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Abstract 

A novel square diaphragm-based piezoresistive MEMS silicon sensor has been designed for intraocular pressure monitoring applications. 
The four piezoresistive elements are strategically placed on the square diaphragm for improving the sensitivity of the sensor. The 
dimension of MEMS sensors is the range of micrometer scale, 125x125x11µmP

3
P. The designed MEMS Piezoresistive sensor has been 

simulated by the Finite Element Method (FEM). The analytical and simulation results show the designed sensor has Full-Scale Output 
(FSO) is 28.5mV/V for its linear operating range of pressure from 1KPa to 8KPa. This work mainly focused on the surface displacement, 
surface stress tensor and strain tensor of the diaphragm, and sensitivity. The simulated results are well suitable for the glaucoma 
intraocular pressure monitoring applications 
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1. Introduction 

Recently, Micro-electromechanical systems (MEMS) technologies have been used to develop micro-sized sensors and 
actuators. The MEMS devices have smaller dimensions, low volume, higher reliability, easier mass-production, and low 
cost. K.V Menna et al [1] disused MEMS-based piezoresistive biomedical sensors with catheters has used to detect the 
blood pressure and temperature of the human body. The main advantages of this device are the highest sensitivity and 
linearity. The integrated catheter with PZR sensor classification, fabrication process, material selection and shape, and 
packing technique are well described [1].  PZR is a material asset where the bulk resistivity has prejudiced by the 
mechanical stresses applied to the material [2]. The monocrystalline silicon has a high elasticity value and excellent 
mechanical properties.  It is particularly suited for the conversion of mechanical deformation to an electrical signal. The 
other advantages of use silicon for PZR sensors include reduced mass and dimensions, batch fabrication, and easy 
interfacing with electronic circuits and integrated circuits [3],[4].  

The PZR sensors are classified as diaphragm-based and beam structure-based sensors. Depends upon the input pressure, 
PZR pressure sensors are classifying as absolute pressure sensor, differential pressure sensor, and gauge pressure sensor [9]. 
The main differences between these two configurations are the fabrication methods. Most cantilever-based sensors use the 
surface micromachining method (SMT) [6]. The diaphragm or membrane or thin or thick plate sensors have to use both the 
bulk micromachining technique BMT, and SMT fabrication methods depend upon the applications.  

Glaucoma is a disease that leads the irreversible blindness. According to WHO affect about 60.5million people have 
glaucoma in 2010, of which 4.5 million will develop bilateral blindness [2]. The typical IOP pressure is in the range of      
10-21mmHg. The main aim of our design is to monitor IOP pressure continually for twenty-four hours. The capacitive 
sensing mechanism is not linear, but the PZR sensing is linear that has been widely using in IOP monitoring applications.    
E Y Chow et.al [2] introduced the MEMS-based piezoresistive pressure sensor and ASIC for monitoring IOP pressure, as 
shown in Fig.1.1. The problem with this works the ASIC and RF devices are not that much compatible. Another issue is the 
battery life in an additional wireless charging device required for its proper operations.  Fig.1.2 indicated the internal cross-
sectional view of the ocular implant.  
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Fig.1.1. MEMS PZR for glaucoma monitor [2] 

 The first part of the paper discussed the literature review and introduction of piezoresistive MEMS sensors in biomedical 
applications.  The second part consists of design equations and modeling. The result and discussion part are mentions in 
part four. The conclusion of the work is mention in part five.   

 
Fig.1.2. Cross sectional view of ocular implant [2] 

2. DESIGN OF PZR SENSOR 

 
         Fig.2.1.Geometry of proposed Model  
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The structure consists of three parts, first PZR elements which are placed on the top of the substrate. The material chosen 
for PZR is a p-type semiconductor (silicon doped with boron) which provides a high value of the PZR coefficient. The 
dimensions of PZR are 12.5x1.25x0.1 µmP

3
P. These ultra miniaturized elements can be available to detect IOP pressure range 

from 1KPa to 8KPa [8]. These tiny PZR elements are capable of producing linear output.  The second part is the silicon-
based square diaphragm. The mono-crystalline silicon material is used for the construction of the diaphragm. The 
dimensions of the square diaphragm are 125x125x1 µmP

3
P. The gap between the PZR elements and substrate is 3.6 µm.  The 

doping density of PZR elements is 1.82x10 15cmP

-3 
P[7].  

The silicon is an anisotropic material so the stress acting on the PZR elements is non-uniform for the everywhere. The 
flicker noise is more dominant concerning thermal noise in the pressure above 8KPa. The rectangular-shaped PZR is placed 
at the edges concerning the substrate because the highest value of stress value appeared at the edge of the diaphragm. The 
PZR is the change in resistance to initial resistance; this is due to a change in the stress of the material. The relation 
between the PZR and stress has been mentioned in equations (2.1-2.4). 

ttllRR σπσπ +=∆ )/(                                                                                                                                                                           (2.1) 

Where σ indicated the stress and π indicated the piezoresistive coefficient.  At first we compute the value of 
piezoresistive coefficient is given by, 
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The equation (2.4) indicated the PZR is proportional to difference of the longitudinal and transverse stress, and keep with 
πR44R is proportionality constant [9].  
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S=0.1155 2)/)(1(44 hav−π                                                                                                                                                                                            (2.6) 

GF = 1.56 PZR                                                                                                                                                                                                        (2.7) 
 

Where Va is the applied voltage to the piezoresistor for the sensor applied voltage is 1.5V. The PZR sensor interfaced 
with 130 nm CMOS technology-based ASIC developed by Texas Instruments (Ti). The CMOS IC is operated by the supply 
voltage of 1.5V and the typical power consumption is 676 pW [2].  The equations (2.5-2.7) are related to the sensitivity of 
the PZR sensor. 

3. RESULT AND DISCUSSION 

The parameters of MEMS-based sensors are deflection, stress and strain distribution, temperature distribution, current 
and voltage distribution, and sensitivity. All the parameters are calculated by the finite element method, which provides 
electro-mechanical analysis with more accurate results. The input parameter of a sensor is mechanical parameters, and the 
output for the sensor is electrical voltage or current. The energy conversion of mechanical to electrical is very fast in 
MEMS sensors concerning the conventional sensors. The input applied voltage of the PZR element is 1.5V dc, which is the 
operating voltage for CMOS IC. The deflection of the sensor towards downward direction indicated negative deflection and 
also the deflection of the diaphragm displacement in upward direction indicated positive deflection. Due to the differential 
input pressure on the diaphragm producing an oscillatory movement of the defection, in this case, resultant sensitivity is the 
difference between these input pressures.    
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Fig.3.1. Piezoresistive surface electrical potential 

 
Fig.3.2. piezoresistive surface electric field distributions. 

 
Fig.3.3. piezoresistive surface current density. 
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Fig.3.4. piezoresistive surface temperature distributions  

 
Fig.3.5. Displacement of sensor at IOP pressure range 

 
Fig.3.6. Von-mise stress at IOP pressure range 
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Fig.3.7.Principal Stress tensor (in Z-direction) at IOP pressure 

 
Fig.3.8. Reaction forces at IOP pressure normal to incident. 

Fig. (3.1-3.4) results focused on the PZR elements at different input IOP pressure conditions. Fig. (3.5-3.8) results as 
shown the stress and deflection of the diaphragm-based sensor. Fig.3.1 indicated the potential distribution of the 
piezoresistive surface. Here the supply voltage is 1.5V dc has applied on the surface of the Piezo-resistors elements. The 
maximum value of electrical potential around 2V is obtained, which is sufficient for interface with CMOS IC. The potential 
difference exists between the two terminal points of PZR elements (highest potential indicated as red color and blue color 
for lower potential) i.e. gradient of potential has not a uniform along with the PZR are shown in Fig.3.2. The non-uniform 
distribution of the Electric field has producing the non-uniform electric current density has shown in Fig.3.3. The 
temperature discrepancy of the PZR sensor has shown in Fig.3.4.  The temperature distribution function of the PZR sensor 
has almost constant. The typical range of human body temperature lies in between 36.50c to 37.50c, for this reason, the 
designed PZR sensor has operated at a constant temperature of 370c [5]. Fig.3.5 has indicated the deflection of the 
piezoresistive sensor with operating pressure in the range of IOP pressure (from 1KPa to 8KPa). The maximum value of 
deflection has 0.052 µm at the center of the diaphragm. The values of displacement has not equal in all directions because 
the four edges of the square diaphragm are fixed. The maximum value of displacement has appeared at the center of the 
diaphragm. The total equivalent stress has denoted by the von mise stress, has shown in Fig.3.6 Due to reason for the 
maximum stress induced at the edges of the diaphragm; the piezoresistive p-type material has been placed on the edges of 
the silicon diaphragm. Fig.3.7 indicated the principal stress distribution; principal stresses are those stresses that act on the 
principal surface. The principal surface the components of shear stress components are zero. Stress is an intrinsic material 
property; equal to the intrinsic force acting on a unit area of the cross-section of the diaphragm. This intrinsic force is also 
known as a reaction force of the sensor. Fig.3.8 clarified the reaction force value has maximum at the edge of the sensor. 
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Fig.3.9.Diaphragm displacements versus aspect ratio  

 
Fig.3.10.Stress at the centre of diaphragm versus aspect ratio 

 
Fig.3.11.Stress value at the edges of diaphragm versus aspect ratio 
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Fig.3.12.Full scale output versus aspect ratio 

 
Fig.3.13. Fractional resistance changes versus gauge factor 

The aspect ratio has depends the performance of the sensor. The higher value of the aspect ratio provides the higher 
performance of the design as shown in Fig. (3.9-3.13). Fig.9 shown the diaphragm displacements versus aspect ratio, As a 
result of 8KPa applied pressure, the displacement of the diaphragm has 0.0059 µm (redline) at aspect ratio 125, 0.0018 µm 
(green line) at aspect ratio 50. The total displacement is proportional to an applied pressure. Fig.3.10 and Fig.3.11 indicated 
the stress versus applied IOP pressure plots. The highest value of the aspect ratio sensor provided more induced stress 
concerning the lower aspect ratios with the same input pressure.Fig.3.12 shown the FSO output versus input IOP pressure 
plot, with respect to the different aspect ratios. The aspect ratio 125 produced FSO has 28mV/V; similarly, aspect ratio 50 
produced FSO has 4.828mV/V concern the same input the pressure (8KPa). Equation (2.7) indicated the relation between 
the gauge factor (G.F), and the piezoresistive effect and Fig.3.13 has shown the linear plot of fractional resistance change as 
a function of the gauge factor (G.F). The slope of the graph increased by the decrease the values of a/h ratio. The proposed 
design has achieved frictional resistance change with the aspect ratios 125 and 50. The sensitivity of the PZR sensors 
linearly vary with input pressure.  
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Fig.3.14.Diaphragm displacements versus applied IOP pressure 

 
Fig.3.15. Von-mise stress versus applied IOP pressure 

Fig.3.14 indicated the displacement of the diaphragm from 1KPa to 8KPa in (x, y, z) direction. The highest value of 
displaced sensor has occurred at z-direction. The "Von Mises stress" indicated the equivalent stress of the sensor. (The 
yield stress is the intrinsic stress of the sensor, considered as the failure stress condition). The total equivalent stress is often 
called the "von mises stress" of the sensor. If the "von mises stress" exceeds the yield stress, the material has considered a 
failure condition [9]. Fig.3.15 indicated von mises stress of PZR sensor with aspect ratio 125. 

4. CONCLUSION 

The designed MEMS-based piezoresistive sensor has highly beneficial for glaucoma monitor applications. The designed 
PZR sensor overall volume is 125x125x1 µmP

3
P. The full-scale span of the sensor is 28mV. The given sensor design as based 

on the FEM method. The diaphragm dimensions and their values of the aspect ratios are receiving from the conventional 
theory of plate. Traditionally, the piezoresistive device has the highest linearity and sensitivity concerning the capacitive 
sensor. The PZR MEMS sensor is one of the leading sensors in the pressure sensor market, and it is very useful for 
biomedical applications. The design equations provided an essential guide for choosing the dimensions, shape of the 
diaphragm, and the placing area of sensing resistors.     
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