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Abstract: Understanding the tire behavior during tire inflation is critical to design a 
high- performance tire. To improve handling and response, tire manufacturers need to 
understand the changes of a tire under various conditions. A MEMS pressure sensor can 
be placed on the rim to make contact with the tire bead, and can measure the pressure 
distribution of a tire across the sensor face. Considering the unique nature of each sensor 
and the trade-offs in design, it is not feasible to follow a standard design approach. 
Thus, it is useful to derive the specific design, considering number of important factors 
to arrive at the 'ideal' design. The selection of appropriate parameters of piezoresistors 
such as the shape and the position of the piezoresistor on the pressure sensor diaphragm, 
thickness of diaphragm are important. This research work shows the scope of using 
analytical solutions and design techniques for a development of piezoresistive pressure 
sensor. This research work also focuses on piezoresistive pressure sensor principles, 
design, modeling, parameters to be considered, materials that can be used in MEMS 
fabrication. Here the MEMS fabrication process has been discussed in brief pertaining 
to the application and feature size. Few models of piezoresistive based MEMS pressure 
sensors have been simulated, analysed and the results are presented. 

Index Terms: Piezoresistivity, Sensitivity, Pressure Sensor, MEMS 

1. INTRODUCTION 

This paper has been presented in a lucid 
form for easy understanding over 5 sections. 
Section - I introduce to the paper and provide 
an insight on the topic. Section II focuses on 
the literature about design principles such as 
piezoresistivity, piezoresistive effect, proof 
pressure, burst pressure and dynamic response of 
pressure sensor. Section Ill briefs on mathematical 
modeling and design calculations of the 
piezoresistive pressure sensors and the design 
considerations and MEMS fabrication process flow 
are discussed. Section IV discusses briefly about 
the simulations and results for optimized design 
selected. This paper has been concluded at Section 
V with the inference and observations from the 

Simulation and Analysis of designed Piezoresistive 
Pressure sensor for bead seating pressure 
measurement of Oto lSbar pressure. 

The domain of silicon piezo-resistive pressure 
sensors has been through major technology 
make-over over the past four decades in terms of 
design methodology and fabrication processes. 
Considering the unique nature of each sensor and 
the trade-offs in design, it is not feasible to follow 
a standard design approach. Thus, it is required 
to derive the specific design considering number 
of important factors to arrive at the best design. 
In this report, we review and analyze the various 
principles, design considerations & fabrication 
processes for silicon piezoresistive based MEMS 
pressure sensor. 
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Tires can exhibit instabilities of low-level during 
inflation. Trad itionally, it has been tricky and 
challenging to measure such instable small 
changes since they are generally dynamic pressures 
that are smaller in fraction of a psi which are 
superimposed on top of a high static pressure 
of 100 psi or greater. Some pressure sensors 
that are designed to measure large pressure 
of the order of 400 psi or greater may fail to 
capture lower resolution values since the signal 
generated from such low pressures are similar in 
magnitude to the ambient noise signals of the 
system and other error signals. 

This research focuses on MEMS technology owing 
to its advantages such as miniature in size, low 
power consumption, less space requirement, 
low thermal expansion and easy to integrate 
and most important is, sensor developed is 
required to be placed between rim and tire bead 
for measurement of pressure in a critical area . 
In this research, a piezo resistive based MEMS 
pressure sensor have been designed, simulated, 
analyzed and fabrication process steps have 
been prepared and results are discussed . 

Here following design parameters/ technical 
specifications have been considered : 

1. Application : Bead seating pressure 
measurement in t ire/ automobile 

2. Size/ Type: Miniature/ MEMS based 

3. Pressure range : 0-500 psi or 0-15 bar or 
0-2 .SMPa 

4. Excitat ion : SVDC±0.25VDC 

5. Temperature : -40 to +125°C 

6. Type of sensor : piezoresistive element in 
Wheatstone bridge configuration 

7. Die size : 1600x1600Sqµm 

8. Size of diaphragm: S00xS00 Sqµm 

9. Thickness of diaphragm: 25µm 

10. Piezoresistive material: Polysilicon 

11. Substrate material : n-type silicon substrate in 
<100> orientation 

DESIGN PRINCIPLES & CONSIDERATIONS 

A. Piezoresistive Effect 

The basic principle of the device is : when a 
pressure is applied on the top of the membrane 

(diaphragm), the membrane deforms due 
to stress which leads to change in voltage at 
output, by change in the resistance of the 
piezoresistive element. By measuring the output 
voltage, the value of the pressure can be inferred . 
The resistance of the piezoresistive element will 
change by varying the pressure and the change 
in the output voltage are often read using 
the Wheatstone bridge circuit configuration . 
The phenomenon by which the electrical 
resistance of a material changes in response to 
mechanical stress is known as piezoresist ivity 
[1] . Piezoresistivity in semiconductors is widely 
used in various sensors including accelerometers, 
cantilever force sensors, pressure sensors, and 
inertial sensors [2] . In stressed silicon, due to 
deformation there is a change in crystal potential 
distribution . Band diagram and the effective 
mass of the holes and electron is changed in turn 
due to this effect [3]. This leads to change in the 
carrier mobility which leads to a change in the 
resistance/ resistivity. 

The resistivity change is calculated by using a 
6 x 6 piezoresistive coefficient matrix and the 
stress tensor (1-4] . In silicon, due to the nature 
of its crystallographic structure, there are only 
3 non-zero independent components (n

11
_ n

12
, 

n
44

) in the piezoresistive coefficient matrix as 
shown below: 

nll n12 n12 0 0 0 
n12 nll n12 0 0 0 
n12 n12 nll 0 0 0 

TC = 
0 0 0 n44 0 0 
0 0 0 0 n44 0 
0 0 0 0 0 n44 -- ( I ) 

The simplified expression for resistance change 
in a piezoresistor is given by the following: 

nlul + ntut JJR 

R 
------------- ( 2) 

Where n
1 

and n
1 

are the transverse and 
longitudinal piezoresistive coefficients. 0

1 
and 

0 1 are the transverse and longitudinal stresses 
on the surface of the piezoresistors. 

In piezoresistive pressure sensor, polysilicon 
has proven to be an excellent material for 
building up sensing elements. Presently, 
pressure sensors constitute the largest market 
segment of mechanical MEMS devices [SJ. The 
most commonly used technique for measuring 
pressure involves applying pressure to one 
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side of a deformable diaphragm, a reference 
pressure to the other side, and determining how 
much the diaphragm deforms. There are several 
ways of sensing the deformation of a diaphragm 
across which a differential pressure has been 
applied . The pressure sensor example used 
in this paper uses an indirect, but very powerful 
way to sense the deformation by measuring the 
bending strain of the diaphragm. The sensing 
technique is based on a silicon property called 
piezoresistance, which is resistance that changes 
with stress (or strain) . The resistivity of the 
material depends on the internal atom positions 
and motions. Strain changes these arrangements 
and, hence, the resistivity. 

The effect of piezoresistivity in silicon can be 
largely enhanced by using ion implantation [6]. 
This technique is used to implant piezoresistive 
strain gauges in the dia phragm. In this 
research, piezo resistive type has been chosen 
instead of capacitive type because of its good 
linearity and high sensitivity. 

B. The Proof Pressure and Burst Pressure 

The proof pressure is typically accepted at 1.5 
times the nominal/ required pressure of the 
sensor. The sensor is required to work up to 
this pressure while maintaining the overall 
required specifications [11]. Burst pressure is an 
important design parameter/ consideration for 
the diaphragm design, since this pressure limits 
the maximum stress/ load to which the diaphragm 
can be subjected [1]. This is the pressure at 
which the maximum stress o on the diaphragm max 
becomes equal to the critical stress oc which 
is actually the yield strength of the material. 
For the case of a si ngle crystal silicon, oc=7GPa. 
Thus, for a square diaphragm having side length 
2a and thickness, h, the burst pressure P 

8 
is 

determined by substituting a = a in a =a nd can 
max c max 

be written as shown in (3) . 

------------------ (3) 

Since the magnitud e of maximum stress is 
larger in rectangular diaphragms, the burst 
pressure of the diaphragms having (L/W) > 1 is 
lower than the correspond ing square diaphragm 
having (L/W) =l. This can, indeed, be seen from 
the Coventorware simulation results presented 
in Figure-2 for square diaphragms of different 
thicknesses t and varying length L, (i .e. L=SOOµm/ 
t=25 µm, L=750µm/t=37.Sµm, L=lOOO µm/t=SO 
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µm, L=1200 µm/t=60 µm) . 

C. Dynamic Response of the Pressure Sensor 

Over and above the static response and 
sensitivity, the frequency response of the 
pressure sensor is also an important consideration 
which becomes crucial in conditions where it 
is required to observe the changes in pressure 
over small intervals of time. Some examples are 
in bio applications such as the case of blood 
pressure (BP) or intracranial pressure (ICP) 
monitoring system [13] . The frequency response 
shows the ability of the sensing system to 
precisely respond to dynamic changes in 
pressure. The frequency response is governed 
by the sensing element that is the diaphragm 
which acts like a spring- mass system. The natural 
frequency of this pressure sensor is typically 
higher due to its small size and high Young's 
modulus of silicon value . With reference to the 
theory of plates, the resonance frequency of a 
clamped square diaphragm is given by the relation 
involving the diaphragm thickness h, width 
2a, the material properties, which is represented 
as, Young's modulus E and the density p, as follows : 

--------------- ( 4) 

Silicon Material properties assumption: 

• Young's modulus: Ex= Ey =169 GPa, Ez =130 GPa 

• Po isson's ratio : PRyz = 0.36, PRxy=0.064,PRxz=0.28 

• Shear modulus : Gyz = Gxz = 79 .6 GPa, Gxy=S0.9 GPa 

Considering the above design aspects, a MEMS 
pressure sensor was designed in Coventorware 
software with 20 schematic, 30 modeling, mapped 
grid meshing, simulation and analysis. 

The final structure of MEMS pressure sensor 
designed is as shown in Figure-1. The dimensions 

PolysiUcon Pkz.orcsi'1ot f~ml 
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Fig 1. Final Structure of MEMS Pressure Sensor 
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and materials have been arrived at after detailed 
analytical solution and simulation analysis studies. 

2. MATHEMATICAL MODELING AND 
DESIGN CALCULATIONS 

A. Diaphragm Dimension 

The governing differential equation for deflection 
of thin plate (diaphragm) and small deflection is 
below: 

------------------ ( 5) 

where P is pressure, D is the bending rigidity [1] . 
By solving (5) with boundary conditions, where all 
sides of the sensor diaphragm are built-in, that is 

aw 
w = O. -= 0 ' an ------------------ ( 6) 

where ' n' is the normal vector direction along 
the sides of sensor diaphragm. The deflection of 
diaph ragm can be expressed as : 

4p r.•I ( - 1)¥ cos(x ') X (1 - n,' unh(m')n cos h(y') 
w 1(x . y ) = n5o ,us , hosb( rn ' ) 

m- l.S,S + lea;:, ,,, , ) Slnh (y') ) .. .. (7) 

I 
m- 1 

- 2 PL. C (-1)--Y- X ' , 
Wz(x ,y ) = - 5 - m m' cosh (m ' ) (f(x ,y ) 

"0 + f (y ', x')) 
m = l ,3 ,S ---- (8) 

where L is diaphragm length, E is young's 
modulus, h is diaphragm th ickness and v is 
Poisson's ratio, respectively. [22] 

The maximum deflection of the diaphragm is at 
the center of diaphragm and is given as below: 

Therefore, W max = 0.00126 PL4 /D 

The consolidated graph of Deflection of the 
diaphragm Vs Pressure for varying thickness 
(different lengths) is shown in Figure-2 . Here 
increase in deflection is noticed by increasing the 
thickness of diaphragm and applied pressure. 

B. Burst Pressure 

The thicker and shorter diaphragm can have 

Deflection-Pressure-Thickness 
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• • • • 1 1 
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Fig 2. Deflection-Pressure 
(with Varying Diaphragm Dimensions) 

larger burst pressure. It can withstand more 
pressure on the wafer with decreasing in the 
diaphragm size. The thinner diaphragm means 
lower burst pressure and high sensitivity. In a 
single wafer many pressure sensors can be 
developed due to decrease in diaphragm size. 
Figure-3 indicates the burst pressure of the 
sensor for all 4 sensor models and that the 
deviation is insignificant. The maximum stress 
occurs at the m iddle of each edge of diaphragm. 
We can get maximum bending moment from 

M,. =
4:rI:00

_ (em(- 1) '";
1
) = - 0. 0513PL2 

m - 1 ,3 ,S (9) ... 

Substitute Eq9 in ax = - 6 : ;. , we obtain 

L2 
a ,,.ax = 0.3078 Pburst h2 

The maximum nondestructive pressure is 
p burst ' It can be rewritten as p = 3.25a h2

/ burst max 

L2
• On considering a diaphragm of thickness 

h=25 microns, the burst pressure is reduced 
from 15 MPa (15 .00E+06 Pa) to 12 MPa 
{12.00E+06Pa) when the diaphragm length, 
L, is varied from 500µm to 1200µm as shown in 
Figure-3. 

uel•GII 
Burst Pressure .. ....... .. . . . l uer.- .. J 2.N( ... 

... .. ., ... ,.. .. 
1-* 4 • al•7M 

l )Ml ... 

.. __.,,,. . .. • l•J-• 
l •U-

JM(•G7 . ..... 
lO u ~ 1, •o ·~ ~ ~~ 60 

Fig 3. Burst Pressure Analysis Graph 
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C. Sensitivity 

If the effect of piezoresistor length is neglected, 
the piezoresistor can be treated as a point at 
the middle of the diaphragm sides. Bending 
momentum is calculated by (9) and (10), 
respectively in x and y directions. 

2 m-l 

My= 
4
:/ L~=1 ,3 ,5 em (- 1)_2_= - 0.0513vPL2 (lO) 

For p-type piezoresistors oriented in the 
direction on a <100> diaphragm plane, which are 
connected in a Wheatstone bridge configuration, 
the parallel and perpendicular resistance 
changes due to the pressure-induced stress are 
expressed as 

.:IR) "+4( ) ( ) Li (R p = z u, - u, = - 0 . 15397r44 1 - V ph i (11) 

where o
1 

and 0
1 

are longitudinal and transverse 
stress, respectively. The P is the piezoresistive 
coefficient defined along silicon crystallograph ic 
axes. Signal voltage output can be written in the 
form 

Sensitivity, S, can be expressed as 

.iv (82 
S = - • = 0 . 1539rr44 (1 - v) -

Vc P ...... .... (14) 

The signal voltage output (t:i.V) and sensor 
sensitivity (S) are proportional to the square 
of the ratio of the diaphragm length (L) to 
the diaphragm thickness (h) . Figure-4 shows 
the sensitivity vs thickness analysis graph, 
i.e. the sensitivity of diaphragm for varying 
thickness (L & h) . The higher ratio of L/h exhibits 

Sensitivity 

•1~ -l•UJ•••• • 

Fig 4. Sensitivity Analysis Graph 
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higher sensitivity, ie lower concentration has 
higher sensitivity. A thin and a long diaphragm 
have higher sensitivity. 

Substituting burst pressure into (14), we can obtain 

...... . (15) 

D. Fabrication Process Flow 

MEMS fabrication process steps for piezo 
resistive pressure sensor have been created 
as shown below: this is purely based on the 
fabrication facilities available at a particular 
foundry. 

To start with a n-type 3 inch wafer of <100> 
orientation prime quality double side polished 
Si is taken and is cleaned by general and 
piranha cleaning process. In the first step 
possible Organic or Inorganic contaminations are 
removed from the wafer surface by a wet 
chemical cleaning treatment. Further the 
thickness of the wafer is reduced to 345 micron 
by KOH etching. Thermal oxidation process and 
LPCVD process are used to grow 600 nm oxide 
layers and 100nm of silicon nitride on both sides 
respectively. Photolithography is done on both 
sides to transfer pattern. Wet etching is done 
using TMAH on back side to form a cavity of 
295 µm depth which is followed by etching 
Silicon Nitride & Silicon dioxide (Front & Back) . 

A Silicon dioxide layer of 100nm is deposited 
on the front side as an insulating layer 
followed by deposition of sensing element ie, 
Poly-Si layer of 500nm thickness using LPCVD 
process and lithography. Next step is at the front 
side, a conformal Silicon dioxide Si

2
0

3 
coating 

of thickness 500nm is done as a TSV liner for 
deep trench using PECVD. This is followed by 
UV Lithography and generic dry etching 
process using RIE for via opening (deep trench) 
for electrical contacts . Further metall ization 
process is done by depositing Al/Au metal of 
thickness 200nm/2000A as contacts pads using 
electro plating system . Later at the top, chemical 
mechanical polishing or planarization is done 
to remove unwanted conductive or dielectric 
materials on the silicon wafer, achieving a 
near-perfect flat and smooth surface upon 
which layers of integrated circuitry are built. 

At the backside, the diaphragm cavity is sealed 
using Anodic bonding with Pyrex glass of 
th ickness 75µm in vacuum in order to get an 
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absolute pressure sensor. 

The final structure after fabrication is as shown in 
Figure-1 

3. SIMULATIONS AND RESULTS 

The simulation of design for the pressure sensor 
structure was carried out using CoventorWare® 
software for appropriate clamping conditions. 
The diaphragm deflection/displacement and 
the Misses stress distribution were measured 
for maximum pressure of for 2.SMPa (25bar) as 
shown in Fig Sto 9. 

The edges of the pressure sensor were clamped 
with fixed faces/planes; however there is 
a fractional displacement at the edges on 
X & Y axis. We have focused on the Z 
displacement in Figure-6 and found that maximum 

Fig 5. Displacement Magnitude in X & Y Axis 

Fig 6. Displacement Magnitude in Z axis 

displacement (up and down direction) is observed . 

Figure-7 displays the node displacement in 
XYZ axis vs varying pressure till 2.Sbar. It is 
observed that there is negligible movement on 
the XY axis since they are fixed. But the node 
displacement on the Z axis shows maximum 
displacement in up and down direction . 

It is observed that the maximum diaphragm 
deflection is linearly proportional to applied 
pressure. In practice, the diaphragm thickness 
is about some 25 micrometers, and the 
deflection is much less than half of the 
diaphragm thickness. The length of the diaphragm 
is from some hundreds of micrometers to two 
thousand micrometers. The thin plate can be 
adopted in the design of pressure sensors [6] 
because the "ballon effect" will not occur [7] 

Figure-8 shows the Von-Mises stress; it is 

11 

Fig 7. Displacement Graph 

Fig 8. Von-Mises Stress (L=400µm, t=25µm) 
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Fig 9. Stress Analysis Graph 

Fig 10. Meshed Structure of PZR 

observed that the stress is maximum at the 
centre of all four edges. Figure-9 represents 
the transverse stress component in the Y-axis 
direction, and X (width) is varied from -a to +a . 

In a piezoresistive pressure sensor, the 
maximum tensile and compressive stress 
locations on the diaphragm surface are crucial 
to attain the maximum sensitivity by placing the 
resistors in precise locations. The piezoresistor 
placement is ideal to be of the length of the 
maximum stressed region and width with 
maximum stress penetrat ion point on the 
diaphragm. Figure-9 shows the stress analysis 
where 3 different pressures of 1, 25 and 50 
bar have been applied on the diaphragm of 25 
microns th ickness . It is observed that there 
is visible stress effect only when the length is 
beyond 400 microns. The stress at points near 200 
microns on +ve and -ve axis are high compared to 
any other regions . 

Using Coventorware software MemPZR solver, 
piezoresist ive equations have been solved 
using a stress field from the Coventorware 
database, wh ich is the result of MemMech 
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simulation carried out earlier. In this simulation 
MemPZR solver was used to investigate the 
output voltage as a function of pressure. As shown 
in Figure-10, two Piezoresistor 'pzrl' and 'pzr2' 
are used to simulate results, and their contact 
ends are named as inl, outl and in2, out2 
respect ively for each pzr. These ends are 
subjected to the potential difference to simulate 
to voltage conditions in a connected circuit. 

Table 1: Piezodomain Results 

patch 
patch % change 

voltage 
current (µA) in current 

(V) 

inl 5 7.310123E08 4.430218EO0 

in2 5 6.66333E08 -4.809469EO0 

outl 0 -7.310134E08 4.430492 EO0 

out2 0 -6.663329E08 -4.809597EO0 

The Table-1 displays the current sensed 
through the PZR parts when a 2.Sbar of pressure 
and SV of voltage is applied . The percentage 
change in current is w ith respect to the no-load 
condition . This change in current is due to the 
change in resistivity when the piezoresistor is 
subjected to stress. 

4. CONCLUSION 

In this paper an approach has been made to 
design, simulate, analyse and fabricate the MEMS 
based Piezoresistive Pressure Sensor for bead 
seating tire pressure measurement. Through 
this work, an overview on design methodology 
is discussed for silicon piezoresistive based 
square diaphragm pressure sensor. The design 
principles and fabrication process flow have been 
optimized based on the parameters discussed. 
They can be generalized for design of pressure 
sensors for different applications with different 
fabrication techniques and/or size and shape 
of different elements of the sensor. The 
designed sensor was simulated and analyzed in 
Coventorware software and also results validated 
through analytical solutions. 
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