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Abstract— This paper presents the design and simulation 
of MEMS based piezoresistive pressure sensor for 
microfluidic applications. Geometrical parameters are 
very much considerable when designing microstructure 
of the pressure sensor. Hence, an analysis is carried out 
by changing the dimensional parameters of three 
different diaphragm geometries namely square shaped 
diaphragm, circular shaped diaphragm and cross 
sectional beam shaped diaphragm respectively. This is 
performed in three dimensional mesh plots using 
Matlab. The Finite Element Method (FEM) analyses are 
performed in COMSOL and by comparing the results, 
the square type diaphragm is chosen as best diaphragm 
geometry for the microfluidic applications. In addition, 
modal analysis is carried out by using Ansys to identify 
the natural frequency of the best diaphragm geometry. 
Also Piezoresistive sensing elements are designed and 
simulated by performing coupled field analysis using 
COMSOL Multiphysics. Simulation results reveal that 
piezo resistive square type pressure sensors have high 
sensitivity in a wide range of pressures.  
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I.  INTRODUCTION  
In this rapidly developing technical world pressure 
monitoring and feedback play a vital role in microfluidics 
applications. Designing and developing pressure sensors in 
micro scale is a great challenge in this present world. Micro 
Electro Mechanical System (MEMS) is the one and only 
technology applied to fabricate these micro pressure sensors 
by merging mechanical and electrical elements. According 
to the past research findings and market researches, MEMS 
devices have advanced performances than macro devices 
and pressure sensors are one of the leading MEMS device 
diversely used in various industries as well as microfluidics 
[1,2,3]. In addition, the power consumption for MEMS 
devices is very less and these necessitate less space too. 
These micromachining techniques have been established 
through various kinds of materials like polymers, alloys, 
metals, ceramics and glass etc. Though silicon is widely 
used in micromachining of pressure sensors due to its elastic 
property, lighter weight than aluminium and comparably 

identical modulus of elasticity with stainless steel [3]. Also 
making single crystal substrates by using silicon is simple 
and economical silicon pressure sensors are mostly 
accessible in product market. 

There are various kinds of pressure sensors such as 
capacitive, piezoelectric, electromagnetic, optical 
potentiometric, piezoresistive are presented in literature [4- 
5]. Since the aim is to use in microfluidics, miniaturization 
and sensing ability are much considerable. Piezoresistive 
pressure sensors have such adverse characteristics like high 
gain and exhibiting virtuous correlation between the stress 
applied and the change in resistance of the output. Hence, 
piezoresistive pressure sensors are very much suitable 
among all of them [6]. Also silicon is a most significant 
material to be used for piezoresistors among all 
piezoresistive materials [7-8]. The very first piezoresistive 
pressure sensor to diminish fuel consumption by controlling 
air-fuel ratio is presented in literature [5]. 

In this work, we focus on the design and simulation of 
MEMS based piezoresistive pressure sensor consisting 
square shaped silicon membrane for microfluidic 
applications.  

II. CONCEPTUAL DESIGN OF PIEZORESISTIVE PRESSURE 
SENSOR 

The development of pressure sensor basically includes 
microstructure, sensing elements, microfabrication 
techniques as well as the sensitivity enhancement. The basic 
concept design of a piezo-resistive pressure sensor is 
expressed in Fig 1.  

 
 

Fig.  1   Concept Design of piezo-resistive pressure sensor 
 



The most interesting and notable elements of pressure 
sensors are thin elastic diaphragm fixed around its perimeter 
and piezoresistive sensing elements are arranged in a 
Wheatstone bridge circuit connected on top of the chip. This 
connection is duly made up of p-type piezo-resistive 
element. If uniform pressure is applied on the back side of 
the diaphragm, it deforms changing resistance of 
piezoresistors and this will be sensed by change in voltage. 
Sensitivity enhancement and the micro fabrication 
techniques are also essential in microfluidics applications.  

A. Thin plate deflection theory 

When uniform pressure loading “p” applied on a thin 
membrane, the thin plate deflection theory is described in 
the following manner [4, 9-10]: 
Square type diaphragm with the side length “ɑ” and the 
thickness “t” clamped around its all four edges, 
The maximum stress occurs at the center of each edge: 
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The maximum deflection of the plate occurs at the center of 
the plate: 
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Considering the thin circular type diaphragm with radius “r” 
and the thickness “t” clamped around its perimeter [17]: 
The maximum radial stress and the tangential stress at the 
edge is given accordingly. 
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Also the maximum deflection occurs at the center, 
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 In addition, the thin rectangular shaped diaphragm of side 
lengths “ɑ” and “b” (ɑ >b) with thickness “t” clamped 
around its all four edges, 
The supreme stress occurs at the center of the lengthier side 
and the maximum deflection of the plate occurs at centroid 
are given by [22], 
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Where, prW )( 2π= , υ  = poisons ratio, E = Young’ modulus 
and

υ
1=m . Also the negative sign indicates that the 

deflection is in downward direction and the α and β  will 
be determined from Table I 
 
TABLE I: Maximum stress and deflection coefficients for rectangular plate 
[11] 

 

In addition the thin plate deflection theory states that, the 
maximum value of diaphragm deflection is less than 20% of 
the diaphragm thickness and the diaphragm thickness does 
not exceed 10% of the diaphragm length [1]. 

B. Design and Simulation of Microstructure 
Selection and designing the suitable diaphragm structure is a 
crucial factor since the device is to be used in microfluidics. 
In literature there are different shapes of diaphragms are 
considered [8]. Here three kinds of diaphragm structures 
namely square, circular and cross section beam types has 
been considered for the three dimensional mesh plots. These 
are carried out by using Matlab to achieve maximum 
deflection by varying the diaphragm length/radius and 
thicknesses and these are expressed in Fig 2.  

Hence, the maximum deflection occurring parameters are 
decided to design respective diaphragms and it is expressed 
in Table II. The given diaphragm solid models are modelled 
using SOLIDWORKS and it is shown in Fig 3. 

In this case, theoretical structural analysis is necessary to 
decide the suitable diaphragm geometry and therefore, 
Finite Element Method (FEM) analyses are performed in 
COMSOL to propose the suitable diaphragm geometry for 
the respective pressure sensor. 

              
(a)                     (b)  

  
(c) 

Fig.  2   Three dimensional Mesh plots: (a) Square shaped diaphragm; 
 (b) Circular shaped diaphragm, (c) Cross sectional beam shaped 

diaphragm over the diaphragm parameters 
 

TABLE II: Proposed parameters of respective diaphragms 
Diaphragm Geometry Area/ (um x um) Thickness/(um) 

Square 3200 x 3200 70 
Circular Π x 1650^2 70 

Cross Section Beam 5600 x 2300 70 
 



           
(a)                                    (b) 

 
   (c) 

Fig.  3   Proposed Solid Models: (a) Square type; (b) Circular type;          
(c) Cross Sectional beam type 

 
Deflection and stress distribution over the applied pressure 
are obtained from the FEM analysis and it is shown in Fig 4, 
Fig 5 and Fig 6 respectively.  

From the structural simulation results, the variation of 
maximum deflection and   maximum stress over the applied 
pressure are plotted in MATLAB and expressed in Fig 7 
accordingly. Though the maximum stress should be less 
than the plastic yield strength of Silicon which is 70 MPa 
and all structures satisfies this phenomenon [10].       

    
         (a)                  (b) 
Fig.  4   FEM Analysis of square shaped diaphragm: (a) Deflection profile; 

(b) Stress profile 

 
                 (a)                             (b) 

Fig.   5   FEM Analysis of circular shaped diaphragm: (a) Deflection 
profile; (b) Stress profile 

 
        (a)                           (b) 

Fig.   6   FEM Analysis of cross section beam shaped diaphragm:              
(a) Deflection profile; (b) Stress profile 

             

   
        (a)                           (b) 

Fig. 7   Deflection and Stress variation with the applied pressure:  
(a) Deflection variation; (b) Stress variation 

SS-square structure; CS-circular structure; BS-cross section beam structure 
 

According to the plots, the square membrane gives the 
maximum deflection and stress values even all the structures 
satisfies the thin plate deflection principles. Hence square 
membrane is proposed for the respective design. 

In order to identify the dynamic properties of square 
structure under the frequency domain, Modal analysis is 
also carried out by using Ansys. The simulation analysis 
reveals that the first mode of frequency has the maximum 
displacement and it is illustrate in Fig. 8. 

C. Design and Simulation of sensing element 
Piezoresistive pressure sensors are very much suitable for 
microfluidic applications and the working principle of that 
is illustrated in Fig 9.  
 

 
 

Fig. 8  First Mode of Frequency of Modal Analysis 
 

 
 

Fig. 9  Working priciple of piezoresistive pressure sensor 
 



In this sense, the two terminal Piezoresistive sensing 
elements are very much useful because these have distinct 
properties like linearity, high sensitivity as well as less 
stress development. The resistance change of a piezo-
resistive material which is under stress is given by [1, 11-
12], 
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The first two terms of the above are due to geometrical 
deformation in length and cross section of resistors 
respectively. For piezoresistors under stress, these are 
negligible comparing with the last term [1, 8]. Thus, 
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Where, σl is the stress along the longitudinal direction of the 
resistor and σt is the transverse stress direction.  
πl and πt are the piezoresistive coefficient in longitudinal 
and transverse directions described as [7, 11]: 
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Here p-type piezoresistive elements are placed on n-type Si 
wafer and typical the piezoresistive coefficients for lightly 
doped Si is given in Table III. These coefficients are 
considered to be independent of temperature due to the 
doping concentration applied here are comparatively high.  
 
In order to get a good output signal from the full 
Wheatstone bridge circuit, placing the piezo- resistive 
elements at the high stress concentrated areas are preferable. 
Thus the entire circuit design with the placement of 
piezoresistive elements and the schematic illustration of 
Wheatstone bridge circuit are given in Fig 10 and Fig 11 
respectively. Hence the change in resistance and voltage are 
described by the equation (12) [8].  
 
TABLE III: Typical Piezo-resistive coefficients for lightly doped Si           
[11-12, 15] 

 
 
 

 
Fig. 10  Entire circuit design with piezo resistive elements[16] 

 

 
Fig. 11  Schematic illustration of Wheatstone bridge circuit  
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When there is a slight variation in the resistor’s value due to 
piezoresistive effect, the change in resistance with respect to 
the original resistor will be more obvious than with higher 
valued resistors. Hence the resistors are designed according 
to the sheet resistivity concept with the thin sheets of 
materials. 

In addition it is very much essential to analyze these piezo-
resistance effect theoretically before the fabrication. 
Although the resistive changes are not isotropic and varies 
with the stresses in longitudinal and transverse directions. 
Analyzing theoretically is a challenge. Thus it is necessary 
to move this with the coupled Field Analysis using 
COMSOL Multiphysics. Initially, the model is developed 
and the proposed designed parameters are given in Table 
IV.  

In the proposed design, two types of physics such as 
Structural Mechanics and Piezoresistivity are addressed. 
Finite element based piezoresistive-structural couple field 
analysis is done. In this sense piezoresistive physics for 
domain currents is chosen as the environment for the 
analysis. Then the structural, electrical and piezoresistive 
properties of the model are defined. In addition 
piezoresistors are designed with p type silicon material and 
the whole diaphragm is designed with the lightly doped n-
type silicon material. 

TABLE IV. Designed parameters of piezo-resistive pressure sensor 

 



The electrical properties are determined by defining a 
ground and a terminal boundaries. Finally, the model is 
meshed and parametrically simulated over the pressure 
ranges from 0-100 kPa. The displacement profile and stress 
variation for a particular pressure of the designed 
piezoresistive pressure sensor are expressed in Fig 12 and 
Fig 13 respectively. 

D. Sensitivity Enhancement 
The one of the key concept of a piezoresistive pressure 
sensor is the sensitivity. This is mainly relies on the change 
in voltage as well as the change resistance over the change 
in applied pressure and it is described in the following 
manner [1, 11, 15], 
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According to the above concept, the sensitivity of the 
proposed design is calculated from the FEM simulation 
results and it is plotted. The variation of sensitivity with 
applied pressure is shown Fig. 14. 

 
 

 
 

Fig. 12  Displacement Profile 

 
 

Fig. 13  Shear Stress Profile 
 
 

 
 

Fig. 14  Variation of sensitivity with applied pressure 

E. Proposed Microfabrication Techniques 
Bulk Micromachining is the most commercially popular and 
oldest MEMS technology widely used in micro pressure 
sensors fabrication. The fundamental idea behind bulk 
micromachining is the selective exclusion of the substrates 
to make beams, plates and diaphragms. The most significant 
micro fabrication techniques used in bulk micromachining 
are wet and dry etching and substrate bonding [4, 6, 15]. 

In order to eradicate silicon in wet etch and wafer bonding, 
anisotropic wet etchants will be used. Initially, a specified 
thickness of respective wafer is produced by timing out the 
etching. In this sense, the etch process is slow down by 
using heavily boron-doped regions and electrochemical bias. 
Hence well-regulated thicknesses of required structures will 
be created. Although, this method has some drawbacks to 
generate thin structures with thickness less than 20μm. The 
Fig 15 (a) and Fig 15 (b) illustrate the sectional view of two 
piezo-resistive pressure sensors made by using 
electrochemical and boron doping etch-stop principles. The 
use of the boron doping method necessitates the growth of a 
lightly doped region on top of a boron doping etch-stop layer. 
Thus this coating is mainly used to place the piezo-resistors [3, 
16]. 

The basic principles used in bulk silicon micromachining 
using dry etching are very much useful for processes of 
anisotropic dry silicon etch. Deep Reactive Ion Etching 
(DRIE) and the accessibility of Silicon on Insulation (SOI) 
wafers having a thick layer of silicon on top have 
encouraged the use of this method. In addition these 
methods are very much useful to fabricate vertical structures 
with high-aspect-ratio. The Fig 16 expresses the Deep 
Reactive Ion Etching Process using Silicon on Insulation 
wafers [16].  

 
The Fig. 15 (a)   Sectional view of piezoresistive pressure sensor fabricated 

using electrochemical technique [12, 17] 
 

 
The Fig. 15 (b)   Sectional view of piezo-resistive pressure sensor made by 

using Boron doping etch-stop technique [11, 17]. 



 

 
Fig. 16  Deep Reactive Ion Etching Process [17] 

 
 

III. RESULTS AND DISCUSSION 

The structural simulation reveals, the maximum deflection 
occurs at the center of the thin diaphragm of all three 
structures. The maximum stress occurs at the all four edges 
for square membrane. Also the maximum stress obtained 
along the perimeter in circular membrane. In addition, all 
the edges of two rectangular membranes have maximum 
stresses and the longer edges have maximum value than the 
shorter edges in Cross Section Beam structure.  

Although all the structures satisfies the basic thin plate 
deflection principles the square membrane gives the 
maximum deflection and stress values too. Considering the 
operation of the diaphragm, it is much beneficial to identify 
the maximum displacement occurring frequency and it is 
determined as 97.489 kHz. 

According to the simulation results, the sensitivity linearly 
varies with applied pressure and this satisfies with the 
theoretical aspects. This data will also be very much useful 
to vary the frequency of which applied to the diaphragm of 
the pressure sensor within a range. 
 

IV. CONCLUSION 

A model for a MEMS based piezoresistive pressure sensor 
is designed and simulated for microfluidic applications. Not 
only square type membrane with piezoresistive sensing is 
proposed from the simulation results but also this would be 
best option comparing the fabrication costs over the other 
diaphragm as well as transduction techniques.  
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