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Abstract: - This paper presents the modeling of an optical diaphragm behavior for human pulse pressure detection. In 

this study, the comparison between the performance of the polyimide and silicon nitride diaphragm has been 

presented. The effects of diaphragm radius and diaphragm thickness on static and frequency response are also 

investigated. The findings show that the polyimide diaphragm is more sensitive than the silicon nitride diaphragm. In 

addition, deflection of both diaphragms has linear relationship with the applied pressure The diaphragm radius has 

more effect on the deflection, sensitivity and resonance frequency as compared to the diaphragm thickness. It can be 

concluded that the polyimide diaphragm achieves the optimum performance in terms of the deflection, sensitivity, and 

resonance frequency for human pulse pressure detection. Thus, the polyimide diaphragm has been chosen as the best 

model in designing an optical micro-diaphragm.  

 

Key-Words: - Optical MEMS, Deflection, Resonance Frequency, Pressure Sensitivity, Pulse Pressure, Silicon nitride, 
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1 Introduction 
The shape of the arterial pressure waveform provides a 

measure of the arterial stiffness [1]. The pulse pressure 

waveform can be used to diagnose arterial stiffness. 

Arterial stiffness is caused by the buildup of fatty 

deposits (plaque) on the inside arteries walls. Plaques 

will reduce the blood flow through the artery [2].  

Arterial stiffness typically begins in early 

adolescence, and is usually found in most major arteries 

[3]. However, the arterial stiffness is asymptomatic and 

cannot be detected by most diagnostic tools. It becomes 

seriously symptomatic when arterial stiffness affects 

coronary circulation or cerebral circulation. Furthermore, 

the arterial stiffness can be considered the most 

important underlying cause of strokes, heart attack, and 

various heart diseases.  

Commercial miniature sensors available, 

regardless of their invasiveness can present only a 

percentage of arterial occlusions. No information about 

the degrees of sclerosis and stiffness of the arteries can 

be directly gained from them [4,5]. To obtain parameters 

such as distension and stiffness of the arteries, the 

movement of the arteries walls during pulsation must be 

accurately detected. Several techniques have been used 

in recent years. This includes Magnetic Resonance 

Imaging (MRI), angiography, Intravascular Ultrasound 

(IVUS) and biomedical pressure sensor. 

The MRI is an imaging technique used primarily 

in medical settings to produce high quality images of the 

inside of human body [6]. 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 [7].  It 

provides both chemical and physiological information of 

the tissue in human body [7,8]  

However, many magnetic resonance signals face 

the problem of low signal-to-noise ratio [7,9]. Due to 

this complication, magnetic resonance image estimation 

from noisy data is challenging.  

The angiography technique is also used in the 

diagnosis of the arterial stiffness. Angiography involves 

looking inside the arteries to see if there is any blockage 

in the arteries wall [10]. This is the most accurate way to 

assess the presence and the severity of vascular diseases 

[10]. However, angiography is invasive and relatively 

high cost as compared to other diagnosis techniques. 

The IVUS enables assessment of morphology 

and distribution of in vivo plaque [11]. It uses a catheter 

with a miniaturized ultrasound probe that can determine 

plaque volume within the arterial wall. The IVUS can 

visualize the lumen of the arteries. However, IVUS is 

time consuming and can only be performed by a 

technician who is trained in interventional cardiology 

techniques [10]. In addition, there may be an additional 

risk imposed by the use of the IVUS catheter.  

The biomedical pressure sensor has shown its 

potential in the diagnosis of arterial stiffness. Diagnosis 

of arterial stiffness can be conducted by detecting the 

pulse pressure on the radial artery. There are two 

approaches in biomedical pressure measurements 
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namely, direct and indirect pressure measurements. The 

direct pressure measurement refers to the assessment of 

the pressure using a sensor that is in contact with blood 

or fluid in human body [12]. Through this invasive 

techniques, the sensor experiences physical connection 

with circulating blood or measured fluid. 

However, indirect pressure measurement 

involves a sensor that does not utilize any invasive 

measurements. Advancement in semiconductor 

technology has revolutionized the designing biomedical 

pressure sensor. Nevertheless, there is critical need for a 

miniature ultra-low pressure transducer [13].  Many 

sensing principles such as piezoresistive, capacitive and 

optical have been looked into biomedical pressure 

sensing. Rapid expansion in Biological Micro-electro-

mechanical Systems (BioMEMS) has enabled sensor 

miniaturization for arterial pressure measurements.  

Sensing principles such as capacitive and 

piezoresistive have shown good potential in biomedical 

applications. However, a major problem associated with 

the piezoresistive pressure sensor is its inherent 

sensitivity to temperature [14-16].  

In contrast to the piezoresistive pressure sensors, 

it is well known that the capacitive detection principle 

has a high sensitivity. However, electrical connections to 

the sensor are very sensitive to noise. This is due to 

small electrical capacitance. Therefore, electrical 

connections have to be made as short as possible and this 

makes the sensor packaging process a big challenge. 

[14].  

Optical sensor has the advantage of high 

resolution, high sensitivity, intrinsic electrical passivity 

and immunity to electromagnetic interference [17-19]. 

Optical sensor typically utilizes a sensor head that 

consists of a diaphragm and optical fiber which in turn, 

converts the light rays to electric signal. The diaphragm 

is one of the most important parts in the optical sensor 

because the sensitivity of the sensor is highly dependent 

on its performance [13].  

This paper presents the modeling of an optical 

micro-diaphragm for human pulse pressure detection.  

The effect of diaphragm material, radius and thickness 

on static and frequency responses are analyzed.  

 

2   Theory of a Circular diaphragm 
This section discussed the theory of circular diaphragm 

on deflection, sensitivity and resonance frequency of the 

diaphragm are presented. 

 

2.1 Diaphragm deflection under applied 

pressure 
Load-deflection method is used for elastic properties 

measurement of thin films [14, 20-22]. In this technique, 

the deflection of a fixed edge diaphragm is measured as 

a function of applied pressure as shown in Figure 1.  

 
 

Figure 1: Structure model for the circular diaphragm 

 

The diaphragm will be deflected under a 

uniform applied pressure. The out-of-plane deflection of 

the diaphragm, y is a function of the pressure difference 

and the radial distance [10-12]: 
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where y  is deflection, P is applied pressure, μ is 

Poisson’s  ratio, E is Young’s Modulus, h is diaphragm 

thickness, a and r are effective diaphragm radius and 

radial distance, respectively.  

The maximum deflection, of the diaphragm as a 

function of applied pressure can be written as [11]: 
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 When the diaphragm is thick, the flexural 

rigidity of the diaphragm will increase. Flexural rigidity 

is defined as a force couple required to bend a rigid 

structure and can be defined as:  
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 The relationship between the flexural rigidity 

and deflection is shown as in equation (4). 
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2.2  Pressure Sensitivity

 The pressure sensitivity (Y) is defined as the ratio 

between the deflection and the pressure difference [5, 

11]. Sensitivity is normally used in evaluating the 

performance of the diaphragm as it is a pressure 

sensitive element. When the optical fiber is positioned 

facing the center of the diaphragm, the maximum 

deflection and pressure sensitivity will be analyzed. 

 As for silicon nitrite and polyimide 
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diaphragms, their pressure sensitivity at the center of the 

diaphragm is given by equations (5) and (6) respectively 

[11]: 
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where diaphragm radius (a) and diaphragm thickness (h) 

are in microns. 

 

2.3 Resonance Frequency 
Frequency response is another important issue in 

modeling of the micro-diaphragm. In this study, the 

diaphragm is defined as a free vibrating circular plate 

clamped rigidly at the edge. Resonance frequency of the 

diaphragm is given by [5, 11]: 
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where αmn and ρ are constants related to the vibrating 

modes of the diaphragm and mass density of the 

diaphragm material, respectively. 

 

3   Principle of operation 
The optical pulse sensor consists of an optical fiber 

and a micro-diaphragm structure as pressure transducer. 

It is demodulated by detecting the shift of the reflected 

or transmitted spectrum from the light source. Light 

emitting diode (LED) is used as a light source and the 

light emitted will then be transmitted via optical fibers.  

Pulse pressure that is sensed from the surface of 

radial artery, will cause deformation of the diaphragm. 

This deformation will change the reflected or transmitted 

spectrum. The diffused components of the reflected light 

will strike the diaphragm which is in contact with the 

skin on the radial artery.  

From the reflected spectrum, the cavity length of 

the sensor, deflection and corresponding pressure can be 

measured. The reflected waveform will provide the 

information on the arterial stiffness and elasticity of the 

artery [1].  

However, this study focuses on the modeling of 

an optical micro-diaphragm for the human pulse 

pressure detection. The modeling and analysis of the 

diaphragm are presented in the next subsection. The 

analysis includes the static and frequency response of 

the diaphragm and the diaphragm material is chosen 

based on this analysis.  

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2:  Proposed design of the optical MEMS sensor [4]. 

 

    

4 Design Specifications 
The optical sensor is targeted to sense the pulse pressure 

on the surface of human’s radial artery. According to 

[23-25], the diameter of normal human artery is between 

2.5 to 3mm. Therefore, the overall sensor system must 

be smaller than the size of radial artery. 

 Since the sensor is externally attached to the 

human wrist, the pulse pressure will not create the same 

pressure as the blood exerts on the arteries wall [23]. 

The pressure will not be sufficient enough to displace 

the diaphragm by more than 1μm [23]. Therefore, 

miniature size diaphragm with maximum deflection of 

1µm is needed. 

 In order to ensure the diaphragm operates in a 

linear range, the resonance frequency of the diaphragm 

should be at least 2.5 times larger than the applied 

frequency [26]. For pulse pressure detection, the 

diaphragm should be able to operate in the frequency 

range from 0 to 50 kHz. The complete diaphragm 

specifications are presented in Table 1. 
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Table 1: Diaphragm Specifications 

            Parameter                  Value 

        Pressure range              0-300mmHg 

      Frequency range                0-50kHz 

   Maximum Deflection                   ≤1µm 

 
 Hence, to successfully perform pulse pressure 

measurement, the sensor should have the following 

characteristics [26]:  

 biocompatibility  

 adequate detection system to measure small 

diaphragm deformation  

 miniature in size 

 appropriate dynamic range and sensitivity for 

small pulse pressure measurement. 

5   Methodology 
In this research, the circular diaphragm is 

designed by using MEMS CAD Software, (Intellisuite). 

The 3D model of the diaphragm was constructed using 

the fabrication process editor in Intellifab module. Due 

to negligence of residual stress at the edge of surface of 

the diaphragm, the circular shape has been chosen for 

the diaphragm.  

Fabrication process in Intellifab module consists 

of three layers of materials. A 2µm release layer of 

silicon dioxide film is deposited on silicon wafer by 

plasma-enhanced chemical vapor deposition (PECVD) 

using tetraethoxysilane (TEOS). Then, a second layer is 

deposited on top of the release layer. This second layer 

is the diaphragm material which is either silicon nitride 

or polyimide. The second layer which is 30µm thick 

forms the cylindrical wall around the cavity of the sensor 

system.  

 Diameter hole and cavity wall are patterned by 

using deep reactive ion etching. The diameter hole is 

smaller than the cavity wall to act as an insertion stop for 

the optical fiber. To enhance reflection from the 

diaphragm, metal was evaporated onto the entire wafer. 

A layer of 200Å chromium and a layer of 1000Å 

titanium were then coated on the wafer respectively. 

After developing the diaphragm, micromanipulator will 

be used to insert cleaved end of a single mode optical 

fiber. Steps in the fabrication process are simplified in 

Figure 3. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Release layer of silicon dioxide is deposit onto 

the silicon wafer 

 

 

 

(b) Deposition of diaphragm material onto the 

silicon wafer 

 

(c) Developing the cavity wall 

 

 

(d) Diameter hole is formed by using DRIE 
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(e) Reflective metal layer is evaporated 

onto the whole wafer 

 

Figure 3: Fabrication process for the circular diaphragm. (a) 

Release layer (2μm silicon dioxide) is deposit onto the silicon 

wafer. (b) Diaphragm material is deposit onto the wafer as 

diaphragm layer. (c) Diameter hole is pattern by using deep 

reactive ion etching (DRIE). (d) Etching process using DRIE 

to form cavity walls. (e) 200Å chromium and 1000Å Titanium 

will be evaporated onto the whole wafer as a reflective metal 

layer.  

 

 

 The analysis of the diaphragm has been 

performed by using Thermoelectromechanical module 

once the realization of the diaphragm structure was 

completed. The Thermoelectromechanical module is a 

type of analysis which is based on the finite element 

method.  

 The finite element analysis (FEA) also known as 

finite element method is a computational technique used 

to obtain approximate solutions of boundary condition 

problems in engineering [27]. Before fabricating the 

diaphragm, it is essential to do a theoretical analysis by 

using the FEA. This analysis is helpful because FEA 

gives close approximation of the actual prototype before 

it is fabricated. 

 Enormous amount of time and money can be 

saved by using the FEA because any difficulties that 

may rise during designing of the diaphragm can be 

detected and rectified at an early stage. Hence, trial and 

error approaches which are in use today can be avoided 

[27]. In addition, the FEA is a simulation technique that 

can be used to analyze the behavior of MEMS devices 

[28].   

 To design the diaphragm by using FEA, it is 

necessary to define the type of construction elements, 

mesh profile, material properties, boundary conditions 

and loads [29-31]. The movable diaphragm in FEA 

simulation must operate in a small deflection region and 

must have a perfect boundary condition.  

Boundaries of the diaphragm are fixed and 

clamped at its edge as shown in Figure 4. Three-

dimensional model of the diaphragm in Figure 5 is 

meshed and discretized into elements for FEA 

simulation in Thermoelectromechanical module. Figure 

5 shows the 3D model of the diaphragm before and after 

meshed.  

 

 

          
Figure 4: Diaphragm with fixed boundary 

 

 
 

 

 

 

 

 

 
 

Figure 5: 3D diaphragm model (a) before meshed and (b) after 

meshed 

 

Two types of diaphragm materials are used to 

compare the performance of the diaphragm. The 

materials used are polyimide and silicon nitride. The 

comparison of material properties between silicon nitride 

and polyimide is shown in Table 2. Since the diaphragm 

is designed to detect the pulse pressure, it is loaded with 

the pressure range from 0 to 300mmHg as presented in 

Table 1[2].  

The diaphragm radius and diaphragm thickness 

Reflective metal layer 

Fixed 

Boundary 

M 

E 
S 

H 

 

(a) 

(b) 
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are also varied in order to study their effects on 

diaphragm’s behavior. The best model will be chosen.  

 
Table 2: Material Properties of Silicon Nitride and Polyimide 

Material Properties    Silicon  

   Nitride 

 Polyimide 

   

Young’s Modulus (GPa) 270 7.5 

Poisson Ratio 0.27 0.35 

Thermal Conductivity (W/cm/C) 0.032 8.06x10
6

 

Specific Heat (J/gC) 0.71 4.21 

Electrical Resistivity (Ωcm) 0.6 1x10
16

 

Dielectric Constant 7.5 3.4 

Density (g/cm
3

) 3.44 1.33 

Coefficient of Thermal Expansion 

(/°C) 
2810x10

7
 810x10

7
 

 

 

6   Results & Discussions 
The simulation results are shown in Figures 6 to 12. 

Figure 6 illustrates the deflection in relation with 

diaphragm radius and diaphragm thickness. The 3-

dimension graphs for the diaphragm’s sensitivity and 

resonance frequency are illustrated in Figures 7 and 8, 

respectively.  

At a particular diaphragm thickness, the 

deflection and sensitivity increase as diaphragm radius 

increases (Figures 6 and 7). The result also indicates that 

the thinner the diaphragm thickness, the higher the 

deflection. This is phenomena is supported by Equations 

(1) and (2). 

 

 

 
Figure 6: The relationship among diaphragm radius, 

diaphragm thickness and deflection 

 
 
Figure 7: The relationship among diaphragm radius, 

diaphragm thickness and sensitivity  
 

Figure 8 illustrates that the resonance frequency 

increased as the diaphragm radius and diaphragm 

thickness are small and thick respectively as supported 

by equation (7). The results indicate that the diaphragm 

radius has more effect on deflection, sensitivity and 

resonance frequency as shown in Figures 6 to 8.  

 

 
 

Figure 8: The relationship among diaphragm radius, 

diaphragm thickness and resonance frequency 

 

 

The deflection curve for polyimide and silicon 

nitride diaphragms under applied pressure are shown in 

Figure 9. From this figure, it can be observed that the 

deflection increased from outer surface to the center of 

the   diaphragm. Thus, the maximum deflection occurs 

when the radial distance, is at the center of the 

diaphragm(r=0). The maximum deflections of 
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polyimide and silicon nitride diaphragms are 0.9µm and 

0.02µm respectively (Figure 9).  

Figure 10 depicts the sensitivity versus the 

radius of silicon and polyimide diaphragms. Both 

diaphragms show an increase of sensitivity as the 

diaphragm radius increases. However, the results show 

that the polyimide diaphragm is more sensitive. This 

finding is supported by the other researchers [14, 20, 22, 

25, 32, 33]. The silicon nitride diaphragm possesses 

higher Young’s Modulus and stiffer than the polyimide 

diaphragm (Table 2). Thus, the silicon nitride diaphragm 

is less sensitive than the polyimide diaphragm. Based on 

the findings shown in Figures 9 and 10, it can be 

concluded that the polyimide diaphragm achieves a 

higher deflection and more sensitive than silicon nitride 

diaphragm.  

 

 
Figure 9: Deflection curve under applied pressure. 

 

 
Figure 10: Comparison of sensitivity between polyimide and 

silicon nitride diaphragms  
 

  The comparison of resonance frequency 

between silicon nitride and polyimide diaphragm is 

shown in Figure 11. In contrast with the deflection and 

sensitivity, resonance frequency decreases when 

diaphragm radius is large. This behavior can also be 

supported by equation (7). It can be concluded that the 

resonance frequency of polyimide diaphragm is lower 

than silicon nitride diaphragm.  Although the given 

resonance frequency is low, the polyimide diaphragm 

has higher deflection and more sensitive than silicon 

nitride diaphragm. 

  Equation (2) indicates that the maximum 

deflection is proportional to the applied pressure. In 

addition, linear deflection-pressure relationship is highly 

desirable in designing the diaphragm [21, 22]. This is 

because with such a linear relationship, the behavior of 

the diaphragm is easier to calculate and measured 

[21,22]. 

 

 
 
Figure 11: Comparison of resonance frequency between 

polyimide and silicon nitride diaphragms 

   

  Figure 12 shows the deflection increases 

linearly when both diaphragms are loaded with the 

pressure. The result illustrates that the polyimide 

diaphragm has higher deflection as compared to the 

silicon nitride diaphragm. This is due to the increased of 

flexural rigidity in silicon nitride diaphragm. The 

deflection is decreased when the flexural rigidity of the 

diaphragm is increased as supported by equations (3) 

and (4) [21].    

Simulation results in Figures 9 to 12 have 

shown that the polyimide diaphragm achieves optimum 

performance in sensing the human pulse pressure as 

compared to silicon nitride diaphragm. The maximum 

deflection and resonance frequency of polyimide 

diaphragm are 0.9µm and 0.58MHz, respectively. The 

sensitivity for polyimide is 0.003µm/mmHg. 
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Figure 12: The deflection-pressure relationship for polyimide 

and silicon nitride diaphragms.  
 

 

 

7   Conclusion 
The modeling of an optical micro-diaphragm for human 

pulse pressure detection has been presented. The 

simulation results for both diaphragms showed that 

when the diaphragm radius and diaphragm thickness are 

large and thin respectively, the deflection and sensitivity 

increased whilst the resonance frequency decreased.  

Diaphragm’s behavior on deflection, sensitivity, 

and resonance frequency are supported by analytical 

equations in Section 2 and in agreement with other 

researchers’ findings [5, 10, 12, 15-16]. In addition, 

deflection of silicon nitride and polyimide diaphragms is 

linearly correlated with the applied pressure.  

The simulation findings indicate that polyimide 

diaphragm provides higher sensitivity and lower 

resonance frequency than silicon nitride diaphragm. 

Polyimide diaphragm achieved optimum performance 

and was proven to be the best model for designing an 

optical micro-diaphragm. The maximum deflection and 

sensitivity of polyimide are 0.9 µm and 

0.003µm/mmHg, respectively. The resonance frequency 

of the polyimide diaphragm is 2.5 times larger than the 

applied frequency. Therefore, the polyimide diaphragm 

operated in optimum frequency response and satisfied 

the maximum allowable deflection. 
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