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ABSTRACT 

This thesis presents the development of a micro-diaphragm for an optical pulse 

pressure sensor using Micro-electro-mechanical Systems (MEMS) technology. 

Modelling of the micro-diaphragm was conducted and the comparison of its 

performance was simulated for silicon nitride and polyirnide materials. In addition. 

diaphragm's radius and thickness were varied to further analyze the performance of the 

micro-diaphragm. There are three design parameters that affecting the micro-diaphragm 

performance namely diaphragm ·s radius. thickness and material. Thus. an optimization 

analysis using Taguchi method was done to attain significant design parameters that give 

the best micro-diaphragm performance. Findings indicated that the best performance of 

the micro-diaphragm was obtained when the micro-diaphragm achieved high deflection 

and sensitivity as well as low resonance frequency. Simulation results have concluded 

that these performances are achieved when the diaphragm's radius and thickness are 

large and small respectively. Furthermore, the Taguchi method verified that the 

optimized design parameters radius of 90~-tm, thickness of 4~-tm and polyimide material 

have successfully achieved the best micro-diaphragm performance. In addition, the 

selected design parameters have been proven to provide an adequate sensitivity to detect 

the pulse pressure on human's radial artery. 
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1.1 Overview 

CHAPTER 1 

INTRODUCTION 

Arterial stiffness is a disease which affects arterial blood vessels. It results from a 

deposition of tough, rigid collagen inside the vessel wall and around atheroma 

(Pouladian et a/., 2003). It is also caused by the build-up of fatty deposits {plaques) 

inside the arteries wall. These plaques will reduce the blood flow through the artel') 

(Latifoglu eta/., 2007). 

The arterial stiffness can be considered the most important underlying cause of 

strokes, heart attack and various heart diseases. Many researchers have demonstrated 

that pulse pressure is the strongest predictor of coronary heart failures and arterial 

stiffness (Darne et a/., 1989, Franklin et a/., 1999, Benetos et a/., 1997 and Fang et a/., 

1995). 

A high pulse pressure is correlated with a decrease in aortic elasticity probably 

due to arterial stiffness. Cardiovascular mortality and its various clinical manifestations 

such as angina, myocardial infarction and stroke are increased in the presence of raised 

pulse pressure (Darnc et al .. 1989). 

Commercial miniature sensors available, regardless of their invasiveness can 

present only a percentage of arterial occlusions. There is no information on the degrees 

of sclerosis and stiffness of the arteries which can be directly gained from them 

(Pouladian eta/., 2003, llill eta/., 2007). 
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In order to obtain parameters such as distension and stiffness of the arteries, the 

movement of the arteries walls during pulsation must be accurately detected. For this 

purpose, several techniques are used in the recent years. This includes Magnetic 

Resonance Imaging, Angiography, Lntravascula:- Ultrasound and biomedical pressure 

sensor. 

A study conducted on arterial pulse pressure waveform has shown its potential to 

indicate physiological changes due to arterial sti fTness. Moreover, a recent advance in 

Micro-electro-mechanical Systems (MEMS) field has enabled the development of a 

miniature pulse pressure sensor. This miniature pulse pressure sensor is able to detect 

the pulse pressure on the human's radial artery. The detection of pulse pressure will 

determine the degree of sclerosis in the arteries wall. 

Sensing principles such as capacitive (Chatzandroulis eta/., 1997), piezoresistive 

(Oruzhinin et al., 1999) and optical (Tohyama et a/., 1998, Katsumata el a/., 2000) 

MEMS have a good potential in biomedical application. The ability to guide signals to 

and from a measurement site has made the optical MEMS technology attractive in 

designing a pulse pressure sensor. 

Thus, the optical pulse pressure sensor has been proposed to detect the pulse 

pressure on the human's radial artery. The detection of the pulse pressure will give 

valuable information on the degree of stiffness of the artery. The proposed optical pulse 

pressure sensor is therefore convenient to be used as it will be placed on the human's 

wrist. 

This proposed optical pulse pressure sensor was designed using MEMS 

technology. In addition, the proposed sensor also consists of an optical fibre and micro-
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diaphragm which acts as a pressure sensor. llowever, this study only focused on 

designing a micro-diaphragm for the optical pulse pressure sensor. 

In this study, a micro-diaphragm based optical pulse pressure sensor was 

designed and its performance was analyzed to obtain the optimum performance for pulse 

pressure measurement in a range ofO to 300 mmllg. 

It is important to note that the micro-diaphragm performance is affected by three 

design parameters namely diaphragm radius, diaphragm thickness and diaphragm 

material. The three design parameters inevitably affected the performance of the micro

diaphragm. Thus optimization analysis of Taguchi Method is employed to attain the 

optimum design parameters which could give the best micro-diaphragm performance. 

1.2 Objective of Thesis 

The objective of this study was to design a micro-diaphragm for an optical pulse 

pressure sensor using the MEMS technology. 

1.3 Scope of Work 

The scope of work covered in the present study is as follows: 

1. Modeling of a micro-diaphragm for an optical pulse pressure sensor. 

11. Simulation study of micro-diaphragm performance for polyimide and silicon 

nitride using the MEMS technology. 

iii. Optimization of the design parameters using the statistical method ofTaguchi 
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1.4 Organization of Thesis 

This thesis is divided into five chapters and these include introduction, literature 

review, design methodology, result and analysis as well as conclusions and future works. 

Chapter 1 outlines a general introduction , objective and scope of work for this 

study. 

Chapter 2 discusses the literature review and background studies on the pulse 

pressure sensor. It covers the review on arterial stiffness and BioMEMS sensing 

principles. This chapter also describes some previous studies studying on the 

performance of the micro-diaphragm and diaphragm materials. In addition. it also 

presents a review on the design optimization techniques. 

Chapter 3 specifically explains the design methodology of the research 

methodology used for the present study. It includes designing a micro-diaphragm for the 

optical pulse pressure sensor and analysis of the micro-diaphragm performance. This 

chapter also covers the optimization using the Taguchi method. In this chapter, a 

statistical approach was used in order to attain an optimum micro-diaphragm 

performance. 

Chapter 4 describes the results and analysis of the micro-diaphragm performance 

with the variation of the design parameters. Furthermore. this chapter also presents the 

results derived from the statistical anaJysis of the Taguchi method. 

Finally, Chapter 5 discusses the overall conclusion and offers some 

recommendations for future work. 

4 
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2.1 Introduction 

CHAPTER2 

LITERATURE REVIEW 

In this chapter, the literature review on arterial stiffness, BioMEMS pressure 

sensor, diaphragm performance and materials are discussed. Meanwhile, Section 2.2 

reviews mechanisms of arterial stiffness and its diagnosis techniques. There are five 

diagnosis techniques discussed in this chapter and these includes intravascular 

ultrasound (IVUS), magnetic resonance imaging (MRI), angiography, pul!'e wave 

analysis and biomedical pressure sensor. 

BioMEMS pressure sensors are discussed in Section 2.3. The performance of 

micro-diaphragm and micro-diaphragm materials are elaborated in Sections 2.4 and 2.5 

respectively. Section 2.6 reviews the design optimization techniques. Finally, Section 

2.7 concludes the literature review. 

2.2 Arterial Stiffness 

The literature review on arterial stiffness is further divided into two parts, namely 

the mechanism of arterial stiffness and the diagnosis techniques of arterial stiffness. 

2.2.1 Mechanism of Arterial Stiffness 

Arterial stiffness is a growing epidemic associated with increased risk of 

cardiovascular diseases, dementia, morbidity and mortality (Zieman eta! .. 2005). It is a 

hardening and stiffening process of the arteries. During the stiffening process, the artery 

will be narrowed due to the deposition of fats and cholesterols known as plaques. 
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These plaques consist of three main components referred to as atheroma. 

cholesterol layers and calcification at the outer base of the artery. The atheroma is a 

nodular accumulation of soft material at the centre of the plaques. The plaques can grow 

large enough to decrease elasticity of the arteries and reduce the blood flow through the 

arteries (Lati foglu et al., 2007). In addition, it wi II increase the thickness and rigidity of 

the arterial walls. Figure 2.1 shows the stiffening process of the artery. 

Obstruction 0% 30% 65% 90% 

(a) (b) (c) (d) 

Figure 2.1: Stiffening process of the artery (a) normal artery (b) 30% obstruction in the artery (c) plaques 
in the blood vessel (d) Plaques reduce the blood flow in the artery (adapted from Servier Medical Art 
2008) 

The arterial stiffness may eventually lead to plaque ruptures and stenosis 

(narrowing of the artery). Thus, the body will receive insufficient blood supply. The soft 

plaques in the arteries will rupture and cause the formation of the thrombus. The 

thrombus will rapidly stop the blood flow and lead to death of the tissues fed by the 

arteries. This phenomenon is called infarction (Aity eta/., 2007). Infarction is known as 

a major cause of coronary artery disease such as stroke, hypertension and heart attack. 
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Arterial stiffness typically begins in early adolescence, and it is usually found in 

most major arteries (Aity eta/., 2007). Recent studies have shown that arterial stiffness 

is increases with age (Kopec et a/. , 2009). It is also associated with cardiovascular risks 

including hypertension (Nichols et al., 1990), diabetes mellitus (Lehmann et a! .. 1992). 

atherosclerosis (Wada et al., 1994) and end-stage renal failure (London et al., 1990). 

The World Health Organization(WHO, 2008) predicts that by 2010 

cardiovascular diseases would also be the leading killer in the developing world and it 

would represent a major global health problem. According to the statistic from the 

Ministry of Health (MOH, 2008) for 2008 in Malaysia. heart disease is the number one 

cause of death in this country. 

The increases in cardiovascular diseases are closely related to atterial stiffness. 

Moreover. arterial stiffness is asymptotic and cannot be detected by most diagnostic 

tools. It becomes seriously symptomatic when arterial stiffness affects coronary 

circulation or cerebral circulation. This is typically happened due to the rupture of an 

atheroma and blood clot. 

It is important to note that arterial stiffness has been implicated in the 

development of isolated systolic hypertension. This disease mainly affects the elderly 

population and is always associated with considerable excess morbidity and mortality. In 

addition. arterial stiffness may act as a marker for development of future atherosclerosis 

or it may also be more directly involved in the process of atherosclerosis. 

Currently, pulse pressure is used as a predictor for most cardiovascular diseases 

such as myocardial infarction. arterial stiffness and congestive cardiac failure. As brieny 

discussed in Chapter I, high pulse pressure (> 40 mmHg) is a predictor of the 

7 

Univ
ers

ity
 of

 M
ala

ya



cardiovascular diseases which include arterial stiffness and atherosclerosis (Ait)' et al .. 

2007). 

Although. most of the measurement techniques are focusing on experimental and 

physiological studies at present, arterial stiffness can be measured using a variety of 

techniques. Nevertheless, it is likely that over the next few years measurement of arterial 

stiffness wi ll become an increasingly important part of theprocess of risk assessment, 

and may possibly also improve the monitoring of therapy in patients with conditions 

such as isolated systolic hypertension. Therefore it has become necessary for physicians 

to understand the importance of arterial stiffness and all the techniques available for 

clinical assessment. 

2.2.2 Diagnosis Techniques for Arterial Stiffness 

In order to obtain parameters such as distension and arterial stiffness. the 

movement of the arterial walls during pulsation must be accurately detected. Several 

techniques have been used in the recent years. These include MRI, angiography, JVUS, 

pulse wave analysis and biomedical pressure sensors. 

(i) Magnetic Resonance Imaging 

Magnetic Resonance Imaging (MRI) is an imaging technique used primarily in 

medical settings to produce high quality images inside the human body (Hossain and 

Abed in, 2008). It provides detailed images of the body in any plane. MRI is potentially 

useful and can be used as an effective diagnostic tool in basic research, clinical 

investigation and disease diagnosis (Yu and Zhao, 2008). 

In addition, the MRI also provides both chemical and physiological information 

about the tissue under investigation (Yu and Zhao, 2008, Hautvast et al .. 2006). It is 

based on the principles of nuclear magnetic resonance (NMR). The NMR is a 
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spectroscopic technique used by scientists to obtain microscopic chemical and physical 

information about molecules (Hossain and Abedin, 2008). 

The MRI was initially used as a tomographic imaging technique which produced 

an image ofNMR signal in a thin slice through the human body (Hossain and Abedin, 

2008, Frahm et al, 1987). The human body is mainly composed of water molecules in 

which each molecule contains two hydrogen nuclei or protons. Besides water molecules, 

it also contains of fat. Fat and water have many hydrogen atoms, which make the human 

body to have approximately 63 % hydrogen atoms. llydrogen nuclei have an NMR 

signal (Hossain and Abedin, 2008, Frahm el al .. 1987). 

For these reasons, the MRI is primarily images of NMR signals from the 

hydrogen nuclei. Each of the human body images contains one or more tissues. 

Meanwhile proton possessed a property called spin which can be thought of as a small 

magnetic field, and it will cause a nucleus to produce an NMR signals (Hossain and 

Abed in, 2008, Sebastiani eta/., 1996, Matter et al .. 2006). 

The MRl provides a much greater contrast between the different soft tissues of 

the body than a computed tomography does, making it especially useful in neurological 

(brain), musculoskeletal, cardiovascular, and oncological (cancer) imaging. In 

cardiovascular diagnosis, a non-invasive assessment of atherosclerosis is important. 

Figure 2.2 shows the MRI scanner of the human body. Advancements in the MRl have 

made it possible to obtain high resolution and in-vivo visualization of atherosclerosis 

plaque of complex composition (Imai eta/., 2006). 
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Figure 2.2: Magnetic Resonance Imaging Scanner (adapted from draimaging 2009) 

However, many magnetic resonance signals encounter problem in low signal-to

noise ratio. Magnetic resonance magnitude image noise is usually modelled by Richian 

Distribution (Yu and Zhao, 2008, Gravel et al .. 2004). Richian noise is not lero-mean, 

and the mean dependents on the local intensity in the image. Thus, the estimation of the 

magnetic resonance image from the noisy data is especially challenging because of this 

complication. 

(ii) Angiography 

Coronary X-ray angiography is currently the standard imaging technique used in 

diagnosing coronary artery disease (Hansis et a/., 2008). The coronary artery disease 

(CAD) is a condition when plaque builds up inside the coronary arteries. Angiography is 

conducted by injecting a radio-opaque contrast agent into the blood vessel and the X-ray 

based technique is used for imaging. 

Angiography is mostly done through femoral artery. Using guide wires and 

catheters, a contrast agent is added to the blood to make it visible in x-ray images 

10 
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(Bartsch et al., 1996). Two dimensional projection images of selectively contrast agent 

enhanced arteries are usually analyzed directly. 

llowever, a 3-D reconstruction of the coronary arteries would offer great 

advantages. The 3-D reconstruction of the coronary arteries is performed from rotational 

projection data of selective contrast agent. It is enhanced coronary arteries, acquired on 

an X-ray C arm system with simultaneous electrocardiogram (ECG) recording (llansis et 

a/., 2008). 

Angiography has been the standard for evaluating the extent of coronary artery 

disease. However, pathologic studies have indicated that the angiography images of 

coronary arterial stiffness are underestimated by 'normal' coronary artery segments 

(Mintz et al., 1995). Furthermore, angiography is invasive and has relatively high cost. 

(iii) Intravascular Ultrasound 

Intravascular Ultrasound (JVUS) is a medical imaging technique \\hich uses a 

catheter with a miniaturized ultrasound probe that can determine both plaque volume 

within the arteries wall and stenosis of the arteries lumen. The IVUS enables assessment 

of morphology and distribution of in vivo atherosclerosis plaque (Yamagishi et a/., 

1999). Figure 2.3 shows the assessment of arterial stiffness using l VUS. 

_] 

Transducer Carotid Artery 

Figure 2.3: Duplex ultrasound probe (adapted from Stocktoncardiology. 2009) 
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The IVUS can visualize the lumen of the arteries. Therefore, the IVUS is 

normally used to determine both plaques volume within the arteries wall and the degree 

of stenosis of the artery lumen. It can be useful in situation in which an angiographic 

image is considered unreliable. In addition, the IVUS has been reported (Yamagishi et 

a/., 1999) to be used in assessing the effects of medical treatment of stenosis. 

However, lVUS is time consuming and can only be performed by a technician 

who is trained in interventional cardiology techniques. The IVUS uses significant 

additional examination time and increased risk to the patient beyond performing a 

standard diagnostic angiographic examination. Moreover, there may be additional risk 

imposed by the use of the IVUS catheter. 

(iv) Pulse Wave Analysis 

Noninvasive radial artery pulse wave has been widely used for assessment of 

arterial stiffness. Shape of the arterial pulse waveform provides a measure of systemic 

arterial stiffness. The arterial pulse waveform can be assessed noninvasively using the 

pulse wave analysis (PWA) technique (Wilkinson et al., 2002). 

PWA is a non-invasive method which measures small vessel and large vessel 

compliances derived from the radial artery. The PWA detects changes in the blood flow 

through the vessels and calcified arteries (Thompson et al., 2008). Calcification changes 

the blood vessel and flow characteristics. The study involving an arterial pulse wave 

analysis has shown its potential in indicating physiological changes due to the arterial 

stiffness or peripheral vascular disease. 

The arterial pressure waveform was first recorded and analyzed at the end of the 

191
h century. The waveform was recorded using sphygmograph (Mackenzie et al., 1995). 

Since then, numerous methods have been used to detect the arterial pulse pressure. They 
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include the vasculograph (Lax et al., 1958), invasive devices and more recently, the non-

invasive tonometer. 

The arterial pressure waveform is composed of a forward pressure wave and a 

reflected wave. Waves are reflected from the periphery mainly at branch points. The 

velocity at which the pressure wave travels is influenced by the stiffness of the arteries. 

The stiffer arteries will result in higher velocity of pulse wave. 1n elastic vessels, the 

reflected wave tends to arrives back at the aortic root during diastole (Lax et a/., 1958, 

Mackenzie et al., 1995). 

However, in the case of stiff arteries, the reflected wave arrives back at the 

central arteries earlier. Thus, it will cause augmentation of the systolic pressure and a 

consequent decrease in d iastole pressure. Figure 2.4 shows radial pulse contour derived 

from the radial artery.The radial artery waveforms can be derived non-invasively using a 

simple non-invasive method of measuring arterial stiffness, tonometer. 
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Figure 2.4: Radial pulse contour derived from the radial artery (adapted medstudents. 2009) 

As illustrated in Figure 2.5. the tonometer is used to record pulse pressure at 

radial or carotid arteries. It consists of an array of pressure transducer which used a 
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modified Windkessel model of the circulation and an assessment of diastole pressure 

decay (Mackenzie et al., 1995).The arterial pressure waveform is measured at the site 

where the strongest pulse is detected (Tyan et al.. 2008). 

However, certain patients with vascular diseases or unusual physiques have 

smaller and weaker radial artery's pulses. Thus it is difficult to find the position of the 

strongest pulsation, thereby making it impossible to measure the optimal pulse. ln 

addition, the tonometer is operator depended and it is also very sensitive to movements. 

Therefore, it is challenging to record a stable radial pulse waveform using the tonometer. 

ronomt:ter 

Figure 2.5: Principle of tonometer. The artery is gently compressed against the underlying bone, thus 
flattening it and equalizing circumferential pressures, allowing a high-fidelity pressure wavefonn to be 
recorded (adapted from Mackenzie et al., 1995). 

(v) Biomedical Pressure Sensor 

Biomedical pressure sensor has shown its potential in diagnosing arterial 

stiffness. Diagnosis of arterial stiffness can be conducted by detecting the pulse pressure 

on the human's radial artery. 
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There are two approaches used in biomedical pressure measurements namely 

direct pressure and indirect pressure measurements.The direct pressure measurement 

refers to the assessment of the pressure using a sensor which is in contact with blood or 

fluid in human body (Dorf. 2006). Through invasive techniquesthe sensor experiences 

physical connection with circulating blood or measured fluid. 

However, the indirect pressure measurement involves a sensor which does not 

have any invasive measurements. The most familiar indirect pressure measurement is 

arterial pressure measurement. The primary sensor used for indirect arterial pressure 

measurement is a strain gauge pressure transducer. This sensor consists of a diaphragm 

which is attached to a four gauge wires (Figure 2.6). A differential pressure seen across 

the diaphragm will cause a deflection. This deflection will then be measured by a 

displacement transducer (Oorf, 2006). 

Port 
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Figure 2.6: Unbonded strain gauge pressure sensor (adapted from Dorf. 2006) 

Advances in the semiconductor technology have been applied in designing the 

biomedical pressure sensor. Therefore, smaller and less expensive sensor can be 
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designed. Silicon strain gauge was developed using this technology. It is more sensitive 

than the previous design. In addition. a chip which consists of a diaphragm with strain 

gauge integrated into its surface was also designed using this technology. The sensor 

structure is shown in Figure 2.7. 

Nevertheless, there is a critical need for a miniature ultra-low pressure transducer 

(Noh el a/., 2003). Many sensing principles such as piezoresistive, capacitive and 

optical have been reported for biomedical pressure sensors. The rapid expansion in 

Biological Micro-electro-mechanical Systems (BioMEMS) has enabled sensor 

miniaturization for arterial pressure measurements. Extended reviews on the BioMEMS 

technology will be explained in the following section. 

Lead wires 

Silicon 
with integrated strain 
gauge 

Plastic Housing 

Vent 

Figure 2.7: Silicon-based pressure sensor (adapted from Dorf, 2006) 

2.3 BioMEMS Pressure Sensors 

ln the recent years, the BioMEMS has become increasingly prevalent and it has 

also been used in a wide variety of applications such as diagnostics, therapeutics and 

tissue engineering. The inception of the MEMS technology in 1970s. led to the 

realization of the significance of the biomedical applications of these miniature systems. 

As a result, the BioMEMS has emerged as a subset of the MEMS devices for 
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applications in biomedical research and medical micro-devices (Saliterman. 2006). It 

can typically be considered as having a dimension in micron range(- IOOnm to 200f,.lm). 

Derived from the microfabrication technology, BioMEMS is expected to revolutionize 

the way medicine is practiced and delivered. 

In general, BioMEMS integrate micro-scale sensors, actuators, microfluidics. 

micro-optics, and controls for application in medicine (Polla,200 I, Cheung, 2005). 

These devices and systems encompass all interfaces of the life sciences and biomedical 

disciplines with micro-scale and nano-scale systems (Bashir, 2004). The ability to apply 

batch fabrication methods in the BioMEMS manufacturing enables a greater 

accessibility to the medical procedures through a lower overall cost of health care 

delivery system (Grayson, 2004). 

In addition, advances in miniaturization techniques have enabled non-invasive 

arterial pulse pressure measurement. The miniaturization of the pressure sensor has been 

done by utilizing the BioMEMS technology in piezoresistive (Marco et al., 1996, 

Pramanik et al., 2006), capacitive (Chiang et a/., 2007) and optical sensor (Toshima et 

a!., 2003, Dagang et a/., 2006). 

2.3.1 Piezoresistive 

Ever since the piezoresistive effect in the semiconductor materials was 

developed (Kerr and Milnes, 1963Smith 1954), it has widely been applied to 

manufacture piezoresistive sensor (Marco et a/., 1996). The piezoresistive sensor 

consists of four resistors which are arranged in a Wheatstone bridge circuit (McCready 

eta/., 2002). 

Jt is usually made by placing the sensing resistors on the top of the silicon 

diaphragm. When the diaphragm is loaded with an applied pressure, the resultant strain 
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from the deflected diaphragm will change the resistance value of the sensing resistors 

(McCready et al., 2002). The variation of resistivity with strain is then exploited to 

obtain an output signal proportional to the input force. 

In the late 1950's, the piezoresistive pressure sensor became available for 

biomedical applications. The sensor was designed for intravascular pressure 

measurements. Millar lnstruments miniaturized this sensor and placed it in a catheter. 

Nevertheless, the resulting product was fragile and very expensive. Thus, it was on ly 

applicable in restricted applications. 

Using thin membrane, Marco et a/. 1996 developed a piezoresistive pressure 

sensor for invasive pressure measurements. This particular sensor is capable of d1rcct 

pressure measurement and it is also more linear than the available pressure sensors. 

Pramanik el al. 2006 maximized the performance of the piezoresistive sensor by 

optimizing the doping concentration and geometry of the sensor. 

Nevertheless, biocompatibility issues should be taken into consideration when 

designing a biomedical sensor. Even though piezoresistive transducers are more linear 

than capacitive detection, a non-negligible nonlinearity appears when high sensitivity 

and accuracy are simultaneously required (Marco el a/., 1996, He and Yang, 2006). 

A major problem associated with the piezoresistive pressure sensor is its inherent 

cross sensitivity to temperature. Other disadvantages of the piezoresistive pressure 

sensor include large power consumption and strict requirement for sensing resistors 

placement to obtain maximum sensitivity (Xu, 2005). 

2.3.2 Capacitive 

On the contrary, to the piezoresistive pressure sensor, capacitive sensor generates 

an electrical signal because of an elastic deformation of a diaphragm. Capacitive sensor 
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is a noncontact device used for precision measurement of a conductive or a 

nonconductive material (Wilson, 2005). 

Non-contact capacitive sensor operates by measuring changes in an electrical 

property called capacitance (Wilson, 2005, Lion Precision, 2009). In more specific. 

capacitance describes how two conductive objects with a space between them respond to 

a voltage difference applied to them. Figure 2.8 and 2.9 show an electric field is created 

between them and causing positive and negative charges to collect on each conductive 

object (Lion Precision, 2009). 

However, capacitance is affected by three things: the sizes of the probe and 

target surfaces, the distance between them, and the material used in the gap. 

Theoretically, the intrinsic sensitivity of the capacitive pressure transducer can be much 

greater than piezoresistive transducer (Ko et a/., 1982). The capacitive structure is also 

expected to be free from some of the effects which cause baseline dri 11 in piezorcsistive 

pressure transducer (Ko et al., 1982). 

D 

c 

+ 

Figure 2.8: Applying a de voltage to conductive objects (adapted from Lion Precision. 2009). 
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Figure 2.9: Applying an alternating current to conductive objects (adapted from Lion Precision, 2009). 

A number of MEMS capacitive pressure sensors have been developed for 

biomedical applications. In I 980, capacitive pressure sensor was first fabricated using 

the MEMS technology (Sander el a!. , 1980). The main structure of this particular sensor 

is a chamber. When a pressure is loaded onto the chamber, the capacitance will change. 

The measuring range was from 0 to 300 mmHg and the sensor was specifically designed 

for biomedical application. Extensive reviews on the MEMS capacitive sensor were 

conducted by Puers, 1993. 

llabibi et a/., 1995 used the glass as the substrate to design capacitive pressure 

sensors. The sensors were designed using the surface micromachining technology. The 

sensors were arranged in an array on the glass substrate and the measuring range of these 

sensors was 0 to 800 kPa. 

The capacitive pressure sensor has shown good performance in terms of 

sensitivity and power consumption. However, electrical connections to the sensor are 

very sensitive to noise. This is because of the small electrical capacitance. Therefore, it 

is desired to make the connections as short and well defined as possible, and this makes 

creating a sensor packaging a big challenge (Xu, 2005). 
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2.3.3 Optical 

Miniature sensors arc preferred in biomedical applications because of the 

minimized effect on the measured systems (Zhu et al .. 2005). Significant efforts have 

been exerted to fabricate these miniature sensors, electrically or optically interrogated. 

Compared to capacitive and piezoresistive sensor (Goustouridis et al.. 1998), optical 

sensor has several advantages which include high resolution, high sensitivity, intrinsic 

electrical passivity and immunity to electromagnetic interference (Zhu et al .. 2005, 

Totsu eta!., 2003, Tohyama et al .. 1998). 

Optical pressure sensor typically utilizes a sensor head which consists of a 

micro-diaphragm and optical fibre. The optical pressure sensor converts the light rays to 

an electric signal. Therefore the micro-diaphragm is one of the most important parts in 

the optical pressure sensor. It is because the sensitivity of the sensor is highly dependent 

on its performance (Noh eta!., 2003). 

lligh resolution and wide dynamic range afforded by optical detection provides a 

good combination with the demands of the MEMS pressure measurements. Therefore, 

several optical systems have been developed for measuring the displacement or 

deflection in the MEMS devices. The optical pressure measurements techniques can be 

categorized as interferometric and non-interferometric (Tayag et al., 2003). 

The non-interferometric technique typically modulates the power which is 

coupled into an optical fiber to ensure that it is proportional to the deflection of the 

MEMS sensor. This technique includes the optical-beam deflection method (Shin eJ a!., 

1998), the shutter method and the lever method (He and Cuomo, 1991 ). 

Meanwhile, the interferometric technique can be divided into two namely, 

single-point measurement technique and full-field optical measurement technique 
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(Tayag et al., 2003). The single-point measurement technique measures the transverse 

deflection at a single point on the MEMS structure. Therefore, it is proven that linear 

and two-dimensional deflection data can be obtained using this approach. 

The full-field optical measurement is a non-contact measurement method in 

which various physical quantities such as position. deflection, and stresses are measured 

as two-dimensional distribution. It is based on the images taken by a camera to give real 

time distribution data. The fu ll-field optical measurement technique includes 

holographic interferometry (Wernicke et a/., 1998), moire interferometry (llart et a/., 

1999) and stroboscopic interferometry. 

A new optical pressure sensor design emerged in the late 1970's and early 1980's 

(Matsumoto el al., 1978). The sensor design is based on Fabry-Perot Interferometer 

(Belsley et al., I 986). The Fabry-Perot Interferometer is typically made of a transparent 

plate with two reflecting surfaces. In this design, one of the two parallel optical 

reflecting surfaces acts as a pressure sensitive micro-diaphragm. Fabry-Perot reflectance 

peak change accordingly when the micro-diaphragm responds to the pressure. llowever, 

th is design required complex signal analysis instrumentation. 

A dual-channel non-invasive optical sensor system was developed by Singh et 

al.. 1990. The sensor is used for simultaneous recording of carotid and radial artery 

pulses. Pressure pulsations detected on the artery cause the micro-diaphragm to be 

deflected. Thus, the deflected micro-diaphragm changes the reflected light spectrum. 

Nevertheless, the sensor systems require further improvement so as to obtain a 

continuous monitoring of arterial pressure waveform. 

Interferometric pressure sensor for intravascular blood pressure measurement 

was developed by Hill eta/. 2007. The Fabry-Perot Interferometry is formed between a 
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reflective micro-diaphragm and the optical fibre's end. Using SU-8 as the diaphragm 

material, Hill et al. 2007 showed that the sensor achieved linear response to pressure 

with satisfactory resolution for the intravascular blood pressure measurements. 

The optical MEMS pressure sensors for biomedical applications were designed 

and reviewed in (Dagang et a/., 2006, Cibula el a/ .. 2002, Toshima et al., 2003, Wang et 

al. , 2005 and Tohyama et al., 1998). The optical MEMS have shown the potential in 

designing a biosensor. Reviews have shown that the optical MEMS are suitable for non

invasive measurements of pulse pressure waveform on human radial artery. 

2.4 The Performance of Micro-Diaphragm 

Designing a micro-diaphragm for an optical sensor can be successfully done by 

analyzing the performance of micro-diaphragm. Among all the elastic plates, the micro

diaphragm is not only simple to construct, but it is also suitable in high vibration 

environment (Giovanni, 1982). Moreover, the micro-diaphragm is a flexible plate which 

undergoes elastic deflection when a lateral pressure is applied onto it. 

Deformation of the loaded micro-diaphragm will determine the performance and 

sensitivity of the complete sensor system. Thus, it is crucial to design a micro-diaphragm 

which can operate with optimum performance. Diaphragm deflection, diaphragm 

pressure sensitivity and frequency response of the diaphragm are the most important 

parameters to be considered in designing the micro-diaphragm. 

Numerous researchers have investigated the performance of micro-diaphragm for 

the optical sensor. Among other extensive reviews on the perfonnance characteristics of 

micro-diaphragm have been conducted by Xu, 2005 and Deng, 2004. Both the 

researchers analyzed the performance of micro-diaphragm for optical MEMS pressure 
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measurement of gas turbine engine and real-time detection of acoustic emissions in 

power transformer respectively. The studies have shown that the performance of micro

diaphragm become less sensitive when the diaphragm is thick (Xu, 2005, Deng. 2004) 

In addition, the relationship between diaphragm deflection and applied pressure 

has been analyzed by Le et al., 2005, and Dagang et al .. 2006. The researchers found 

that the diaphragm deflection increases linearly when the applied pressure increases. 

Therefore a micro-diaphragm which has a linear relationship between diaphragm 

deflection and applied pressure is highly desirable since it is easy to calculate and 

measure. This linear relationship between deflection and applied pressure is achieved 

when the maximum deflection is not more than 30 % of the diaphragm thid.ness 

(Giovanni, 1982, Xu, 2005, Deng, 2004). 

Besides diaphragm deflection. sensitivity is another important parameter to be 

considered in designing the diaphragm. The determination of diaphragm pressure 

sensitivity partially defines the sensitivity of a complete sensor system. The diaphragm 

pressure sensitivity is defined as the ratio of the deflection to the applied pressure. 

Analysis presented by Sheplak and Dugundji, 1998, showed that a diaphragm with high 

sensitivity is desirable since it measures how sensitive the diaphragm deforms with the 

applied pressure. 

Resonance frequency of the diaphragm is another important parameter to be 

considered in any diaphragm performance analysis. High sensitivity diaphragm reduces 

the diaphragm resonance frequency (Sheplak and Dugundji, 1998, Xu, 2005, Deng, 

2004). Thus, it is crucial to select design parameters which give the highest sensitivity 

without affecting diaphragm resonance frequency. Therefore, there is a need to find the 

optimum design parameters to achieve the diaphragm with the best performance. 
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2.5 Micro-Diaphragm Material 

Material for the micro-diaphragm is chosen based on its applications. The 

selection of the most suitable material for the micro-diaphragm is also a crucial part in 

designing an optical pulse pressure sensor. Since the micro-diaphragm acts as a pressure 

sensitive element, it must have a high sensitivity to ensure the performance of the optical 

pulse pressure sensor. The optical pulse pressure sensor must have an adequate detection 

system to measure small micro-diaphragm deformation. Therefore, suitable material 

needs to be chosen to ensure the micro-diaphragm is sensitive for small pulse pressure 

measurements. 

There are five main categories of MEMS materials as shown in Figure 2.1 0. The 

structural material or substrate material must be able to withstand the various process 

steps. Spacer materials arc usually completely or partially etched away to release the 

microstructure. In addition, it may also be used to make moulds for structures and 

protect the substrate or structural material from certain etching steps. Surface materials 

are also important for achieving electrical isolation. Besides that, active materials are 

incorporated on structures to exp loit their special physica l transduction characteristics. 

structure 

surface 

substrate 

Figure 2.10: Categories of micromechanical materials (adopted from Bustillo et al., 1998) 

Figure 2.11 shows the material properties in the MEMS. These material 

properties can be divided into a few categories which include mechanical and electrical 

properties of material. Mechanical properties include Young's modulus, shear stress, 
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residual stress and poison's ratio (Park. 2003). Another material properties in the MEMS 

arc processing, cost, thermal conductivity, biocompalibility, electro-chemical and 

optical. 

Biological Cost 

Thermal (Heat Conductivity) Optical (Roughness) 

Figure 2. 11 : Material properties of the MEMS 

In additjon, a comparison of material properties for several MEMS materials is 

presented in Table 2.1. The material properties for silicon-, polymer- and metal- based 

materials are presented in terms of Young's Modulus and Poisson's ratio. Young's 

Modulus is a measure of the stiffness of an isotropic elastic material while Poisson's 

ratio is a ratio of the transverse strain to the extension of axial stra in (Beards, 1996). 

The MEMS technology can be implemented using a number of different 

materials and manufacturing techniques. The materials that can be used for the 

diaphragm include sil icon, polymer and metal. Previous studies on micro-diaphragm 

material for biosensor are presented and these include silicon-based, polymer-based and 

metal-based materials. 
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Table 2.1: Comparison of material properties for silicon based, polymer based and metal based diaphragm 
materials 

Material Silicon based Polymer based Metal based 

Properties 
Silicon Silicon Silicon SU8 PDMS Polyimide Aluminum Nickel Magnesium 

Nitride Carbide metal 

Young's 150 270 410 4.4 0.87 7.5 70 200 45 

Modulus 

(GPa) 

Poisson' s 0.17 0.27 0. 14 0.22 0.5 0.35 0.35 0.31 0.29 

ratio 

(i) Si licon 

Silicon is a material used to create most integrated circuits in consumer 

electronics. Silicon has significant advantages engendered through its material 

properties. When it is nexed there is virtually no hysteresis and hence almost no energy 

dissipation (Madou, 2002). 

Silicon is very reliable as it suffers very little fatigue and can have a service 

li fetime in the range of bill ions to trillions of cycles without breaking. The basic 

techniques for producing a ll sil icon-based MEMS devices are deposition of material 

layers, patterning of these layers by lithography and etching. These techniques could be 

applied to produce the required shapes. 

Totsu el a/., 2005 successfully developed an optical pressure sensor system using 

sili con diaphragm. The system directly detects the modulated spectrum of the renected 

light from the sensor interferometer. By detecting the shift of the peak wavelengths from 

the spectrum, the cavity length is calculated and the measured pressure is continuously 

displayed. 
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The silicon diaphragm has been used to design a fiber-optic pressure micro

sensor for balloon catheters (Tohyama et al., 1998). lt is shown that the silicon is 

biocompatible and suitable in designing a biosensor. The developed sensor can be used 

for a wide range of medical applications such as minimally invasive surgery and 

microsurgery (Tohyama eta/., 1998). 

ln addition, silicon has been used in designing a piezoresistive pressure sensor 

for biomedical applications (Pramanik et a/., 2006, Marco et al.. 1996). Many 

researchers (Totsu el a/.. 2005, Tohyama et a/., 1998, Pramanik et a/., 2006, Marco et 

a/., 1996) have shown that the silicon has a potential in invasive and non-invasive 

measurements. In more specific, the MEMS technology has enabled the usage of silicon

based materials. The si licon based materials such as silicon nitride, polysilicon and 

sil icon dioxide are biocompatible and they are also commonly used for biomedical 

applications. 

Polysilicon has been used to design a pressure sensor for cardiovascular pressure 

measurements (Kalvesten et at., 1998). Kalvestcn et a/., 1998 further showed that 

polysilicon could be used as a pressure sensor inside catheters. Meanwhile silicon nitride 

possesses few advantages for clinical and biomedical applications (Silva et at., 2008). 

This is due to its high wear resistance and low friction coefficient. In addition, silicon 

nitride is a non-cytotoxic material and possesses satisfactory fracture roughness. 

(ii) Polymer 

Even though the electronic industry has widely used silicon, nevertheless 

crystalline si licon is still a complex and relatively expensive material to produce. 

However, polymer can be produced in huge volumes. with a great variet} of materiaJ 

28 

Univ
ers

ity
 of

 M
ala

ya



characteristics. The MEMS devices can be made from polymers by processes such as 

injection moulding, embossing and stereolithography (Park and Bronzino, 2003). 

Synthetic polymeric materials have widely been used in medical disposable 

supplies, prosthetic materials, dental materials, implants, dressings and polymeric drug 

delivery systems (Park and Bronzino, 2003). The main advantages of the polymeric 

biomaterials compared to metal and ceramic materials are the ease of manufacturability 

to produce various shapes, ease of secondary processibility, reasonable cost, and 

availability with desired mechanical and physical properties (Park and Bronzino. 2003). 

Many researchers have been using polymer to design a micro-diaphragm for a 

biosensor (Cibula eta/., 2002. Hill eta/., 2007, Shin eta/., 2004, Chiang eta/., 2007, 

Melamud el al. , 2004, Nesson 2007, Pelletier eta/., 2005, Yu and Zhao, 2008). Among 

other Cibula et al., 2002, designed a miniature optical pressure sensor for blood pressure 

measurement. The invasive design of the pressure sensor utilizes a thin polymer 

diaphragm which is inserted inside a hollow end of the optical fibre. The performance of 

the sensor is optimized for human blood pressure range (0 to 300 mmllg) with I mmHg 

resolution (Cibula eta!., 2002). 

Hill et al., 2007 used biocompatible polymer, SU-8 to fabricate an 

interferometric pressure sensor. The sensor consists of a polymer cap with a reflective, 

pressure sensing diaphragm mounted onto the end of a fibre optic cable. The sensor is 

designed for invasive biomedical applications. It showed a linear pressure response from 

0 to 125 mmHg with 1-2 mmHg resolution. Furthermore, the sensor shows promising 

results when tested in air and liquid environments. 

However, there is a limitation involved when SU-8 is used as a critical material 

in micro-devices. The possible disadvantages of SU-8 include instability and 
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manufacturing process variability. The invasive biomedical commercial product with 

SU-8 as a critical material should be carefully tested in a representative environment and 

perhaps ship in fluid-filled packaging (Melamud eta/., 2005, Hill eta/., 2007). 

A flexible wireless blood pressure sensor was developed using a chip embedded 

flexible packaging technology by Shin et al., 2004. Polyimide is spin coated to act as 

flexible diaphragm. Polyimide diaphragm is mechanically flexible and it is wrapped 

onto the outside of the blood vessel. The pressure sensor consists of a flexible 

capacitance type sensor system. As blood pressure changes, the blood vessel either 

expands or shrinks. This sensor system detects blood pressure variation due to the 

changes in the distance between the electrodes (Shin el al .. 2004). 

Meanwhile Chiang eta/., 2007 developed a micro capacitive pressure sensor for 

in situ monitoring of the interface pressure between implanted cuff and nerve tissue. In 

this study, the structure of the capacitive pressure sensor consists of two parallel 

electrical sensing plates. Polyimide is chosen as a material for insulating layers because 

it is biocompatible and can act as an insulator. 

In vitro intradiscal pressure measurements of rodents have been successfully 

demonstrated by Nesson 2007. Nesson 2007 developed two different optical systems 

with novel miniature optical pressure sensors. The two difTerent optical systems consist 

of intensity based sensor system and low coherence interferometry based sensor system. 

The pressure sensor was designed using polyimide diaphragm to measure pressure in rat 

discs without disrupting the structure and altering the intradiscal pressure. 

Yu and Zhao, 2008 further improved the design by Nesson 2007. One of the 

unique features of this study is the design and fabrication of a sensor element with a 

multilayer polymer-metal diaphragm. The fabricated sensor showed better performance 
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than Nesson's design without disrupting the structure or altering the intradiscal pressures 

(Yu and Zhao, 2008). 

It is proven in this review that the polymer-based materials have to be used 

indesigning the micro-diaphragm for biosensor (Cibula et a/. , 2002, Hill et a/., 2007, 

Shin et al.. 2004, Chiang eta/., 2007, Melamud el a/., 2004, Nesson 2007, Pelletier et 

al., 2005, Yu and Zhao, 2008). Thus, these extensive reviews are beneficial and helpful 

in the selection of the most suitable diaphragm material. 

(iii) Metal 

Metals can also be used to create MEMS devices. Metals exhibit a very high 

degree of reliability. Besides that, metals are used as biomaterials due to their excellent 

electrical, thermal conductivity and mechanical propetties. Since some electrons are 

independent in metals, they can quickly transfer an electric charge and thermal energy. 

The mobile free electrons act as a binding force to hold the positive metal ions 

together (Park and Bronzino, 2003). Moreover, the attractions between electrons are 

strong. This is due to the closely packed atomic arrangement. As a result, most metals 

have high specific gravity and high melting points (Park el a/, 2003). 

However, metal is rarely used as a sensing clement for small range of pressure 

measurements. This is because metal possesses high stiffness and high Young's 

Modulus as presented in Table 2.1. Since the sensor is designed for pulse pressure 

measurement and operating in small deflection measurements, metal is not suitable for 

this particular study. On the contrary, materials with low Young's Modulus are more 

suitable for small pulse pressure measurements. 
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2.6 Design Optimization Techniques 

In this study, the performance of micro-diaphragm will determine the 

performance of a complete sensor system. Deviation in the performance of micro

diaphragm due to the design parameter variations should be taken into consideration in 

the early MEMS design stage. However, these design parameters have not been 

considered during device-level and system-level design stages in MEMS software. Thus, 

overall performance of micro-diaphragm is affected. 

Since size of MEMS micro-diaphragm approach the micron and submicron 

range, its performance is more sensitive to design process variations. In addition. there is 

possibility that the material used in the micro-diaphragm is poorly characterized 

(Hsiung, 2006). Further complicating the design process is the difficulty of making 

measurements at the micrometer scale. As a result, most performances of the micro

diaphragm have large uncertainties associated with their variations in design parameters. 

Thus, a robust design method is needed to ensure the micro-diaphragm achieve 

its best performance. If the micro-diaphragm is not robust to design variations. 

exhaustive post .. fabrication screening or cal ibration is often required. ln other words, the 

micro-diaphragm must be optimized and perform its intended functions with minimized 

noise factors (Basem, 2005). 

Therefore, to successfully design the best performance of micro-diaphragm, the 

optimization methods such as six-sigma quality strategy (Basem, 2005, Coleman e1 a/., 

2000), reliability-based design (Zhang et a!., 2005, Kuo el a/., 200 I, l laldar & 

Mahadevan, 2000, Maute & Frangopol, 2003), robust optimization (Basem. 2005) and 

genetic algorithm (Darnobyt el a!.. 2008) have been applied in optimizing the 

performance of MEMS devices. 
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Damobyt et a!., 2008 used genetic algorithm in designing MEMS element 

(Damobyt et a/., 2008). The inductive nature of genetic algorithm does not require 

knowledge in any rules of the problems. However, it requires more computational time 

for the genetic algorithm search process (Darnobyt et a/., 2008). 

Besides that, a six-sigma quality strategy was used as the earliest approach to 

reduce the design variations (Zhang et al., 2005). lt is an organized and systematic 

problem solving method for strategic system improvement and development. The six

sigma strategy is classified into two approaches namely reliability-based method and 

robust design-based method. 

The difference between structural robustness and reliability is shown in Figure 

2.12. The reliability-based method estimates the probability distribution of the system's 

response based on the known probability distributions of the random parameters. Maute 

and Frangopol, 2003 combined topology and reliabi lity-based method in order to 

provide a stochastic method for compliant the MEMS design. llowever, in this method, 

the variation is not minimized since it only concentrates on rare events at the tails of the 

probability distribution (Basem eta/., 2005). 

Meanwhile, the robust design improves product quality by minimizing the effects 

of variation causes without eliminating them. In 1951, Fisher has developed a statistical 

design of experiment (DOE) approach to improve the yield of agricultural crops (Fisher, 

1951 ). DOE refers to the processes of planning, designing and analyzing process 

variables or factors to achieve valid result in an effective way. 
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Probability Density 

Robustness 

Limit state 

Reliability 

Performance 

Figure 2.12: The difference between structural robust11ess and reliability 

Unfortunately, in most situations, time is limited and the DOE methods tend to 

be lengthy and cumbersome. The DOE is a structured, organized method which is used 

to determine the relationship between the different factors affected a process and the 

output of that particular process. In order to optimize the design with such restrictions, a 

more efficient experimental method is needed. 

In 1950s and early 1960s, Taguchi developed a methodology as a foundation of 

robust design to produce high quality products. This methodology has simplified the 

procedure by advocating the use of fewer simulation runs. It also provides a clearer 

understanding of the variation nature and economic consequences of quality engineering 

(Tasirin eta/., 2007). 

Although the concept in Taguchi method is similar to concept of DOE, this 

method only conducts balanced or orthogonal simulation combinations. Thus it makes 

the Taguchi method even more efficient than the fractional functional design. In 

addition, this method allows looking into variability caused by the noise factors, which 

are usually ignored in the traditional DOE approach (Taguchi, 1989). Summarized 
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comparison between reliability-based method and robust design-based method is 

presented in Table 2.2. 

Table 2.2: Comparison between reliability-based method and robust design-based method 
(adapted from Kirby, 2006, Basemet a/., 2005) 

Aspect 

Knowledge of the 

process being studied 

Number of test runs 

Noise factors 

Variability of system 

being studied 

Confirmation runs 

Rei iabi lity-based 

method 

Required 

Large 

Included 

Not minimized 

Not required, as all 

combination of inputs 

are tested 

Robust design-based method 

DOE 

Not required 

Taguchi Method 

In-depth 

required 

knowledge 

Relatively large - all Much smaller number of 

combination of inputs 

Usually not included 

combinations 

Included in the basic 

design 

Only used to look for Looks at both level and 

most effective variability of output to 

combination of inputs select input 

combinations 

Not required, as all Advisable; selected 

combination of inputs combination of inputs 

are tested may not have been 

tested 

Since enormous amount of time is required in order to reduce simulation trials, a 

number of researchers (Zhang eta/. , 2005, Tasirin eta/., 2007, Sycros, 2003, Vij ian and 

Arunachalam, 2007, Lai et a/. , 2007) have used the Taguchi Method in various 

applications such as milling process, casting and for designing ofMEMS devices (Zhang 

et al., 2005, Tasirin et al., 2007, Sycros, 2003, Vijian and Arunachalam, 2007, Kwak et 

a/., 2000, Lai el al., 2007). 

Zhang et a/., 2007 and Sycros 2003 used Taguchi method to optimize surface 

quality in the CNC machine and to obtain setting of a die casting parameters 

respectively. In addition, Tasirin eta/., 2007 demonstrated the application ofTaguchi's 
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method in food engineering. The method was used in optimizing the drying parameters 

ofbird's eye chilies in fluidized bed dryer (Tasirin eta! .. 2007). 

The Taguchi method was also applied in the robust optimal design of the MEMS 

structure in Kwak et al .. 2000. In addition, Kwak el a/., 2000 proved that the Taguchi 

method relieved much of the difficulties often encountered in most conventional design 

works. The method has also been found to be practical for the structural design of the 

MEMS. The optimal design of microwave MEMS switches by the Taguchi method is 

also presented in Lai et al., 2007. The structures of the switches arc analyzed and 

optimized so as to improve the reliability and performance of the MEMS switches. 

Research findings have shown that the Taguchi Method is a powerful tool for 

high quality systems design (Zhang et a!., 2007, Sycros, 2003, Tasirin et a!., 2007, 

Vijian and Arunachalam, 2007). The findings also demonstrated that this method 

provides simple, efficient and systematic approaches to optimize the performance, 

quality and cost of the robust design. Thus, the Taguchi method was chosen in 

determining the optimum design parameters to be used in constructing the best 

performance of the micro-diaphragm. 

2.7 Summary 

In this chapter, the arterial stiffness and its diagnosis techniques were extensively 

reviewed. Reviews on micro-diaphragm performance and material as well as design 

optimization techniques have been presented. Therefore, it can be concluded that the 

arterial stiffness can be diagnosed by detecting the pulse pressure on the human's radial 

artery. 
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The review has revealed that the optical sensing principle has a good potential to 

be used in designing the pulse pressure sensor. Miniaturization technology in the MEMS 

enabled the design of the miniature optical pulse pressure sensor. 

Previous studies by Xu, 2005, Deng, 2004, Giovanni, I 989, Le el a/., 2005, 

Dagang et a/., 2006 have concluded that the diaphragm deflection and diaphragm 

pressure sensitivity are important parameters which affect the performance of micro

diaphragm. The findings also indicated that the diaphragm deflection and diaphragm 

pressure sensitivity are increased when the micro-diaphragm is thin. I lowever, thinner 

micro-diaphragm has been found to reduce its resonance frequency. 

In addition, the silicon-based and polymer-based materials have been found as 

suitable to be used for the micro-diaphragm. Thus, both types of materials would be 

used as micro-diaphragm material and their performance would also be analyzed. 

The design optimization technique needs to be applied in order to choose 

appropriate design parameters for the micro-diaphragm. Based on the literature studies, 

the robust design-based method is more suitable for high quality design as compared to 

the reliability design-based method. More efficient approach and fewer simulation runs 

have made the Taguchi Method suitable to be used in optimizing the performance of 

micro-diaphragm. 
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3.1 Introduction 

CHAPTER3 

METHODOLOGY 

This chapter describes the methodology used in the present study. The 

methodology consists of five stages as shown in Figure 3.1 .The study began with the 

literature review of the design processes of micro-diaphragm. The second stage is 

continued with the design processes of the micro-diaphragm. In these design processes, 

the operation and design specification for the micro-diaphragm are specified. In 

addition, the modelling of the micro-diaphragm is conducted using MEMS Software, 

known as, lntellisuite. 

In the third stage, simulations are conducted to analyze the performance of 

micro-diaphragm. These simulations used finite element analysis to study the micro

diaphragm characteristics which include static, frequency and transient responses of the 

micro-diaphragm. 

Nevertheless there are three design parameters namely diaphragm radius, 

diaphragm thickness and diaphragm material which have been found to affect the 

performance of micro-diaphragm. Thus, optimization by Taguchi method was conducted 

in stage four to ensure the variation in design parameters is minimized and optimum 

micro-diaphragm performance can be achieved. Finally. the optimum combination of the 

design parameters for the micro-diaphragm was chosen at stage five as shown in Figure 

3.1. 
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I. Literature study on design process of the micro-diaphragm 

2. Micro-diaphragm design processes 

. 
3. Micro-diaphragm performance analysis 

4. Optimization analysis using Taguchi Method 

5. Selection of the optimum combination of the design parameters for 
the micro-diaphragm 

Figure 3.1: Flowchart of the design methodology 

Micro-diaphragm design processes and its performance analysis are presented in 

Sections 3.2 and 3.3 respectively. Finally Section 3.4 explained the optimization analysis 

using the Taguchi Method. 

3.2 Micro-Diaphragm Design Processes 

In this section, the operation of the micro-diaphragm and its design specifications 

are discussed. The modelling process of the micro-diaphragm using the MEMS design 

software is also presented. 

3.2.1 Operation ofthe micro-diaphragm 

The MEMS technology enables the development of miniature sensors. Since the 

optical MEMS are capable of guiding signals to and from a measurement site, it has 
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been chosen in designing the pulse pressure sensor. In addition, the optical MEMS offer 

high adaptability in harsh environment and immunity to electromagnetic interference 

(Xiao-qi eta/.. 2006, Wang eta/., 2006). 

In this sub-section, the operation of the micro-diaphragm for the optical pulse 

pressure sensor is presented. The proposed design of the optical pulse sensor is shown in 

Figure 3.2. In more specific, the optical pulse pressure sensor consists of an optical fibre 

and a micro-diaphragm structure as pressure transducer. Nevertheless, this study focuses 

on the designing of the micro-diaphragm for a complete optical pulse pressure sensor 

system. 

Light Source 

Optical fiber 

Rencctcd Spcctn1m 

Micro-diaphragm 

Figure 3.2: Proposed design of the optical pulse pressure sensor 

The optical pulse pressure sensor is demodulated by detecting the shift of the 

reflected or transmitted spectrum from the light source. A light emitting diode (LED) is 

used as a light source and it will be transmitted through the optical fibre. Pulse pressure 
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sensed from the surface of radial artery will cause deformation of the micro-diaphragm 

which will change the reflected or transmitted spectrum. 

The diffused components of the reflected light will strike the micro-diaphragm 

which is in contact with the skin on human's radial artery. Meanwhile the cavity length 

and diaphragm deflection can be measured from the reflected spectrum. Information 

about arteriaJ stiffness and elasticity of the artery could also derived from them 

(Wilkinson eta!., 2002). 

3.2.2 Micro-diaphragm Design Specifications 

The optical pulse pressure sensor is designed to sense the pulse pressure on the 

surface of human's radial artery. According to (Le eta/., 2006, Madssen e/ a/., 2006, 

Osika et a/., 2007), the diameter of a normal human artery is between 2 to 3 mm. 

Therefore, a complete sensor system must be smaller than the size of radial artery. 

Since the sensor is externally attached to the human's wrist, the pulse pressure 

will not create the same pressure as the blood exerts on the arteries wall (Le et a/., 

2006). The pressure will not be sufficient enough to displace the micro-diaphragm by 

more than 1 J.lm (Le et a/, 2006). Therefore a miniature diaphragm with maximum 

deflection of I J.lm is needed. 

The pulse pressure is defined as a difference between systolic and diastolic blood 

pressure during heart contractions (Benetos et a/., 1997). Thus, the micro-diaphragm 

should be able to operate in the blood pressure measurement in the range from 0 to 300 

mmHg. 

In order to ensure that the micro-diaphragm operates in a linear range, the 

resonance frequency of the diaphragm should be at least 2.5 times larger than the 

applied frequency (Wang et a/., 2006). For pulse pressure detection, the micro-
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diaphragm should be able to operate in a frequency range of 0 to 50 kHz. The 

summarized micro-diaphragm design specifications are presented in Table 3.1. 

To successfully perform pulse pressure measurement on a human's wrist, the 

sensor must be miniature in size. In addition, it also needs to have an adequate detection 

system to measure the small changes in micro-diaphragm deformation. The optical pulse 

pressure sensor must have an appropriate dynamic range and sensitivity for small pulse 

pressure measurement. Furthermore, the sensor must be biocompatible to be used in the 

pulse pressure measurements 

Table 3.1: Diaphragm design specifications 

Parameter 

Pressure range 

Frequency range 

Maximum Deflection 

3.2.3 Modelling of the micro-diaphragm 

Value 

0-300 mmHg 

0-50 kHz 

5 1 11111 

Modelling of the micro-diaphragm was conducted using the MEMS Software, 

lntel/isuite™. The micro-diaphragm was designed using the microfabrication process 

ofthe MEMS technology in the lntel/ifab™ module. 

A three-dimension (30) micro-diaphragm model was initially designed using the 

Intel/ifab™, a fabrication computer aided drawing (CAD) tool from Intellisuile™ 

(Figure 3.3). Steps involved in the fabrication process are listed in Table 3.2. In the UV 

lithography step, a mask to create a pattern is defined. There are four masks required to 

create the micro-diaphragm. The first mask is used to pattern the diaphragm material to 

create an outer surface of the micro-diaphragm. Meanwhile the second and third masks 
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are used to pattern the diaphragm material to form a cavity wall and diameter hole 

respectively. The final mask is used to back-etched the substrate layer. 

Diaphragm edge 

Center of the diaphragm 

.+ .. 

Figure 3.3: 30 micro-diaphragm model 

The fabrication process consists of 18 steps and it begins with the deposition of 

silicon wafer as a substrate material and this is followed by the deposition of silicon 

dioxide as an electrical isolation. After the silicon wafer is cleaned, a 2 j.lm release layer 

of silicon dioxide film is deposited on the silicon wafer by plasma-enhanced chemical 

vapour deposition (PECVO) using tetraethoxysilane (TEOS). 

Then, the second layer of diaphragm material is deposited on the top of the 

release layer. The second layer of 30 j.lm thick formed the cylindrical wall around the 

cavity of the sensor system. Diameter hole and cavity wall are patterned using deep 

reactive ion etching (ORIE). The diameter hole is smaller than the cavity wall to act as 

an insertion stop for the optical fibre. 

In order to enhance the reflection from the diaphragm, metal was evaporated 

onto the entire wafer. 200 A of chromium and I 000 A of titanium were coated on the 

wafer. After developing the micro-diaphragm, micromanipulator will be used to insert 

cleaved end of a single mode optical fiber. The fabrication process in the Intell{fab 

module is listed in Table 3.2 and shown m Figure 3.4. 
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(a) 

(b) 

Cavity wall 

(c) 

Diameter Hole 

(d) 

(e) 

Silicon 
dioxide 

Silicon 

Diaphragm 
Material 
(Polyimide or Silicon 
Nitride) 

Reflective metal layer 

Figure 3.4: Fabrication process for the diaphragm. (a) Release layer (2J.Ull silicon dioxide) is deposited 
onto the silicon wafer. (b) Diaphragm material is deposited onto the wafer as diaphragm layer. (c) 
Diameter hole is patterned by using deep reactive ion etching (DRIE). (d) Etching process using DRI E to 
form cavity walls. (e) 200A chromium and IOOOA Titanium will be evaporated onto the whole wafer as a 
reflective metal layer. 
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Table 3.2: Fabrication Process involved in the modeling of the micro-diaphragm 

Step Process Description Mask used 

I. Deposition of Silicon Czochralski 100 Substrate material 

2. Etch Silicon clean RCA Cleaning the substrate material 

3. Deposition of Silicon Dioxide using PECVD Electrical isolation 

4. Etch Silicon Dioxide clean RCA Cleaning the isolation layer 

5. Deposition of the micro-diaphragm material Deposition of ShN4 or Polyimidc 

6. UV lithography Mask for etching (I ' 1 layer) Mask I 

7. DRlE of diaphragm material Start patterning process Mask I 

8. UV lithography Mask for etching (2nd layer) Mask2 

9. DRJE of diaphragm material Patterning process (for cavity Mask2 

wall) 

10. UV lithography Mask for etching (3rd layer) Mask3 

II. DRIE of diaphragm material Patterning process (for diameter Mask3 

hole) 

12. Deposition of200A Chromium To enhance reflection from the 

micro-diaphragm 

13. Deposition of I OOOA Titanium To enhance reflection from the 

micro-diaphragm 

14. UV lithography Mask for etching (4th layer) Mask4 

15. Bottom wet etch Silicon Czochralski 100 Patterning process Mask4 

16. Bottom wet etch Silicon Dioxide Patterning process Mask4 

17. Bottom wet etch Chromium Patterning process Mask4 

18. Bottom wet etch Titanium Patterning process Mask4 
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160 ~llll 125 ~1m 

(a) (b) 

IOOJ,tm 

200 J!lll 

200 J!ffi 

(c) (d) 

Figure 3.5: Example of the masks for patterning process (a) Mask I (b) Mask 2 (c) Mask 3 (d) Mask 4 

3.3 Micro-Diaphragm Performance Analysis 

When the solid model of the micro-diaphragm was designed in the lntellifab ™ 

module, the performance of micro-diaphragm was further analyzed using the 

Thermoelectromechanical™ module. Generally, there are three types of micro

diaphragm namely circular, square and rectangular diaphragms. Due to the negligence of 

residual stress at the edge of diaphragm surface, the circular shape has been chosen as 

the micro-diaphragm for the optical pulse pressure sensor (Correia et al .. 1998). 
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ln this study, the polyimide which is a polymer-based material and silicon nitride 

which is a silicon-based material were used as micro-diaphragm materials and their 

performance were also compared and analyzed. The performance of micro-diaphragm 

was analyzed in terms of its static, frequency and transient responses. There are three 

design parameters affecting performance of the micro-diaphragm, and these include 

diaphragm radius, diaphragm thickness and diaphragm material. 

The static response of the micro-diaphragm consists of three parametric analyses. 

The analyses include diaphragm deflection, diaphragm pressure sensitivity and 

diaphragm stress distribution. The micro-diaphragm performance analysis is conducted 

using finite element analysis (FEA) technique in the ThermoelectromechanicafTM 

module as will be presented in the next subsection. 

3.3.1 Simulation Conditions 

In order to numerically conduct a simulation on the micro-diaphragm 

performance, the 30 model of micro-diaphragm structure must be meshed and 

discretized into elements. The lnllelisuite™ requires 20-node brick element for the finite 

element analysis.The simulation is conducted using finite element analysis (FEA) in 

Thermoelectromechanical™ module. 

The FEA which is also known as the finite element method is a computational 

technique used to obtain approximate solutions of the boundary condition problems in 

engineering (Shirazee el al., 1997). Prior to fabricating the micro-diaphragm, it is 

essential to perform a simulation analysis using the FEA. This analysis is helpful 

because the FEA gives close approximation to the actual prototype before it is 

fabricated. 
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Enormous amount of time and money can be saved with the use ofthe FEA. This 

is because difficulties encountered during designing stage of the micro-diaphragm can 

be detected and rectified at an early stage. Hence, trial and error approaches which are 

still conducted today can be avoided (Shirazee et al., 1997). fn addition, the FEA is a 

simulation technique which is well suited for analysis of the performance of the MEMS 

devices (Goldberg et al., 1997). 

The type of design elements, mesh profile, material properties, boundary 

conditions and loads are defined prior to the starting of the FEA simulations. The 

movable micro-diaphragm in the FEA simulation needs to be able to operate in a small 

deflection region and must have a perfect boundary condition. 

Boundaries of the micro-diaphragm are fixed and clamped at its edge as shown 

in Figure 3.6 . The 3-dimensional (30) model of the micro-diaphragm in Figure 3.6 is 

meshed and discretized into elements for the FEA simulation m the 

Thermoelectromechanical™ module. Figure 3.7 shows the 30 model of the micro-

diaphragm before and after meshed. 

Fixed Boundary 

Diaphragm -c::. 

thickness 

Diaphragm radius 

Figure 3.6: Micro-diaphragm with fixed boundary 
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( 
I 

I 
( 

Figure 3.7: 30 micro-diaphragm model before and after meshed 

The micro-diaphragm model is discretized into several or many clements 

(meshed), which each of the elements possesses behaviour which varies to external and 

internal load. These elements are then recombined at the nodes into a global model. The 

process results in a set of simultaneous algebraic equations. The basic equations for the 

standard displacement-based finite element analysis are presented in equation: 

Ju: bDdV = v .b'vdS + fJT .avdl' (3.1) 
V S I 

The left-hand side of this equation is replaced with the integral over the reference 

volume of the virtual work rate per reference volume which is defined by any conjugate 

pairing of stress and strain (lntellisuite Technical Reference, 2007), as follows: 

Jrc :Oa:JVO == J/.ovdS+ fJr.~dV 
vo s v 

(3.2) 

where ·{ and e are any conjugate pairing of material stress and strain measures. The 

particular choice of e is dependent on the individual element. The finite element 

interpolator can be written generally as: 

(3.3) 
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where NN are interpolation functions which are dependent on some material coordinate 

system, uN are nodal variables and the summation convention is adopted for the 

uppercase subscripts which indicate these nodal variables. 

3.3.2 Static Response of the Micro-Diaphragm 

Jn this study, the static response of the micro-diaphragm is analyzed using the 

load-deflection method. This is a wel l known method for the measurement of thin films 

with elastic properties (Wang el a/., 2006, Eaton el al .. 1999). A side view of a circular 

diaphragm loaded with applied pressure is shown in Figure 3.8. This diaphragm is 

loaded with lateral uniform pressure, P and thus, the diaphragm deforms as a function of 

the applied pressure. 

Pressure. P 

a 

Figure 3.8: Structure model for the circular diaphragm 

When the circular diaphragm which is rigidly clamped at its edge is app lied with 

the lateral pressure, it tends to bend into a ''quasispherical'' shape. In this study, the 

following assumptions were made to study the diaphragm deflection and diaphragm 

pressure sensitivity: 
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a) The circular micro-diaphragm is flat and has uniform thickness 

b) Diaphragm material is isotropic and homogeneous 

c) Maximum deflection of the micro-diaphragm is less than 30% of 

diaphragm thickness 

d) All forces, loads and reactions are applied normally to the micro-

diaphragm (lateral) 

e) The micro-diaphragm is not stressed beyond its elastic limit 

t) The diaphragm thickness should not be too thick (less than 20% of the 

diaphragm diameter) 

g) The micro-diaphragm will deflect mostly due to the bending tensile 

forces on the micro-diaphragm. 

(i) Diaphragm Deflection 

Based on these assumptions, when the micro-diaphragm is loaded with the 

applied pressure, the diaphragm deflection is analyzed using equation (3.4) (Eaton et al., 

1999, Xu, 2005, Giovanni, 1982, Timoshenko and Kreiger, 1959): 

3(t-p
2

)P( 2 2)2 y= 
3 

a - r 
l6Eh 

(3.4) 

where P is the applied pressure, y is deflection, IJ is Poisson's ratio, E is Young's 

Modulus, h is diaphragm thickness, a and r are diaphragm radius and radial distance 

respectively. This equation shows that the diaphragm deflection is a function of the 

pressure difference and the radial distance of the diaphragm. 
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Since the micro-diaphragm is designed in circular shape, the diaphragm 

deflection varies from its edges (r:::.a) to the maximum value at its centre(r 0). The 

maximum diaphragm deflection, Yc at the centre of the diaphragm was analyzed using 

the following equation (Giovanni, 1982): 

Yc = 
2 4 3(1 - .u )Pa 

l6Eh3 
(3.5) 

By rearranging equation (3.4), the diaphragm deflection curve under the applied 

pressure could be represented as in equation (3.6) (Xu, 2005): 

3(1-J1 )P 4 r r 2 [ 2]2 [ 2]2 
)'= 16Eh3 a 1-(;) =yc 1-(;) (3.6) 

The equations presented above are applied in the micro-diaphragm analysis if the 

diaphragm deflection is less than 30% of the diaphragm thickness (Giovanni, 1982). 

Some previous studies (Xu, 2005, Deng, 2004) have shown that the diaphragm radius is 

generally determined by the measurement requirements such as measuring space and 

sensor packaging. 

Consequently, when the diaphragm radius is selected, and the pressure 

measurement range is known, and the minimum diaphragm thickness required for the 

micro-diaphragm could be estimated using the following equation (Xu, 2005, Deng, 

2004): 

J. . = 5(1 - fL )Pma~ 
{ 

2 ]1/4 
"mm 8E (3.7) 
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Therefore this equation plays a major role in determining suitable thickness for 

diaphragm. The selection of an appropriate diaphragm thickness will ease the design 

process of high sensitivity diaphragm. 

(ii) Diaphragm Pressure Sensitivity 

Despite diaphragm deflection, the sensitivity of the micro-diaphragm is another 

important parameter which needs to be considered. The diaphragm pressure sensitivity is 

a ratio of the changes in the diaphragm deflection to pressure difference. The diaphragm 

pressure sensitivity is studied using equation (3.8) (Xu, 2005, Deng, 2004, Giovanni, 

1982): 

(3.8) 

Based on this equation, it is shown that diaphragm deflection is closely related to 

diaphragm pressure sensitivity. In more specific, the higher the diaphragm deflection 

increases the diaphragm pressure sensitivity. 

In designing the micro-diaphragm, it should be one which sensitive to the small 

changes of pulse pressure. Thus, micro diaphragm with high deflection and sensitivity 

needs to be constructed as a pressure transducer for the optical pulse pressure sensor. 

(iii) Diaphragm Stress Distribution 

Analysis of diaphragm stress distribution is conducted to predict any failure of 

the diaphragm. For small diaphragm deflection, there is no stress in the middle plane of 

the micro-diaphragm. llowever, the bending stresses increase linearly to the outer 

surfaces of the micro-diaphragm. 
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As discussed in the previous section, the stress analysis must include the radial 

and tangential stresses since the micro-diaphragm is bent into "quasispherical'' shape. 

Both stresses vary along the diaphragm radius. The radial stress CTrat any distance r from 

the centre is calculated using the equation (3.9) (Giovanni, 1982): 

(3.9) 

The tangential stress a1 at any radial distance r is given by equation (3.1 0) (Giovanni, 

1982): 

u, =±-- (3,.u+l -(l+,u 3 Pd- [ h2 
)] 

8 h2 02 
(3.1 0) 

where P is the applied pressure, p is Poisson's ratio, h is diaphragm thickness, a and r 

are diaphragm radius and radial distance respectively. 

The micro-diaphragm experienced the maximum radial and tangential stresses at 

the edge and centre of the micro-diaphragm respectively. Therefore the maximum radial 

stress in equation (3.11) and the maximum tangential stressin equation (3.12) are 

employed (Xu, 2005, Deng, 2004, Giovanni, 1982): 

3 r 2 
Ur,max = ±-P-2 

4 h 

u,,nwc 
3 r 2 

=±-(1..-p)P-
8 h 2 

(3. J I) 

(3.12) 

ln addition, the diaphragm stress distribution is correlated with the diaphragm 

deflection. This relationship was investigated using equation (3.14) to (3.17). By 

rearranging equation (3.5) and solving (Xu, 2005, Deng, 2004, Giovanni, 1982), the 

following is retrieved: 
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P= 16 Eh
1

y~ 
3(1- ,u2

) a 4 
(3.13) 

Equation (3.13) is then introduced in the equation (3.9) for the radial stress 

leading to (Xu, 2005, Deng, 2004, Giovanni, 1982): 

2EhYc [ r
2 

] O"r =± .2 2 (3+,u)2-(l+,u) 
(1-,u )a a 

(3.14) 

Therefore, at the edge of the diaphragm, the maximum radial stress, Ur.maxcan be referred 

to as follows (Xu, 2005, Deng, 2004, Giovanni, 1982): 

Ur,max 
4 Eych 

=--2-2-
1- p a 

(3.15) 

Using the same concept, a similar expression for the tangential stress u1 is obtained (Xu, 

2005, Deng, 2004, Giovanni, 1982): 

[ 
2 ] 2Ehyc ,. u, =+ 2 2 (3_u+ l)2-(l +p) 

(1- p )a a (3.16) 

Thus, the relationship between the maximum tangential stress and deflection is given by 

the following equation (Giovanni, 1982): 

2Ehyc 
u, = ± 2 

( I - p)a (3.17) 

where E is Young's Modulus, ,u is Poisson's ratio, h is diaphragm thickness, whereas Yc 

and a are the maximum deflection and diaphragm radius respectively. 

3.3.3 Frequency Response of the Micro-Diaphragm 

Resonance frequency needs to be taken into consideration when designing the 

micro-diaphragm for a dynamic pulse pressure measurement (Wang et a!.. 2006). 
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Therefore it is important to characterize the relationships between the diaphragm 

dimension, sensitivity and resonance frequency to design the micro-diaphragm. 

In the frequency response of the micro-diaphragm analysis, the diaphragm 

vibration theory is employed. The micro-diaphragm is assumed to be perfectly elastic 

and is made of homogeneous isotropic material. The transverse deflection of a circular 

diaphragm clamped at its edge is expressed in Hemholtz equation (Meirovitch et al., 

1997, Timoshenko, 1974). 

The solutions of the Hemholtz equation consist of symmetric modes and 

asymmetric modes as shown in Figure 3.9. These symmetric modes onl) have nodal 

circles, but the asymmetric modes have both nodal circles and diameters. In this study, 

the resonance frequency of the diaphragm was analyzed using the following equation 

(3.18) (Giovanni, 1982, Xu, 2005): 

amnJ27( h) fmn=-- 2 2 
4n 3p(J - p ) r 

(3.18) 

where amn is a constant related to the vibrating modes of the diaphragm, h is the 

thickness of the diaphragm, r is the effective diaphragm radius, pis the mass density of 

the diaphragm material, whereas J.L, and E are Poisson 's ratio and Young's modulus of 

the diaphragm material respectively. 

In this case, a indicates the radius of the boundary which may be obtained by 

taking into account the number of the nodal circles m and the number of the nodal 

diameters n. Table 3.3 shows the value of the constant anm· The number of the nodal 

circles, m and the number of the nodal diameters, narc presented in Figure 3.1 0. 
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(a) 
0 

(b) 

Figure 3.9: Vibration modes: (a) Symmetrical vibration modes (b) Asymmetrical vibration modes 
(reproduce from Hong eta/., 2006) 

Table 3.3: Values of constant Ctmn (reproduced from (Giovanni, 1982, Xu, 2005): 

m=O 

m=J 

m=2 

0 
n=Om•O 

8 
n=l m=O 

10.21 

39.78 

88.90 

n=J 

21.22 

60.82 

120.12 

(Q) 
n=Om=l 

EB 
n=2 m=O 

n=2 

34.48 

84.58 

153.76 

(@) 
n•Om•2 

@) 
n=lm=l 

Figure 3 .I 0: Nodal circles and nodal diameters 

The micro-diaphragm vibration was analyzed in terms of free diaphragm 

vibration and force diaphragm vibration analyses. 
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(i) Free diaphragm vibration 

By assuming that there is no pressure on the surface of the micro-diaphragm, the 

equation of motion of free vibration used the following equation (Xu, 2005, Dcng, 2004, 

Timoshenko, 1974): 

Dv 2 ( 8 ) h o211(r ,O, t) _ 0 ur,,t + p 
2

-
01 

(3.19) 

where u (r, B,t) is the deflection of the vibrating diaphragm, and Dis the flexural rigidity 

of the diaphragm as defined by (Xu, 2005, Deng, 2004, Giovanni 1982): 

(3.20) 

Resonance frequency was retrieved from equation (3.19) as in the following (Giovanni. 

1982, Xu, 2005): 

(U :: (Aamn) [D 
mn r2 vii 

(3.21) 

The roots of the equation, Aanm is shown in Table 3.4 : 

Table 3.4: Values of Aamn 

m\n 0 2 3 

0 3.196 4.611 5.906 7. 143 

6.306 7.799 9.197 10.537 

2 9.440 10.958 12.402 13.795 

3 12.577 14.108 15.579 17.005 

(i i) Force Vibration of Diaphragm 

By considering the fact that the micro-diaphragm is applied with a load varying 

harmonically with time, the equation of motion is given by (Xu, 2005, Deng, 2004): 

Dv2 ph a2u cu iqt u+ - +v-= pe 
at2 ot 

(3.22) 
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in which v is the coefficient corresponding to the damping of liquid, q is the frequency 

of varying pressure and p is the amplitude of varying pressure. 

While the maximum deflection of the micro-diaphragm occurs when frequency 

is 0 (static case), the vibration response at the centre of the micro-diaphragm is derived 

using the following (Xu, 2005, Deng, 2004): 

2 2 
/3 ( ) 3p(l - f./ ) 4 (J)mn 

llmn(q) = umax • mn q = 3 a ~ 2 2 2 2 2 
l6Eh ((J)mn - q ) +4q n 

(3.23) 

where 

/3 = L force = (J)~m 
Lno-force J<(J)~m - q2 )+4q2n2 

(3.24) 

3.3.4 Transient response of the micro-diaphragm 

When the micro-diaphragm dimension is specified, the transient response 

analysis is conducted for the polyimide and silicon nitride micro-diaphragms. The 

transient analysis is conducted when the micro-diaphragm is loaded with time-varying 

load. The relationship between diaphragm deflection and time was investigated. The 

vibration of the micro-diaphragm is dependent on its material and micro-diaphragm 

stiffness. 

Consequently, the performance of the micro-diaphragm was analyzed in terms of 

its static, frequency and transient responses. The three design parameters namely 

diaphragm radius, diaphragm thickness and diaphragm material were found to affect the 

performance of the micro-diaphragm. rn this study, a comparison between the two 

diaphragm materials (polyimide and silicon nitride) is conducted. 
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Silicon nitride was chosen because it is transparent in optical range (Correia er 

a/., 1998) and possesses high wear resistance and low friction coefficient (Silva et al., 

2008). However polyimide is a high performance polymer material which has a good 

thermal stability. Ln addition, it has low linear coefficient of thermal expansion (Cui et 

a/. , 2006). Both the materials have excellent properties in designing the micro-

diaphragm. 

The size of the diaphragm or diaphragm radius are generally determine(J by the 

measurement requirements such as installation spaces provided to accurately detect the 

signals. Since the proposed optical sensor will be placed on the human radial artery to 

detect the pulse pressure, the complete sensor system must be smaller than the size of 

the artery. Therefore, with these arrangements, the proposed sensor will provide an 

adequate detection scheme to measure the changes in diaphragm deformation of the 

sensor. 

As discussed in the earlier section, the radius of the normal human radial artery is 

in the range of2.5 mm to 3 mm. Therefore, the diaphragm radius also varies in range of 

0 to 500 ~m (0.5 mm) so as to achieve allowable maximum deflection of I ~m. 

When the range of diaphragm radius is identified, the minimum required 

diaphragm thickness is calculated from equation (3.7). Therefore, by replacing the 

radius, a with maximum diaphragm radius of 500 ~m, maximum applied pressure of 

0.04 MPa (300 mmHg), the minimum required diaphragm thicknesses for polyimide and 

sil icon diaphragms are given by: 

[
5(1- 0.35 

2 
)(0.04.\IIPa)] 

hmin.polytmtde = SOOp ....:...__s-~-7"'"'.s;...w_•a--'-

hmm.polytmlde '" 20JIII 

1/4 

(3.25) 
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[

S(I- 0 272)(004MPa)]l/
4 

II .
1
. . ·-> a 500,u _;_ _ __;.;...___...;.. 

mln,S/ ICO/lntlrlut! S >< 270GPa 

11mm,sificonnitrlde m 
9 JUII 

(3.26) 

Therefore, the minimum required diaphragm thickness for both the diaphragms 

could be identified using these equations. The minimum required diaphragm thickness 

for Polyimide and Silicon Nitride diaphragms is 20 J..lm and 9 J..lm respectively. 

Therefore in order to investigate the micro-diaphragm performance, diaphragm 

thickness was varied in a range from 0 to 20 J..lm. Design parameters and material 

properties of polyimide and silicon nitride are presented in Table 3.5. 

Table 3.5: Design Parameters and Material Properties of Polyimide and Silicon Nitride Diaphragms 

Design Parameters 

Diaphragm radius range (!lm) 

Diaphragm thickness range (!lm) 

Diaphragm material 

Variation Range 

0-500 

0-20 

Polyimide and Silicon Nitride 

Thus, the analysis of the micro-diaphragm performance was conducted using 

these ranges of the design parameter. 

3.4 Optimization Technique in Designing the Micro-Diaphragm 

The Taguchi method involves three stages (Syrcos, 2003, Taguchi, 1989, 

Bendell , 1988), which are system design, parameter design, and tolerance design. In the 

system design stage, the design specifications for the micro-diaphragm are determined. 

The second stage of Taguchi m~thod is the parameter design stage. In this stage, 

the specific values of the design parameters also known as control factors are 
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determined. Therefore, it will minimize variability transmitted from uncontrollable (or 

noise) variables. Selection of proper orthogonal array and appropriate performance 

characteristics for the micro-diaphragm are also conducted in this stage. Meanwhile, the 

simulation trials were conducted when the control factors and levels were specified. 

The best tolerances for the parameters are specified in the tolerance design stage. 

The three stages in the Taguchi Method are presented in Figure 3.11. Moreover, two 

major tools in the robust design are presented in Figure 3.12 (Taguchi, I 989, Bendel!, 

I 988, Ghani el a/., 2004). 

System Design 
Scientific and engineering principles are used to 

determine basic configuration of the designed devices 

! 
Parameter Design 

Specific values of the system parameters were 

determined 

~ 
Tolerance Design 

Best tolerances for the parameters will be specified 

Figure 3.11: Three stages in Tagtachi Method 

I Robust Design I 
l 

~ ~ 
Signal to noise ratio Orthogonal array 

~ ~ 
Measure quality with Accommodate many design 
emphasis on variation factors simultaneously 

Figure 3.12: Two major tools in robust design 
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The Taguchi Method is performed using an iterative procedure to obtain the 

optimum design parameters for the diaphragm as shown in Figure 3. 13. The 

optimization procedure starts with problem initialization. It includes selection of a 

proper orthogonal array and appropriate performance characteristics in the analysis of 

the SIN ratio. The following standard orthogonal arrays are commonly used in design 

experiments (Table 3.6): 

Table 3.6: Commonly used orthogonal array (Basem el a/., 2005) 

Level 

2 

3 

4 

Orthogonal Array 

L4,L8,LI2,Ll6,L32,L64 

L9, Ll8, L27 

L16, L32 

Based on the simulation results, the statistical optimization analyses which 

include signal-to-noise (SIN) ratio and Pareto ANOV A were conducted. These analyses 

will determine the significant level for each control factor. lf the determined control 

factors and levels did not satisfy the design specifications, the optimization procedure 

would be repeated. 

3.4.1 SIN Ratio 

The performance of the micro-diaphragm can be optimized using three the 

categories of the performance characteristics in the SIN ratio as follows: 

• 

• 

• 

Nom ina! is the best characteristic: s" • 1 o •..( ~ J 

Larger-is-the better (maximize): s 1 N = - 10 log[ 1 f ~) 
n , - 1 v2 

• I 

Smaller-is-the better (minimize): Sf N =-IOJof.! .tYr) 
\nt=-1 

(3.27) 

(3.28) 

(3.29) 
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where y, is the average of the observe data, ~is the variance of y, n is the number of 

observations, andy is the observed data. 

System 
Design 

Parameter 
Design 

Tolerance 
Design { 

Start 

Determining the design specifications for micro-diaphragm 

Specifying micro-diaphragm design parameters (control 
factors) 

Determining suitable levels for each design parameter 

Selecting proper orthogonal array & appropriate 
performance characteristics for micro-diaphragm 

Conducting simulation trials 

Analyzing simulation data using analyses of SIN ratio and 
Pareto ANOV A 

Identifying optimum level for each control factor 

NO 

Figure 3.13: Flowchart ofTaguchi Method used in designing the micro-diaphragm 

Reduce 
optimization 

range 
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In this study, there are three performance characteristics need to be optimized 

which are diaphragm's deflection, sensitivity and resonance frequency. Hence, in 

designing the micro-diaphragm, high diaphragm deflection and high diaphragm pressure 

sensitivity are needed. Furthermore, the micro-diaphragm must have a low resonance 

frequency to operate in the frequency range of 0-50 kHz. 

Thus, the larger-the-better characteristic in equation (3.2.8) was employed for the 

diaphragm deflection and diaphragm pressure sensitivity whilst the smaller-the-better 

characteristic in equation (3.29) was applied for resonance frequency. These 

performance characteristics must satisfy the design specifications determined in Table 

3.1. 

The performance of the micro-diaphragm is optimized by considering three 

control factors which are diaphragm's radius, thickness and material. Two levels were 

selected for each control factor. With the selected levels and control factors, the 

fractional factorial design of a standard L8 (23
) orthogonal array is used. 

This orthogonal array was chosen due to its capability in checking for 

interactions among the factors with fewer experiment runs. Each row of the matrix 

represents one trial. However, the sequence in which these trials were carried out was 

randomized. The two levels of each factor were represented by a 'I' or a '2' in the 

matrix. The factors and levels are assigned as in Table 3.7 according to the control 

factors which need to be optimized. Diaphragm's radius, thickness and material were 

represented as control factors A. B, and C respectively. Control factors A, B, and C are 

arranged in columns 4, 2 and I respectively in the standard L8 (23
) orthogonal array as 

shown in Table 3.8. 
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Run 

2 

3 

4 

5 

6 

7 

8 

Table 3.7: Control factors and levels in the diaphragm design 

Control Factor 

Diaphragm Radius (J.tm) 

Diaphragm Thickness (J.lm) 

Diaphragm Material 

50 

4 

Polyimide 

Level 

2 

90 

8 

Silicon Nitride 

Table 3.8: Basic Taguchi L8 (23
) orthogonal array 

Columns 

2 3 4 5 6 

2 2 2 

2 2 I 2 

2 2 2 2 

2 2 2 

2 2 2 2 

2 2 2 2 

2 2 2 

c B -BC A -AC -AB 

7 

2 

2 

2 

2 

ABC 

Eight simulation trials were conducted based on the combination of control 

factors presented in L8 (23
) Oithogonal array. From these simulation trials, the SIN ratios 

for three performance characteristics were calculated. These calculated results were used 

to build a response table by averaging the SIN ratios of the same level for each control 

factor. Since the simulation trial was arranged in orthogonal array, it was possible to 

separate the effect of each control factors at different levels. For example, the mean SIN 

ratio for the diaphragm radius at leveJ 1 was calculated by averaging the SIN ratios for 

the simulation trials I, 3, 5 and 7. 
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Once the response table was obtained, the optimum level for each control factor 

is identified by finding the largest SIN ratio in the corresponding column ofthe respond 

table. If the results of the optimum combination did not satisfy the design specification, 

the optimization process in parameter design stage would be repeated. 

Meanwhile, the significant interaction between control factors was further 

analyzed using a two-way table (Ghani et al., 2004). This analysis is conducted by 

taking a summation for each interaction at each level (Ghani et al., 200-;J). The 

calculation formula to construct a two-way table is tabulated in Appendix C. The 

optimum level for the interaction is indicated by the highest value in that particular two-

way table. 

3.4.2 Pareto Analysis of Variance (A NOVA) 

The optimization is continued with the analysis of variance (ANOV A). The 

Pareto ANOV A analysis is conducted by separating the total variability of the SIN 

ratios. 

The Pareto ANOVA is measured by sum of square deviations from the total 

mean of the SIN ratio. The total sum of the squared deviations can be calculated using 

equation (3.30) (Nalbant eta/. , 2007) as follows: 

m 1 [ m ]

2 

SSr = L17,2 
-- L17, 

,_, m , 1 
(3.30) 

Due to each process parameter, the sum of the squared deviations is presented in 

equation (3.31) (Nalbant eta/., 2007): 

, (s '7 )2 I [ m ]2 
SSp= L J -- LlJ, 

r • I m ,. , 
(3.31) 
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where m is the number of experiments in the orthogonal array, 17, is the mean SIN ratio 

for the ith experiment. prepresent one of the experiment parameters, j is the level 

number of the parameter p, I is the repetition of each level of the parameter p, and s,., 
1 

is 

the sum of SIN ratio involving this parameter p and level j. Thus, the percentage 

contribution p can be calculated as (Nalbant et al., 2007): 

ss,. (0.1') p=-- /'0 

SSr 
(3.32) 

The Pareto ANOV A analyses for all performance characteristics were calculated 

from the formula shown in Table 3.9. The highest value of sum of the squared deviations 

indicates the optimum level for each control factor. Meanwhile, control factor with the 

highest contribution ratio represents which particular control factor greatly affect the 

micro-diaphragm performance. The Pareto diagram for the three micro-diaphragm 

performance will be plotted based on thjs calculated contribution ratio. 

Table 3.9: Pareto ANOV A for two level factors 

Factor A B 

Sum at factor level 

L;AI L:Bl 
2 L:A2 L:B2 

Sum of squares of di fTerences SA Sa 

Contribution ratio(%) SA/ ST Ssf~ 

Total sum at factor level, T - L:A I+ L:A2 
Sum of squares of di tTerence for control factor A, SA (LA 1- L:A2)2 

Sum of squares of difference for control factor 8 , Sa . {LB 1- L:B2)2 

Sum of squares of difference for control factor C, Sc - (L:Cl- L:C2i 
Total of Sum of squares of difference,~ SA+ S8+ Sc 

L:Cl 
L:C2 

Sc 

Set s. 

c Total 

T 
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Hence, based on analyses of SIN ratio and Pareto ANOVA, the optimum levels 

for each control factor could be attained. ln order to achieve adequate dcOcction and 

sensitivity, the larger-the-better characteristic was employed for the diaphragm 

deflection and diaphragm pressure sensitivity. Meanwhile, the smaller-the-better 

characteristic was applied to obtain low vibration frequency ofthe diaphragm. 
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4.1 Introduction 

CHAPTER4 

RESULTS AND ANALYSIS 

This chapter presents the simulation results and analysis in designing the micro

diaphragm for the optical pulse pressure sensor. The simulation results and analysis are 

divided into two parts namely micro-diaphragm performance and optimization analyses 

using the Taguchi method. 

Section 4.2 elaborates on the simulation results on the micro-diaphragm 

performance for polyimide (polymer-based material) and si licon nitride (silicon-based 

material). The analysis of micro-diaphragm performance includes static, frequency and 

transient responses. 

In the static response, the performance of the micro-diaphragm was discussed in 

terms of diaphragm's deflection, pressure sensitivity and stress distribution. Meanwhile, 

the statistical analysis of Taguchi Method is discussed in Section 4.3. This section 

consists of two parts which are Analysis Signal-to-Noise (SIN) Ratio and Pareto 

Analysis of Variance (Pareto ANOVA). Finally, the simulation results and analysis are 

concluded in Section 4.4. 

4.2 Micro-Diaphragm Performance Response 

In this section, analysis of micro-diaphragm performance which includes static, 

frequency and transient responses are presented in sub-sections 4.2 I, 4.22 and 4.23 

respectively. 
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4.2.1 Static Response Analysis 

The analysis of static response is divided into three which are diaphragm's 

deflection. sensitivity and stress distribution. 

(i) Diaphragm Deflection 

Figures 4.1 (a) to (c) show an example of denection distribution from top, 

bottom and side views respectively. The highest and lowest diaphragm deflections are 

indicated by dark blue and red respectively. It can be seen from the figure that the micro

diaphragm deflected from the outer surface and achieved its maximum deflection of 0.9 

J..lm at the centre of the micro-diaphragm. 

(a) (b) 

(c) 

Figure 4. 1: Diaphragm deflection from (a) top view (b) side view and( c) bottom view 
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This distribution of diaphragm deflection is further discussed using two-

dimensional graph of deflection as shown in Figure 4.2. This figure illustrated the 

relationship between diaphragm deflection and ratio of radial distance to radius (ri a). It 

is concluded from this figure, that the polyimide diaphragm has higher deflection of 0. 9 

f.!m as compared to silicon nitride which only achieved a deflection of 0.02 f.!m. The 

silicon nitride attained lower deflection than polyimide diaphragm due to its stiffness 

that will lead to the increment in its bending stress. This finding is in agreement with 

equation (3.4) and findings by (Xu, 2005 and Deng, 2004). 

E 
::1. -c: 
0 

t v 
~ 
0 

r/a 

Figure 4.2: Relationship between diaphragm deflection and ratio of radial distance to radius (r1a) 

The analysis of diaphragm deflection is presented in three-dimensional (30) 

graph of diaphragm deflection as shown in Figure 4.3. At a particular diaphragm's 
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thickness, the deflection increases as the diaphragm radius is large. These resu lts also 

indicate that the thin micro-diaphragm increases the diaphragm deflection. These 

behaviours are also supported by researchers' findings in (Xu, 2005, Deng. 2004, 

Madssen ef a/., 2006, Osika et a/., 2007). In addition, the relationship between the 

diaphragm's deflection, radius and thickness is supported using equations 3.4 and 3.5. 

e 
-= c 
0 

~ 
Qj 

;;: 
Qj 
"0 

E 
Ill) 
tQ ... 

.&. 
a. 
tQ 

0 

450 1 
400 

350 

300 

250 

200 

150 

100 

so 

0 

0 
vi ,.... 

diaphragm radius (~m) ~ 
0 
V'l 
N 

diaphragm 
thickness (~m) 

• D-50 • 50·100 •100·150 •150·200 • 200-250 • 250-300 3Q0.350 350-400 400-450 J 
Figure 4.3: 3D graph of diaphragm deflection of circular diaphragm 

Despite the analysis of diaphragm deflection, stiffness of the diaphragm is 

another important parameter which needs to be considered in designing a micro-

diaphragm. The stiffuess of the micro-diaphragm is presented in terms of its flexural 

rigidity. The relationship between diaphragm deflection and flexural rigidity for 

polyimide and silicon nitride are depicted in Figures 4.4 (a) and (b) respectively. 
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(a) 

45 
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35 

30 
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20 
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10 

5 

0 

6 8 10 12 14 
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(b) 

Figure 4.4: Diaphragm deflection and flexural rigidity versus diaphragm thickness for (a) polyimide 
diaphragm (b) silicon nitride diaphragm 
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It is ill ustrated from both figures that when the micro-diaphragm is thick, there is 

an increment in flexural rigidity, while the diaphragm deflection is decreased. This 

relationship between deflection and flexural rigidity is supported by equation ( 4.1 ): 

(4. 1) 

where a is diaphragm radius, r is radial distance, D and y is flexural rigidity and 

diaphragm deflection respectively. 

Figure 4.4(a) shows that the polyimide diaphragm achieved the deflection of 0.9 

J..lm when the diaphragm thickness is 4 J..lm. However, with this particular thickness, the 

silicon nitride only attained 0.02 J..lm (Figure 4.4 (b)). The deflection of 0.9 J..lm achieved 

by polyimide is successfully detected the pulse pressure and satisfied the design 

specifications discussed in Chapter 3. 

The deflection of sil icon nitride diaphragm is 98 % lower than the polyimide 

diaphragm. However, the flexural rigidity of silicon nitride is 97 % higher than the 

polyimide diaphragm (Figure 4.4 (b)). This is because the increment in flexural rigidity 

of silicon nitride which possessed higher Young's modulus will cause the diaphragm to 

be less sensitive and thus reduced its deflection. 

When the diaphragm th ickness is 4 J..lm, the flexural rigidities of polyimide and 

silicon nitride are 0.05 Pa.J..tm3 and 1.56 Pa.J..tm3 respectively as shown in Figures 4.4 (a) 

and (b). It is concluded from Figures 4.4 (a) and (b) that the diaphragm thickness of 4 

J..lm was chosen because it satisfied its design specifications as tabulated in Table 3.l. 
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Based on this relationship between flexural rigidity and deflection, it is proven 

that the flexural rigidity is highly dependent on the diaphragm material. The material 

that possessed high Young's modulus increased the flexural rigidity and thus causing the 

diaphragm to obtain low deflection. 

The analysis of diaphragm deflection is also discussed in terms of its linearity. 

The linearity ofpolyimide and silicon nitride diaphragms are presented in Figures 4.5 (a) 

and (b) respectively. Both figures depict that the deflection increased linearly with the 

applied pressure. The correlation coefficients, R2 for linearity graph of polyimide and 

silicon nitride are 0.996 respectively. It is observed that the slopes for polyimide 

diaphragm (Figure 4.5(a)) and silicon nitride diaphragm (Figure 4.5(b)) are 3 x 10"3 and 

8 x 10"5 respectively. In addition, it is proven that there is a difference of97% in slope of 

linear equations between polyimide and silicon nitride. Based on the Figures 4.5 (a) and 

(b), it is also concluded that the higher slope ofthe graph provides higher deflection. 

This linear relationship between deflection and applied pressure is highly 

desirable since it is easier to handle in calculation and measured (Giovanni, 1982, Soin 

and Majlis, 2002). However, the polyimide diaphragm obtained higher deflection than 

the silicon nitride. This phenomenon happened due to the low flexural rigidity in 

polyimide which successfully reducing bending stiffness. It is concluded that the 

polyimide diaphragm has achieved 0.9 f.lm when the maximum applied pressure of 300 

mmHg was applied on to it (Figures 4.5(a)). 
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Figure 4.5: Simulation result shows relationship between diaphragm deflection and applied pressure for 
(a) polyimide (b) silicon nitride diaphragms 
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(ii) Diaphragm Pressure Sensitivity 

The analysis of micro-diaphragm static response is further discussed in terms of 

its sensitivity. The sensitivity of the diaphragm is an important parameter since it 

determines how sensitive the micro-diaphragm will be deformed with the change of 

applied pressure. Consequently, micro-diaphragm that is most sensitive to deflect the 

diaphragm by 1 J.lm is highly desirable in designing the micro-diaphragm for the optical 

pulse pressure sensor. 

Figure 4.6 shows the 30 graph of diaphragm pressure sensitivity in relation with 

diaphragm's radius and thickness. lt is shown in this figure that large radius and thin 

micro-diaphragm has the highest sensitivity. 
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Figure 4.6: Relationship among sensitivity, diaphragm radius and diaphragm thickness 
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This is due to a decrement in the stiffness of the micro-diaphragm (Xu, 2005, 

Timoshenko, 1974) and is supported by equations (4.2) and (4.3) for polyimide and 

silicon nitride respectively: 

4 
Yc(polyimid4 = 2.194 x I0- 11 ;-(j.onlmmH~ 

h 

4 
Yc (siliconnit ride ) = 8.585 x I 0 - I 1 ~ (J.Im I mmHg) 

h 

where a and hare in microns. 

(4.2) 

(4.3) 

The analysis of sensitivity is discussed by referring to relationship between 

diaphragm's sensitivity and radius. The relationship of the diaphragm pressure 

sensitivity with variation of the diaphragm radius is shown in Figures 4.7 (a) and (b). 

Figures 4.7 (a) and (b) illustrate the simulation results on sensitivity in relation 

with diaphragm radius for polyimide and silicon nitride diaphragms respectively. It is 

observed from both figures that the diaphragm pressure sensitivity for both diaphragms 

increased when the diaphragm radius is large. 

Findings indicate that the polyimide diaphragm (Figure 4.7(a)) achieves the 

sensitivity of 3.0 I x 10'3 J..tmlmmHg when the diaphragm radius is 90 J..tm. Meanwhile, 

with this particular diaphragm radius (diaphragm radius = 90 J..tm), the silicon nitride 

diaphragm only attained its deflection of 0.02 J..tm and sensitivity of 7.86 x 10·5 

J..tm/mmHg. Thus, it is attested that the polyimide diaphragm is more sensitive and 

obtained higher deflection than the silicon nitride diaphragm. 
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Both figures depict that the sensitivity is correlated with the diaphragm 

deflection. There is an increment in the sensitivity and the deflection as the diaphragm 

radius is increased. In addition, both figures depict that when the diaphragm radius is 90 

j..lm, there is a difference of 97 % between the sensitivities of polyimide and sil icon 

nitride. 

The sensitivity of silicon nitride diaphragm is lower than the polyimide 

diaphragm is due to the increment in stiffness of the diaphragm (Figure 4.7). This 

increased in the diaphragm stiffness which is closely related to its Young's Modulus has 

decreased the deflection and thus reduced its sensitivity. Therefore, the silicon nitride 

diaphragm has a lower deflection and is less sensitive than polyimide diaphragm. 

The relationship of diaphragm pressure sensitivity and flexural rigidity with 

diaphragm thickness for polyimide and silicon nitride diaphragms are further discussed 

in Figures 4.8 (a) and (b). Based on the presented simulation result, the flexural rigidity 

is found to be increased when the diaphragm is thick. Based on Figure 4.8(a), the 

polyimide diaphragm which possesses a Young's modulus of 7.5 GPa is more sensitive 

than silicon nitride diaphragm (Young's modulus of270 GPa). 

Therefore, it is concluded that diaphragm with low flexural rigidity is highly 

desirable. It is proven that thin diaphragm and low Young's Modulus decreases the 

flexural rigidity. As a result the micro-diaphragm becomes more sensitive as supported 

by equation (4.1). 
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In addition, it is shown in the Figures 4.8 (a) and (b), when the diaphragm 

thickness is 4 Jlm, the sensitivity of the polyimide and si licon nitride is 3.0 I x I 03 

J.!mlmmHg and 7.86 x 10-5 J.!mlmmHg respectively. With this particular dimension, the 

silicon nitride diaphragm attained the flexural rigidity of 1.56 Pa.Jlm3 which is 97 % 

more than fl exural rigidity achieved by the poly imide diaphragm (0.05 Pa.Jlm\ 

(iii) Diaphragm Stress Distribution 

rn this sub-section, the diaphragm stress di stribution results are discussed in 

terms of tangential and radial stresses. The tangential and radial stresses distributions are 

illustrated in Figures 4.9 and 4.1 0, respectively. 
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Figure 4.9: Tangential stress distribution of the diaphragm 
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Both figures show similar behaviour as both stresses are decreased when the 

diaphragm radius and diaphragm thickness are small and thick respectively. However, it 

can be seen from the figures that the diaphragm radius has more effects on both the 

stresses as compared to diaphragm thickness. 

The comparison of stress and diaphragm deflection between polyimide and 

silicon nitride diaphragms is illustrated in Figure 4.11. It is shown from this figure that a 

larger diaphragm radius increases the diaphragm deflection and thus increases both 

stresses. This behavior is supported by equations (4.4) and (4.5), and other researchers' 

findings in (Giovanni, 1982, Xu, 2005, Eaton el a/., 1999, Sun eta!., 2008). 

48Dyc 
"r,max =22 

a h 
(4.4) 
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24Dyc 
Ur,max = 22{1 + JJ) 

a h 
(4.5) 

where a is diaphragm radius, h diaphragm thickness and D and Yc is flexural rigidity and 

maximum deflection respectively. In which equations (4.4) and (4.5) represent the 

maximum radial stress and maximum tangential stress respectively. 
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It is observed from Figure 4.11, that the si I icon nitride has lower deflection and 

stress as compared to the polyimide diaphragm. This is because the high Young's 

Modulus possessed by si licon nitride has increased its flexural rigidity and thus reduced 

its deflection. This linding is in agreement with equation (4. 1 ). 
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This figure also shows that when the radius is IOO)..lm, the polyimide and silicon 

experienced bending stresses of 16.6 MPa and 12.6 MPa respectively. However, with 

this dimension, the polyimide diaphragm deflected by 1.37 J..lm which exceeded the 

maximum allowable deflection of I J..lm. 

Furthermore, the simulation results presented in F:gure 4.11 shows that the 

micro-diaphragm must have the maximum bending stress of 20 MPa in order to attain 

maximum deflection of I )..lm. Consequently, it can be seen from this figure, that the 

diaphragm radius must be less than 100 J..Lm to acquire the optimum deflection of the 

micro-diaphragm and satisfied the design specifications presented in Table 3.1. 

4.2.2 Frequency Response Analysis 

The analysis of micro-diaphragm performance is further elaborated in terms of 

its frequency response. The analyses of frequency response are presented in Figures 4.12 

to 4.17. Diaphragm frequency response is another important parameter which needs to 

be considered in designing the micro-diaphragm for an optical pulse pressure sensor. 

This is because the frequency response wi ll ensure the diaphragm achieved high 

deflection with optimum vibration frequency. 

The frequency response of the micro-diaphragm was presented in terms of its 

resonance frequency. This resonance frequency occurs when oscillation frequency 

matches a natural frequency possessed by the diaphragm. Thus, an oscillation with large 

amplitude is induced at this resonance frequency. 

Figure 4. 12 shows that when the diaphragm's radius and thickness are small and 

thick respectively, there will be an increment in the resonance frequency of the 

diaphragm. At a particular diaphragm radius, resonance frequency increases when 
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micro-diaphragm is thick. This result is supported by findings of I long et al .. 2006 and 

equation (3.18). 
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Figure 4.12: Relationship among diaphragm radius, diaphragm thickness and resonance frequency 

The analysis of frequency response is discussed by studying the relationship 

between resonance frequency and diaphragm thickness. It is observed from Figure 4.13 

that the resonance frequencies for polyimide and silicon nitride are linearly correlated 

with diaphragm thickness. Silicon nitride attained higher resonance frequency with the 

slope of 0.4311 and coefficient correlation, R2 of 0.9908. Meanv.hile, the polyimide 

diaphragm has a lower slope of 0.1 099 which is 75 % difference from the slope of 

silicon nitride. It is shown in this figure that the higher slope indicated that the 

diaphragm vibrated in higher frequency (Figure 4.13). 
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Findings in Figure 4.13 also indicate that the polyimide diaphragm experienced 

less vibration since it achieved lower resonance frequency than silicon nitride. This is 

because, the vibration of the micro-diaphragm is influenced by its elasticity and mass 

(Timoshenko, 1974). As discussed in Chapter 3, it is desirable for the micro-diaphragm 

to have a low resonance frequency to successfully detect the pulse pressure in the range 

from 0 to 50 kHz. Therefore, the polyimide diaphragm is attested to be a suitable 

material since it vibrates in lower frequency than silicon nitride. 
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Figure 4.13: Resonance Frequency in relation with diaphragm thickness 

The correlation between diaphragm deflection and resonance frequency is 

illustrated in Figure 4.14. In order to attain maximum deflection of 1 Jlm. the thickness of 

diaphragm should be selected in the range of 0 to 5 Jlm. As shown in the figure, when 

the diaphragm thickness is 5 Jlm, the resonance frequencies of polyimide and silicon 
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nitride are 2.8 MHz and 0.6 MHz respectively. These resonance frequencies satisfied the 

design specification (Table 3.1) since both frequencies are 2.5 times larger than the 

applied frequency. 
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Figure 4.14: Diaphragm deflection and resonance frequency in relation with diaphragm thickness 

However with this dimension, the diaphragm deflection exceeds more than I J.lm. 

Thus, it is concluded that the micro-diaphragm with thickness of less than 5 J.lm must be 

chosen to satisfy all specifications presented in Table 3.1. It is shown for diaphragm 

thickness of 4J.lm, the polyimide diaphragm vibrates at lower frequency of 0.58 Mllz to 

achieve maximum deflection of0.9 J.lm (Figure 4.14). Meanwhile, at the same thickness 

(4 J.lm), the silicon nitride requires higher vibration frequency of 2.33 MHz but it only 

attained very low diaphragm deflection of0.02 J.lm. 
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The analysis of frequency response is further discussed by investigating the 

relationship of flexural rigidity and resonance frequency with diaphragm thickness. 

Figures 4.15 (a) and (b) illustrate that the resonance frequency increased when the 

flexural rigidity was increased. It was found in this figure that thicker diaphragm 

requires higher vibration frequency in order to attain a maximum deflection and thus 

increases the resonance frequency (Figure 4.15). In other words, higher flexural rigidity 

will cause the micro-diaphragm to be less sensitive. It can be seen from Figure 4.15 (a) 

that polyimide diaphragm has a lower flexural rigidity and requires lower vibration 

frequency as compared to the silicon nitride diaphragm (Figure 4.15(b)). 

The relationships between resonance frequency and flexural rigidity presented in 

Figures 4.15(a) and (b) are supported by equation (4.8) as follows: 

(4.8) 

where amn is a constant related to the vibrating modes of the diaphragm, h is the 

thickness of the diaphragm, r is the effective diaphragm radius, pis the mass density of 

the diaphragm material, whereas Dis the flexural rigidity of the micro-diaphragm. 

Thus, it is observed from the Figures 4.14 and 4.15 that. at the thickness of 4f.1m, 

the polyimide diaphragm vibrates at frequency of 0.58 MHz and achieved the deflection 

of 0.9 f.lm. These findings are in agreement with design speci tications presented in Table 

3.1. 
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The relationships between diaphragm deflection and resonance frequency for 

different damping modes are shown in Figures 4.16 and 4.17 respectively. As shown in 

Figure 4.16, the polyimide diaphragm attained high amplitude of deflection when the 

resonance frequency of the micro-diaphragm is at 0.66 MHz. Thus, the damping mode 

of 0.05 was chosen to be applied to the micro-diaphragm to reduce its vibration 

excitation and gives the deflection of 0.9 jlm. The selected damping mode has caused 

the micro-diaphragm operated in an optimum environment of dynamic loading (Beards, 

1996). 

Meanwhile, the silicon nitride diaphragm was found to achieve high amplitude of 

deflection when the resonance frequency was excited at 2.33 Mllz (Figure 4.17). At 

resonance frequency of 2.33 MJ Iz, the deflections are given by 0.06 J..lm, 0.02 J..lm, 0.0 I 

J..lm and 0.007 jlm for damping mode of 0.01, 0.03, 0.05 and 0.08 respectively. As the 

micro-diaphragm is designed for small pulse pressure measurement, it is desirable to 

have a low resonance frequency (Wang et a/., 2006). Thus, from the Figures 4.16 and 

4.17, polyimide and silicon nitride diaphragms attained high amplitude of deflection at 

resonance frequency of0.66 MHz and 2.33 MHz respectively. 

It is shown in Figures 4. I 6 and 4.17 that increasing the damping of the micro

diaphragm will reduce its response to a given excitation. Both figures show that the 

amplitude of deflection is reduced with the damping mode. 

As an example, the deflection of polyimide diaphragm (Figure 4.16) at 0.66 MHz 

is reduced from 5 jlm to 0.9 jlm when damping mode is increased from 0.03 to 0.05. As 

the damping mode is increased, there will be a reduction in vibration, noise, and 

dynamic stress (Beards, 1996). 
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However, excessive high amplitude of vibration will lead to both fatigue and 

failure of the micro-diaphragm (Beards, 1996). Therefore, it is concluded that mode 

damping has significant effects on the dynamic behaviour of the micro-diaphragm as 

supporeted by equation (3.18). 

The suitable damping modes of 0.05 and 0.03 were chosen for polyimide and 

silicon nitride respectively to ensure the micro-diaphragm operated in adequate 

deflection and optimum frequency response. In addition, these damping modes 

(damping mode of 0.05 for polyimide and damping mode of 0.03 silicon nitride) are 

sufficient to give good response to a vibration excitation (Beards, 1996). 

4.2.3 Transient Response Analysis 

Since the micro-diaphragm is loaded with a time varying load. it is important to 

study the transient response of the micro-diaphragm. The transient responses of 

polyimide and silicon nitride diaphragms are presented in Figures 4.18 and 4.19 

respectively. These figures show the absolute and relative diaphragm deflections for 

both materials. The absolute diaphragm deflection is the maximum deflection of the 

diaphragm, i.e. from its initial position (deflection = 0) whereas the relative diaphragm 

deflection is the deflection when the diaphragm vibrates at its oscillating point (Bao 

2005). 

Figure 4.18 shows that the polyimide diaphragm vibrates and achieves the 

maximum deflection of 0.9 11m at its first oscillating point. This maximum deflection 

happened at 5 JlS. The micro-diaphragm vibrated at its oscillating point within duration 

of 1.8 JlS. 
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Meanwhile the transient response analysis for si licon nitride is presented in 

Figure 4.19. It is shown in this figure that the absolute deflection of the silicon nitride 

diaphragm is 0.024~m with duration of relative deflection is 0.5~s. In addition, it is 

illustrated in this figure that silicon nitride diaphragm reached its oscillating point at 

2.1~s. 

Findings indicate that the absolute diaphragm deflection for polyimide 

diaphragm is higher than the silicon nitride diaphragm. However the silicon nitride 

diaphragm requires less time to achieve its maximum diaphragm deflection. The 

duration of the relative diaphragm deflections for polyimide and si licon nitride 

diaphragm are 1.8 ~sand 0.5 ~s respectively. 

Therefore, it is proven that the polyimide diaphragm takes a longer time to 

vibrate in order to achieve its maximum diaphragm deflection of 0.9 ~m. As a result, to 

successfully detect the pulse pressure on human's radial artery, the polyimide diaphragm 

is suitable since it satisfies the maximum allowable deflection of I ~m as stated in Table 

3.1. 

The analysis of micro-diaphragm performance concluded that the polyimide 

diaphragm has achieved higher deflection than polyimide diaphragm. It is proven from 

this analysis, that the radius and thickness of 90 ~m and 4 ~m respectively attained 

sensitivity of 3.0 I xI 03 ~m/mmHg and resonance frequency of 0.58 Mllz. llowever, the 

optimization analysis ofTaguchi was conducted to verify these findings. 
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4.3 Optimization using Taguchi Method 

The optimization result of Taguchi is divided into two parts namely analyses of 

SIN ratio and Pareto ANOV A. 

4.3.1 Analysis of Signal-to-noise (SIN) ratio 

The simulated and the calculated SIN ratio results for micro-diaphragm's 

deflection, sensitivity and resonance frequency performance are presented in Table 4. I. 

The mean SIN ratios for each level of control factors and control factor interactions for 

the larger the better characteristics are shown in Table 4.2 and Figure 4.20. From Table 

4.2, it was observed that the control factor A2 (i.e. diaphragm radius of90 ~m) gives the 

highest value of mean SIN ratio which are -145.23 dB, and 194.77 dB for deflection and 

sensitivity respectively. 

'Table 4.1: Simulated and calculated SIN ratio results for diaphragm deflection, diaphragm pressure 
sensitivity and resonance frequency 

Simulation Factors Simulated results Calculated SIN Ratio 
trials 

The larger-the-better The smaller-
Deflection Sensitivity Resonance characteristic the-better 

(j.llll) (j.irn/mmHg) Frequency 
(MHz) 

characteristic 

Deflection Sensitivity Resonance 
(dB) (dl3) Frequency 

(dO 

AIBICI 0.00409 1.36.&5 1.82507 -167.77 -217.31 -125.23 

2 A2BICI 0.90311 3.01£-3 0.58440 -120.89 -170.43 -115.33 

3 AIB2CI 0.01414 1.25£-6 3.26307 -156.99 -226.53 -130.27 

4 A282CI 0.12614 4.21£-4 1.10278 -137.98 -187.53 -120.85 

5 A181C2 0.00241 8.05£-6 6.41726 -172.34 -221.88 -136.15 

6 A2BIC2 0.02359 7.86£-5 2.32698 -152.55 -202.09 -127.34 

7 AIB2C2 0.00038 1.25£-6 13.01840 -188.52 -238.06 -142.29 

8 A2B2C2 0.00335 1.12£-5 4.39525 -169.50 -219.04 -132.86 
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The diaphragm's thickness (i.e. control factor B) and material (i.e. control factor 

C) are insignificant on the mean SIN ratio response for the larger the better characteristic 

of these two micro-diaphragm performance. In addition, the interaction between 

diaphragm thickness and diaphragm material (i.e. interaction BXC) are significant since 

it achieves the highest value of mean SIN ratio. 

Table 4.2: Response Table of Mean SIN ratio for the larger the better characteristic of diaphragm 
deflection, and diaphragm pressure sensitivity 

Micro-diaphragm 

performance/ 

Control Factor 

Deflection 

Sensitivity 

The larger the better characteristic 

Diaphragm radius 

(A) 

AI A2 

Diaphragm 

Thickness (B) 

Bl B2 

Diaphragm 

Material (C) 

Cl C2 

Interaction 
diaphragm thickness 

and diaphragm 
material, 
(B X C) 

BIX 
Cl 

B2XC2 

-171.40 -145.23 -153.39 -163.25 -145.91 -170.73 -144.33 -179.01 

-220.95 -194.77 -202.93 -212.79 -195.45 -220.27 -193.87 -228.55 

•values of SIN ratios are in decibel, (dB) 

Table 4.3: Response Table of Mean SIN ratio for smaller the better characteristic of resonance frequency 

Micro-diaphragm 

performance/ Control 

Factor 

Resonance 

Frequency 

The smaller the better characteristic 

Diaphragm radius Diaphragm 

Thickness (B) 

Diaphragm 

Material (C) 

Interaction between 
diaphragm radius & 

diaphragm 
thickness, 
(AX B) 

(A) 

AI A2 Bl B2 Cl C2 AIX Bl A2X B2 

-123.48 -124. 10 -126.01 -131.57 -122.92 -134.66 -130.69 - 126.86 

•values of SIN ratios are in decibel, (dB) 
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Figure 4.20: The mean signal-to-noise ratio graph for diaphragm deflection and diaphragm pressure 
sensitivity 
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Figure 4.21 : The mean signal-to-noise ratio graph for resonance frequency 
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The smaller the better characteristic of resonance frequency is tabulated in Table 

4.3 and shown in Figure 4.2 1. The highest peak of the graph shows the significant 

factors and interactions between the control factors. Table 4.3 and Figure 4.21 depicted 

that the control factor C I (i.e. polyimide diaphragm) and interaction between diaphragm 

radius and diaphragm thickness (i.e. interaction AXB) are found to be the significant 

control factor and interaction for resonance frequency. While the control factor C I (i.e. 

polyimide diaphragm) attained highest value of mean SIN ratio with -122.92 dB. 

Park 1996 has recommended using the two way table to select optimum level for 

factor interactions as shown in Tables 4.4 to 4.6. Tables 4.4 and 4.5 present the 

interaction between control factors B and C for the larger the better characteristics of 

denection and sensitivity. While the interaction between control factors A and B for the 

smaller the better characteristic of resonance frequency is presented in Table 4.6. 

Table 4.4: The calculated BC two-way table for diaphragm deflection 

Cl 

C2 

Total 

81 

-288.65 

-324.89 

-613.54 

82 

-294.97 

-358.02 

-652.99 

Total 

-583.63 

-682.91 

-1266.53 

Table 4.5: The calculated 8C two-way table for diaphragm pressure sensitivity 

81 82 Total 

Cl -387.74 -394.06 -779.80 

C2 -423.97 -457.10 -881.08 

Total -811.71 -85 1.1 6 -1660.87 
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Table 4.6: The calculated AB two-way table for resonance frequency 

AI A2 Total 

Bl -261.37 -242.67 -504.04 

B2 -272.56 -253.71 -526.27 

Total -533.93 -496.38 -I 030.31 

The optimum level for the interaction is indicated by the highest value in that 

particular two-way table. Thus, from these two-way tables, it was found that B I and C I 

are the optimum control factors for the larger the better characteristics. Table 10 shows 

the optimum control factors for the smaller the better characteristics are A2 and 8 I (-

242.67 dB). 

Thus, analysis of SIN ratio summarized that the diaphragm radius of 90J..lm (i.e. 

Control Factor A2), diaphragm thickness of 4J..lm (i.e. Control factor B I) and poly imide 

diaphragm (i.e. Control Factor C I) are the optimum combination to achieve the high 

deflection and sensitivity as well as low resonance frequency. 

4.3.2 Analysis of Pareto ANOV A 

The Pareto A NOVA analyses of diaphragm's deflection, pressure sensitivity and 

resonance frequency are summarized in Tables 4.7, 4.8 and 4.9 respectively. The 

optimum level of each control factor was indicated by the highest value of contribution 

ratio. 

The Pareto diagrams in Figures 4.24 (a) and 4.24 (b) show that the diaphragm 

radius (i.e. Control Factor A) is most likely to give more influence in affecting the 

diaphragm's deflection and pressure sensitivity. However, for the smaller the better 
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characteristic, the diaphragm material (i.e. Control Factor C) obtained the highest 

contribution ratio as shown in Figure 4.24 (c). 

Table 4.7: Pareto ANOV A analyses for diaphragm deflection 

Factor A B c Total 

Sum at factor level 

-666.60 -613.54 -583.63 

2 -580.92 -633.98 -663.89 

Sum of squares of 7341.72 417.75 6442.86 14262.33 

differences 

Contribution ratio(%) 5 1.69 2.94 45.37 100 

Optimum Level A2 B1 C1 

Table 4.8: Pareto A NOV A analyses for diaphragm pressure sensitivity 

Factor A B c Total 

Sum at factor level 

-915.31 -81 I. 71 -813.32 

2 -779.09 -882.69 -881.078 

Sum of squares of 18557.48 5038.06 4591.14 28186.68 

differences 

Contribution ratio(%) 65.84 17.87 16.29 100 

Optimum Level A2 81 Cl 

Table 4.9: Pareto ANOVA analyses for resonance frequency 

Factor A B c Total 

Sum at factor level 

-533.94 -504.04 -491.68 

2 -496.38 -526.27 -538.63 

Sum of squares of 1410.51 494.19 2204.44 4109.14 

differences 

Contribution ratio(%) 34.33 12.03 53.65 100 

Optimum Level A2 Bl C1 
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Figure 4.22: Pareto diagram for (a) diaphragm deflection (b) diaphragm pressure sensitivity and(c) 
resonance frequency 

The Pareto ANOV A analysis presented in Figure 4.22 (a) showed that the effect 

of diaphragm radius contributes 51.69 % on diaphragm deflection followed by 

diaphragm material and diaphragm thickness at 45.37 %and 2.94 % respectively. It is 

illustrated in this figure that the diaphragm's radius and material achieved high 

contribution ratio on the diaphragm deflection. This means that the variations in 

diaphragm's radius and material will affect the deflection of the diaphragm. The 

diaphragm thickness (i.e. control factor B) is insignificant in affecting the larger the 

better characteristic of diaphragm deflection. 

Figure 4.22 (b) indicates that the diaphragm's thickness (i.e. control factor B) 

and material (i.e. control factor C) are insignificant since their contribution ratios are 

lower as compared to diaphragm radius (i.e. control factor A). The diaphragm radius is 

more significant since it attained a contribution ratio of 65.84 % and has more influence 
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in affecting the diaphragm sensitivity. Therefore. it can be concluded from this analysis 

that the diaphragm radius will play a major role in order to achieve the best performance 

with adequate sensitivity and satisfied design specifications as presented in Table 3.1. 

For the smaller the better characteristic, the diaphragm material (i.e. Control 

Factor C) was the most significant factor since it attained highest contribution ratio. This 

is due to the vibration of the micro-diaphragm that is greatly influence by the type of 

material. Finding from Table 4.9 indicates that the polyimide diaphragm (i.e, control 

factor C I) is a significant factor since it possessed lower Young's modulus than silicon 

nitride diaphragm (i.e. control factor C2) In addition, diaphragm radius (i.e. Control 

Factor A) and diaphragm thickness (i.e. Control Factor B) have contribution ratios of 

34.32 % and 12.03 % respectively. Table 4.1 and Figure 4.24 (c) showed that the 

resonance frequency was equal to 0.5844 MHz which is 2.5 larger than the applied 

frequency. Thus, the control factors of A2, B I and C I are the optimum combination for 

the micro-diaphragm and it satisfied the design specifications presented in Table 3.1. 

Thus, it is found that the optimum control factors with combination of control 

factors A2, 8 l, and C I from the SIN ratio Pareto A NOVA analyses were similar with 

the second simuJation trials, whereby the diaphragm's pressure sensitivity and deflection 

was equal to 0.0030 I ~-tm/mmHg and 0.9031 I ~-tm respectively. With this optimum 

combination, the micro-diaphragm achieved the best performance with low vibration 

frequency and adequate sensitivity to detect the pulse pressure on human's radial artery. 

4.4 Summary 

The micro-diaphragm perfonnance and optimization analyses using the Taguchi 

method have been presented in this chapter. Based on the simulation results, it is 
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concluded that the diaphragm deflection and diaphragm pressure sensitivity increased 

when the diaphragm radius and diaphragm thickness are large and thick respectively. In 

addition, flexural rigidity of the diaphragm also increases when the diaphragm is thick. 

Thus, it reduces the diaphragm deflection as well as diaphragm pressure sensitivity. 

Moreover, diaphragm stress distribution was also studied to predict the 

likelihood of diaphragm failure. The find ings indicated that tangential and radial stresses 

increased with the increment of the diaphragm deflection. Furthermore, th~ micro

diaphragm has a linear relationship with diaphragm deflection and applied pressure. 

It is proven that the polyimide diaphragm has a better performance as compared 

to the silicon nitride diaphragm. This is due to the high Young's modulus possessed by 

the silicon nitride diaphragm that reduces its sensitivity. These findings are supported by 

findings from other researcher's (Xu, 2005, Deng, 2004, Madssen el a/., 2006, Osika el 

al., 2007). 

Unlike static response, diaphragm resonance frequency increased when 

diaphragm thickness and diaphragm radius is thick and small respectively. The finding 

also showed that diaphragm with higher Young's modulus, which is Silicon Nitride has 

a higher resonance frequency than polyimide diaphragm. 

The findings indicated that when the thickness and radius is 4 tJm and 90 tJm 

respectively, the sensitivity of polyimide and silicon nitride diaphragms are of 3.0 lx I o·3 

tJm/mmHg and 7.86 x 10·5 tJmlmmHg respectively. At this particular dimension, the 

silicon nitride diaphragm attained the flexural rigidity of 1.56 Pa.tJm3 whilst silicon 

nitride achieved the flexural rigidity of 0.05 Pa.tJm3
. In addition, the polyimide 

diaphragm obtained higher deflection of 0.9 tJm as compared to sil icon nitride which 

only achieved 0.02 tJm. 
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The Taguchi method was applied to find an optimum combination of design 

parameter for the micro-diaphragm. For all performance characteristics, diaphragm 

radius of 90J.lm (i.e. Control Factor A2) and diaphragm thickness of 4J.lm (i.e. Control 

Factor B I) and polyimide diaphragm (i.e. Control Factor C I) were the optimum control 

factors for micro-diaphragm performance. 

The Pareto ANOV A analysis concluded that the diaphragm radius (i.e. control 

factor A) achieved the highest contribution ratio in affecting the performance of 

diaphragm's deflection and pressure sensitivity. Meanwhile, the diaphragm material (i.e. 

control factor C) plays a major role in determining the resonance frequency 

performance. This analysis has proven that the Taguchi method is suitable to optimize 

the micro-diaphragm performance. In this project, it is indicated that the optimization 

method of Taguchi is in agreement with other researchers' findings (Lai & Lin, 2007, 

Vijian and Arunachalam, 2007, Shalaby et at., 2009). 

A comparison of the designed micro-diaphragm with other findings is presented 

in Table 4.12. It is shown in this table that Toshima et a/., 2003 has successfully 

designed a smaller micro-diaphragm using silicon-based material. However, the 

sensitivity of this micro-diaphragm is less than the micro-diaphragm which was 

designed in this study. 

Based on the data presented in this table, it is attested that the designed micro

diaphragm is sensitive as compared to the others' findings. rn more specific, the 

polyimide diaphragm was successfully designed with the radius of 90 J.lm and the 

thickness of 4J.lm. 
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Table 4.10: A comparison of the designed micro-diaphragm for the optical pulse pressure sensor with the 
findings of other researchers' 

Aspects II ill eta/., Toshimaet Dagang et Cibulaet a/., This Study 

2007 a/., 2003 a/., 2006 2002 

Pressure range 0-125 0-400 0-150 0-300 0-300 

(mmHg) 

Diaphragm-based Polymer Silicon Silicon Polymer Polymer 

material 

Diaphragm size/radius 50 50 150xl50 62.5 90 

(J.tm) 

Diaphragm thickness 2 0.7 1.5 4 4 

(J.tm) 

Sensitivity 0.0038 0.0015 0.2300 4.5xto-<> 0.0030 

(J.trnlmmHg) 

Generally, large and thin the micro-diaphragm leads to higher deflection and 

sensitivity. In addition, a diaphragm which vibrates with low resonance frequency is 

desired in designing the diaphragm. Thus, the Taguchi approach found the optimum 

combination of control factors which could gives the best performance for the micro-

diaphragm. 

In conclusion, this study has proven that miniature size micro-diaphragm is 

successfully designed to be used for the pressure range of 0 to 300 rnmHg. Furthermore, 

the micro-diaphragm used polyimide, which is a polymer-based material to achieve a 

high sensitivity. 
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5.1 Conclusion 

CHAPTERS 

CONCLUSION AND FUTURE WORK 

The micro-diaphragm for the optical pulse pressure sensor has been successfully 

designed and its performance has also been simulated. Tt has been proven that the 

optimum design parameters could be chosen to obtain the best micro-diaphragm 

performance by employing the statistical analysis ofTaguchi. 

The main contribution of this research is the modelling of the micro-diaphragm 

with higher sensitivity to detect and measure small pulse pressure measurement. This 

research has developed the miniature size diaphragm which uses the polyimide. In 

particular, polyimide has excellent mechanical and good optical properties for optical 

pulse pressure sensor. 

The designed micro-diaphragm is capable of detecting the pulse pressure with a 

range from 0 to 300 mmHg. The analyses of the micro-diaphragm performance 

concluded that thin micro-diaphragm and large diaphragm radius increased both the 

diaphragm deflection and diaphragm pressure sensitivity. Nevertheless, using this micro

diaphragm dimension, the resonance frequency has been reduced. 

In addition, three design parameters have been found to affect the performance of 

micro-diaphragm. These design parameters namely diaphragm radius. diaphragm 

thickness and diaphragm materials must be optimized to ensure the best performance of 

micro-diaphragm. Furthermore, the optimization analysis of Taguchi which consists of 

the analyses of SIN ratio and Pareto ANOYA concluded that the diaphragm radius of 
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90Jlm, diaphragm thickness of 4Jlm and polyimide diaphragm formed the optimum 

combination of design parameters for the micro-diaphragm. 

Thus, this study has demonstrated the modelling and simulation study of the 

micro-diaphragm for the optical pulse pressure sensor using the MEMS technology. 

Application of the Taguchi method was found to be a useful technique to determine the 

optimum combination of the design parameters. The method could also be used in 

designing the micro-diaphragm with the best performance, less simulation runs and 

fewer design steps. 

5.2 Future Work 

This project can be further improved by considering these recommendations. 

5.2.1 Improvement for micro-diaphragm structural design 

The micro-diaphragm can be improved by introducing a boss and corrugated 

micro-diaphragm structure. This combination will give a high sensitivity and a high 

efficiency as compared to the flat micro-diaphragm (Sun et a/., 2008). In addition, the 

corrugated diaphragm gives larger dynamic range and thus offers wide range of linearity 

(Soin and Majlis, 2002). 

As compared to the flat micro-diaphragm, a corrugated diaphragm with a much 

higher mechanical sensitivity has been achieved whereas a better reproducibility is 

obtained in several biomedical designs (Zou et a/., 1997). This corrugated micro

diaphragm can be introduced in designing the optical pulse sensor since it provides 

higher sensitivity than flat micro-diaphragm. With a high sensitivity micro-diaphragm, 

an adequate detection system to measure small micro-diaphragm deformation can be 

implemented. 

109 

Univ
ers

ity
 of

 M
ala

ya



In addition, a diaphragm based dual optical sensor can be designed for pulse 

pressure measurements. This diaphragm based dual optical sensor can increase the 

measurement linearity and avoid optical intensity loss (Dagang et al.. 2006). This 

proposed design can successfully measure the pulse pressure. Thus, the diaphragm based 

dual optical sensor can be applied in designing the optical pulse pressure sensor. 

5.2.2 Test & verification 

This study only focused on the modelling of the micro-diaphragm structure. The 

analysis of the micro-diaphragm performance was conducted on the simulation basis but 

the actual fabrication was not conducted. Therefore, the realization of the actual micro

diaphragm is still needed for test and verification. 
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APPENDIXB 

SIMULATION RESULTS 

Transient data for polyimide diaphragm 

Time (sec) Deflection (J..lm) 
l.OOE-07 -4 .19E-04 
2.00E-07 -2.52E-03 
3.00E-07 -8.38E-03 
4.00E-07 -2.06E-02 
5.00E-07 -4.04E-02 
6.00E-07 -6.68E-02 
7.00E-07 -9.79E-02 
8.00E-07 -0.132221 
9.00E-07 -0.168412 
l.OOE-06 -0.204499 
1.10E-06 -0.237847 
1.20E-06 -0.265595 
1.30E-06 -0.286318 
1.40E-06 -0.300517 
1.50E-06 -0.309267 
1.60E-06 -0.313379 
1.70E-06 -0.313949 
1.80E-06 -0.31308 
1.90E-06 -0.313736 
2.00E-06 -0.318857 
2.10E-06 -0.330057 
2.20E-06 -0.347391 
2.30E-06 -0.370607 
2.40E-06 -0.399599 
2.50E-06 -0.433555 
2.60E-06 -0.470384 
2.70E-06 -0.507052 
2.80E-06 -0.540655 
2.90£-06 -0.569479 
3.00E-06 -0.592867 
3.10E-06 -0.610255 
3.20E-06 -0.621105 
3.30E-06 -0.625872 
3.40E-06 -0.626518 
3.50E-06 -0.625915 
3.60E-06 -0.626761 
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3.70E-06 -0.630855 
3.80E-06 -0.639399 
3.90E-06 -0.653718 
4.00E-06 -0.674944 
4.10E-06 -0.702977 
4.20E-06 -0.736152 
4.30E-06 -0.771953 
4.40E-06 -0.808013 
4.50E-06 -0.842517 
4.60E-06 - -0.873776 
4.70E-06 -0.899827 
4 .80E-06 -0.919033 
4.90E-06 -0.931115 
5.00E-06 -0.93732 
5.10E-06 -0.939233 
5.20£-06 -0.937513 
5.30£-06 -0.931793 
5.40£-06 -0.921636 
5.50E-06 -0.908206 
5.60E-06 -0.894549 
5.70E-06 -0.883231 
5.80E-06 -0.874936 
5.90£-06 -0.869752 
6.00£-06 -0.868199 
6.10E-06 -0.871265 
6.20E-06 -0.879525 
6.30£-06 -0.891629 
6.40E-06 -0.904774 
6.50£-06 -0.916857 
6.60E-06 -0.927199 
6.70E-06 -0.935335 
6.80E-06 -0.94003 
6.90E-06 -0.939763 
7.00E-06 -0.933956 
7.10E-06 -0.923894 
7.20E-06 -0.911972 
7.30E-06 -0.899804 
7.40E-06 -0 .88798 
7.50E-06 -0.877414 
7.60E-06 -0.869907 
7.70E-06 -0.867327 
7.80E-06 -0.87031 
7.90E-06 -0.877734 
8.00£-06 -0.887784 
8.10E-06 -0.899383 
8.20E-06 -0.911989 
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8.30E-06 -0.924337 
8.40E-06 -0.934188 
8.50E-06 -0.939487 
8.60E-06 -0.939552 
8.70E-06 -0.935181 
8.80E-06 -0.927537 
8.90E-06 -0.917152 
9.00E-06 -0.904502 
9.10E-06 -0.891135 
9.20E-06 -0.879522 
9.30E-06 -0.871774 
9.40E-06 -0.868637 
9.50E-06 -0.869719 
9.60E-06 -0.874564 
9.70E-06 -0.883154 
9.80E-06 -0.895088 
9.90E-06 -0.90867 
1.00E-05 -0.921371 

Transient data for silicon nitride diaphragm 

Time (sec) Deflection (J.lm) 

1.00E-07 -3.95E-04 
2.00E-07 -1.87E-03 
3.00E-07 -4.02E-03 
4.00E-07 -5.49E-03 
S.OOE-07 -5.92E-03 
6.00E-07 -6.35E-03 
7.00E-07 -7.76E-03 
8.00E-07 -9.86E-03 
9.00E-07 -1.14E-02 
l.OOE-06 -1.19E-02 
1.10E-06 -1.23E-02 
1.20E-06 -1.37E-02 
1.30E-06 -1.57E-02 
1.40E-06 -1.72E-02 
l.SOE-06 -1.78E-02 
1.60E-06 -1.82E-02 
1.70E-06 -1.96E-02 
1.80E-06 -2.16E-02 
1.90E-06 -2.31E-02 
2.00E-06 -2.37E-02 
2.10E-06 -2.38E-02 
2.20E-06 -2.36E-02 
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2.30E-06 -2.34£-02 

2.40E-06 -2.35E-02 

2.SOE-06 -2.37£-02 

2.60E-06 -2.38E-02 

2.70£-06 -2.36E-02 

2.80E-06 -2.34E-02 

2.90E-06 -2.35E-02 

3.00E-06 -2.37E-02 

3.10E-06 -2.38E-02 

3.20E-06 -2.36E-02 

3.30E-06 -2.34E-02 

3.40E-06 -2.35E-02 

3.50E-06 -2.37E-02 

3.60E-06 -2.38E-02 

3.70E-06 -2.36E-02 

3.80E-06 -2.34E-02 

3.90E-06 -2.35E-02 

4.00E-06 -2.37E-02 

4.10E-06 -2.38E-02 

4.20E-06 -2.36£-02 

4.30E-06 -2.35E-02 

4.40E-06 -2.35E-02 

4.50E-06 -2.37E-02 

4.60E-06 -2.38£-02 

4.70E-06 -2.36E-02 

4.80E-06 -2.35E-02 

4.90E-06 -2.35E-02 

S.OOE-06 -2.37E-02 

S.lOE-06 -2.38E-02 

5.20E-06 -2.36E-02 

5.30E-06 -2.35E-02 

5.40E-06 -2.35E-02 

S.SOE-06 -2.37£-02 

5.60E-06 -2.38£-02 

5.70E-06 -2.36£-02 

5.80£-06 -2.35£-02 

5.90E-06 -2.35£-02 

6.00E-06 -2.36£-02 

6.10E-06 -2.37E-02 

6.20E-06 -2.37E-02 

6.30E-06 -2.35E-02 

6.40E-06 -2.3SE-02 

6.SOE-06 -2.36£-02 

6.60E-06 -2.37£-02 

6.70E-06 -2.37E-02 
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6.80E-06 -2.35E-02 

6.90E-06 -2.35E-02 

7.00E-06 -2.36E-02 

7.10E-06 -2.37E-02 

7.20E-06 -2.37E-02 

7.30E-06 -2.35E-02 

7.40E-06 -2.35E-02 

7.50E-06 -2.36E-02 

7.60E-06 -2.37E-02 

7.70E-06 - -2.37E-02 

7.80E-06 -2.35E-02 

7.90E-06 -2.35E-02 

S.OOE-06 -2.36E-02 

8.10E-06 -2.37E-02 

8.20E-06 -2.37E-02 

8.30E-06 -2.35E-02 

8.40E-06 -2.35E·02 

S.SOE-06 -2.36E-02 

8.60E-06 -2.37E-02 

8.70E-06 -2.37E-02 

8.80E-06 -2.35E-02 

8.90E-06 -2.35E-02 

9.00E-06 -2.36E-02 

9.10E-06 -2.37E-02 

9.20E-06 -2.37E-02 

9.30E-06 -2.35E-02 

9.40E-06 -2.35E-02 

9.50E-06 -2.36E-02 

9.60E-06 ·2.37E-02 

9.70E-06 -2.37E-02 

9.80E-06 -2.36E-02 

9.90E-06 -2.35E·02 

l.OOE-05 -2.36E-02 

127 

Univ
ers

ity
 of

 M
ala

ya



APPENDIXC 

CALCULATION FORMULA IN TAGUCHI METHOD 

Calculated SIN ratio 

Experiment Run Factor Designation Calculated SIN Ratio 

A B c Deflection Sensitivity Resonance 
Fre9uenc~ 

I I I 1 AlBIC! Dt El Fl 
2 2 I I A2BlCl D2 E2 F2 
3 1 2 I AIB2Cl D3 E3 F3 
4 2 2 l A2B2Cl D4 E4 F4 
5 1 I 2 AlBlC2 DS ES FS 
6 2 I 2 A2BlC2 D6 E6 F6 
7 1 2 2 AIB2C2 07 E7 F7 
8 2 2 2 A2B2C2 D8 E8 F8 
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Mean SIN ratio for diaphragm deflection, diaphragm pressure sensitivity and resonance frequency 

Parameter\Factor Diaphragm radius (A) Diaphragm Thickness (B) 

AI A2 Bl 82 

Diaphragm Deflection Average Average Average Average 
(Dl,D3,DS,D7) (D2,D4,D6,D8) (DJ ,02,05,D6) (D3,04,07 ,D8) 

Average Average Average Average Diaphragm Pressure 
Sensitivity (E l,E3,ES,E7) (E2,E4,E6,E8) (El,E2,ESE) (E3,E4,E7,E8) 
Resonance Frequency 

Parameter\F actor 

Diaphragm Deflection 

Diaphragm Pressure Sensitivity 

Resonance Frequency 

Average Average Average Average 
(Fl,F3,FS,F7) (E2,E4,E6,E8) (F l ,F2,FS,F6) (F3,F4,F7 ,F8) 

Mean SIN ratio for control factor interactions 

Interaction between diaphragm radius & Interaction between diaphragm radius 
diaphragm thickness, & diaphragm material, 

(AXB) (A XC) 

Al XBJ A2XB2 Al XCI A2XC2 
Average (D I, D5) Average (04, D8) Average (Dl, D3) Average (06, 08) 

Average (E I, E5) Average (E4, E8) Average (El, E3) Average (E6, E8) 

Average (F I, F5) Average (F4, F8) Average (Fl, F3) Average (F6, F8) 

Diaphragm Material (C) 

CI C2 

Average Average 
(D I ,D2,D3 ,04) (D5,06,D7 ,D8) 

Average Average 
(El,E2,E3,E4) (ES,E6,E7,E8) 

Average Average 
(F 1 ,F2,F3,F4) (FS,F6,F7 ,F8) 

Interaction diaphragm thickness and 
diaphragm material, 

(B XC) 

Bl XCl B2XC2 

Average (D 1, D2) Average (07, D8) 

Average (E l, E2) Average (E?, E8) 

Average (Fl, F2) Average (F?, F8) 
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Cl 
C2 

Total 

The calculated 8C two-way table for diaphragm deflection 

81 

L(Dl,D2) = G 
L(D5,D6)=H 

G + H 

82 
L(D3,D4) =I 
L(D7,D8)= J 

l + J 

Total 
G + l 
H + J 

L (G+ l), (H+J) 

The calculated BC two-way table for diaphragm pressure sensitivity 

Cl 
C2 

Total 

Cl 
C2 

Total 

81 
L(El ,E2) = K 
L (E5,E6) =L 

K+L 

82 
L (E3,E4) =M 
L (E7,E8)=N 

M+ N 

Total 
K+M 
L+N 

L (K + M), (L + N) 

The calculated 8C two-way table for resonance frequency 

Bl 
L (Fl ,F2) = 0 
L (F5,F6) =P 

O+ P 

82 
L (F3,F4) =Q 
L (F7,F8)=R 

Q+ R 

Total 
O+ Q 
P+R 

L (0 + Q), (P + R) 
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