tricepsbp(mintri(i))); 
    tricepsn(maxtri(i):mintri(i+1))=(tricepsbp(maxtri(i):mintri(i+1))-
tricepsbp(mintri(i+1)))/(tricepsbp(maxtri(i))-tricepsbp(mintri(i+1))); 
end 
%  
[b1,a1]=butter(1,[mfartery+0.5]/500); %filter 
arteryid=filtfilt(b1,a1,arterybp); 
arteryiddiff=diff(arteryid); 
% 
k=0; 
n=0; 
for i=2:length(arteryiddiff) 
    if arteryiddiff(i)/arteryiddiff(i-1)<0 
        if arteryiddiff(i)>arteryiddiff(i-1) 
            k=k+1; 
            larteryid(k)=i; 
        else 
            n=n+1; 
            harteryid(n)=i; 
    end 
    end 
end 
if length(harteryid)<=length(larteryid) 
    n=length(harteryid); 
else 
    n=length(larteryid); 
end 
for i=1:(n-1) 
    
minart(i)=find(arterybp==min(arterybp(harteryid(i):harteryid(i+1)))); 
end 
for i=1:(n-1) 
    
maxart(i)=find(arterybp==max(arterybp(larteryid(i):larteryid(i+1)))); 
end 
if maxart(1)<minart(1) 
    maxart=maxart(2:end); 
end 
if length(maxart)<length(minart) 
    minart=minart(1:(end-1)); 
end 
% individual normalize 
for i=1:(length(maxart)-1) 
    arteryn(minart(i):maxart(i))=(arterybp(minart(i):maxart(i))-
arterybp(minart(i)))/(arterybp(maxart(i))-arterybp(minart(i))); 
    arteryn(maxart(i):minart(i+1))=(arterybp(maxart(i):minart(i+1))-
arterybp(minart(i+1)))/(arterybp(maxart(i))-arterybp(minart(i+1))); 
end 
%% 
[b1,a1]=butter(5,[mfCP+0.5]/500); %filter 
CPid=filtfilt(b1,a1,CPbp); 
CPiddiff=diff(CPid); 
%% 
k=0; 
n=0; 
for i=2:length(CPiddiff) 
    if CPiddiff(i)/CPiddiff(i-1)<0 
        if CPiddiff(i)>CPiddiff(i-1) 
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            k=k+1; 
            CPidl(k)=i; 
        else 
            n=n+1; 
            CPidh(n)=i; 
    end 
    end 
end 
if length(CPidh)<=length(CPidl) 
    n=length(CPidh); 
else 
    n=length(CPidl); 
end 
for i=1:(n-1) 
    miCPn(i)=find(CPbp==min(CPbp(CPidh(i):CPidh(i+1)))); 
end 
for i=1:(n-1) 
    maxCP(i)=find(CPbp==max(CPbp(CPidl(i):CPidl(i+1)))); 
end 
if maxCP(1)<miCPn(1) 
    maxCP=maxCP(2:end); 
end 
if length(maxCP)<length(miCPn) 
    miCPn=miCPn(1:(end-1)); 
end 
% individual normalize 
for i=1:(length(maxCP)-1) 
    CPn(miCPn(i):maxCP(i))=(CPbp(miCPn(i):maxCP(i))-
CPbp(miCPn(i)))/(CPbp(maxCP(i))-CPbp(miCPn(i))); 
    CPn(maxCP(i):miCPn(i+1))=(CPbp(maxCP(i):miCPn(i+1))-
CPbp(miCPn(i+1)))/(CPbp(maxCP(i))-CPbp(miCPn(i+1))); 
end 
 
%% 
figure(4) 
t=[1:length(arteryn)]*0.001; 
hold off 
plot(t,arteryn,'--b','LineWidth',2.5,'DisplayName', 'artery', 
'YDataSource', 'artery') 
hold on 
t=[1:length(bicepsn)]*0.001; 
plot(t,bicepsn,'-.r','LineWidth',2.5,'DisplayName', 'biceps', 
'YDataSource', 'biceps') 
t=[1:length(tricepsn)]*0.001; 
plot(t,tricepsn,':c','LineWidth',2.5,'DisplayName', 'triceps', 
'YDataSource', 'triceps') 
t=[1:length(CPn)]*0.001; 
plot(t,1-CPn,'g','LineWidth',2.5,'DisplayName', 'CP', 'YDataSource', 
'CP') 
ctricepsn=1-tricepsn; 
t=[1:length(ctricepsn)]*0.001; 
plot(t,ctricepsn,'k','LineWidth',2.5,'displayName','tricepsinv') 
  
legend show 
hold off    
%% 
peak=find(ffttriceps==max(ffttriceps)); 
CPofft=CPfft;%(1:(length(CPfft)/2)); 
for i=(peak-3):(peak+3) 
    CPofft(i)=CPfft(peak+3); 
    CPofft(i)=0; 
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end 
for i=(length(CPofft)-peak-6):(length(CPofft)-peak+6) 
    CPofft(i)=CPfft(peak+6); 
    CPofft(i)=0; 
end 
for i=(2*peak-6):(2*peak+6); 
    CPofft(i)=CPfft(2*peak+6); 
    CPofft(i)=0; 
end 
for i=(length(CPofft)-2*peak-5):(length(CPofft)-2*peak+5); 
    CPofft(i)=CPfft(peak+6); 
    CPofft(i)=0; 
end 
CPo=ifft(CPofft); 
magCPo=real(CPo); 
%% 
t=(CPhg(1)-CPhg(end))/(y-x)*((y-x):-1:0)+CPhg(end); 
t=CPhg; 
%% 
load m:\matlab\identpolydata.mat  % load experimental results and 
transfer function Gart, Gbi, Gtri, Xart, Xbi, Xtri, 
artcal=sim(Gart,CPbp);  % artery sensor reading generated from CP 
artmot=artbp-artcal; 
bical=sim(Gbi,CPbp);    % biceps sensor reading generated from CP 
bimot=bicepsbp-bical; 
trical=sim(Gtri,CPbp);  % triceps sensor reading generated from CP 
trimot=tricepsbp-trical; 
CPart=CPbp-sim(Xart,(arterybp-sim(Gart,CPbp))); 
CPbi=CPbp-sim(Xbi,(bicepsbp-sim(Gbi,CPbp))); 
CPtri=CPbp-sim(Xart,(bicepsbp-sim(Gart,CPbp))); 
%% 
figure(11) 
subplot(2,1,1) 
hold off 
plot(trical,'--b','LineWidth',2.5,'displayName','trical','YDataSource', 
'trical'); 
hold on 
plot(tricepsbp,'-
.r','LineWidth',2.5,'displayName','triceps','YDataSource', 'triceps'); 
plot(trimot,'k','LineWidth',1,'displayName','triceps-
trical','YDataSource', 'triceps'); 
legend('show') 
% motion FFT analysis 
NFFT = 2^nextpow2(L); % Next power of 2 from length of z 
Z = fft(z,NFFT)/L; 
trimotfft=fft(trimot(2000:end),NFFT)/L; 
f = Fs/2*linspace(0,1,NFFT/2+1); 
ffttrimot=2*abs(trimotfft(1:300)); 
subplot(2,1,2) 
hold off 
plot(f(1:150),ffttrimot(1:150),'-.r','LineWidth',2.5,'DisplayName', 
'trimotion', 'YDataSource', 'trimotion') 
legend('show') 
%% 
figure(12) 
subplot(2,1,1) 
hold off 
plot(bical,'--b','LineWidth',2.5,'displayName','bical','YDataSource', 
'bical'); 
hold on 
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plot(bicepsbp,'-
.r','LineWidth',2.5,'displayName','biceps','YDataSource', 'biceps'); 
plot(bimot,'k','LineWidth',1,'displayName','biceps-
bical','YDataSource', 'biceps'); 
legend('show') 
% motion FFT analysis 
NFFT = 2^nextpow2(L); % Next power of 2 from length of z 
Z = fft(z,NFFT)/L; 
bimotfft=fft(bimot(2000:end),NFFT)/L; 
f = Fs/2*linspace(0,1,NFFT/2+1); 
fftbimot=2*abs(bimotfft(1:300)); 
subplot(2,1,2) 
hold off 
plot(f(1:150),fftbimot(1:150),'-.r','LineWidth',2.5,'DisplayName', 
'bimotion', 'YDataSource', 'bimotion') 
legend('show') 
%% 
figure(13) 
hold off 
plot(CPart,'--b','LineWidth',2.5,'displayName','trical','YDataSource', 
'trical'); 
hold on 
plot(CPbi,'-.r','LineWidth',2.5,'displayName','triceps','YDataSource', 
'triceps'); 
plot(CPtri,'k','LineWidth',1,'displayName','triceps-
trical','YDataSource', 'triceps'); 
legend('show') 
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