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Abstract

The advent of microfabrication has given a great impetus to MEMS inertial sensors
particularly MEMS automobile sensors. In developing Microsystem technology, FEA has
been acknowledged as the most cost and time effective alternative to building a prototype for
simulation. Present work focuses on developing mathematical model in order to formulate a
design procedure to determine the influence of geometric attributes of a four and an eight
beam cross bridged accelerometer for automotive applications pertaining to lower inertial
loads (%2g). The configuration is so chosen to minimize cross-axis sensitivity and
temperature variation. The proposed mathematical model takes both mechanical and
electrical aspects into consideration. Both accelerometers are doped with p-type (boron
diffused) silicon at two ends of its flexures. An optimization based on genetic algorithm has
been carried out to determine the best possible geometric configuration while satisfying the
specification of automotive inertia sensors. A solid model based on optimized dimensions has
been simulated using ANSYS to determine stress, deformation, sensitivity for both
configurations followed by validation with analytical results. The two configurations have
been compared on the basis of output behaviour and performance parameters, and the

obtained results are described in detail.

Keywords: MEMS; FEA; Piezoresistive Accelerometer; Genetic Algorithm;
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CHAPTER 1
1.1 Introduction
Micro-electromechanical systems (MEMS) can be termed as a portfolio of technology
where several physical domains (Inertia, Displacement, Pressure etc.) are combined with a
mechanical function(such as deflection of beam or stress induced) which in turn is coupled
to an electrical signal. MEMS are also stated Micro Systems Technology (MST) in which
sensors serve the main functionality. Micro-accelerometers or accelerometer are one of the
most significant types of MEMS device, which have greatest commercial application after
Pressure sensors. In the field of consumer and military applications, avionics and
automobiles, MEMS sensors are of paramount importance as they offer high performance
along with miniaturization. Among various types of accelerometer bulk micro-machined
piezoresistive accelerometer possess an advantage in terms of simplicity of manufacturing,

reliability and ability to sense down to zero frequency.

The present work focuses on FEA based design and genetic optimization followed by an
electrical analysis of cantilever type piezoresistive accelerometer for low g automotive
applications. Piezoresistive materials are used either in the form of a thin film or wire
strain gauges. As the mechanical stress applied to piezoresistor changes, their resistance
also changes. Fundamentally, the proposed accelerometer senses deformation due to
inertial force and converts it into a measurable electrical signal. In order to increase
sensitivity by reducing structural and thermal variations, multiple piezoresistors are used
with the same mass- spring system and arranged in a Wheatstone bridge circuit. Finite
Element Analysis (FEA) is a reliable tool to study and simulate MEMS in estimating
temperature distribution, deformation and stress. This approach enables us to extend
device performance while eliminating the need for fabrication of a prototype. Until the
desired specification are achieved, simulation can be continued to improve the decision
parameters, thus making the process both time and cost effective. Current work also
focuses on optimizing device dimensions using a genetic algorithm that is an effective
search algorithm based on Darwin’s principle of natural selection. Research shows the
advantages of genetic algorithms are intriguing and produce stunning results where
traditional optimization approaches fail miserably. FEA in combination with Genetic
Algorithm provides a complete and effective design procedure for accelerometer design,

which is rarely attempted in the field of microsystem technology to date.



1.2 Literature Review
Bernstein et al. [1] stated that MEMS technology with commercial efficacy has been
successfully implemented in case of accelerometers and are the current leader in
automotive applications. The pioneering development began in 1988 with its
implementation in Airbag crash sensors with high resolution capable of sensing greater g
inertial loads. Automotive application accounts for 89 % of accelerometer market worth
which was $393 million in 2005 and subsequently$869 million in 2010 [2]. High
performance to cost ratio coupled with miniaturization, low power requirement and high
reliability will soon make the non-MEMS components obsolete in the near future.
According to Yazdi et al. [3], every two year the performance of inertial sensors has been
consistently improving by a factor of 10. Since their inception in 1970 by Stanford
University researchers, inertial sensors have incorporated various functionalities that have
been accomplished by tremendous advancement in the field of assembly, packaging and
microfabrication. Kovacs et al. [4] showed that despite the rise of high aspect ratio
methodologies of surface micromachining, bulk micromachining is the most widely used
in MEMS industry as it possess a great extent of versatility in etching methods along with
a superior control over surface roughness and process capability. In inertial sensors, the
conversion of the mechanical motion to electric signal is carried out relying on either of
the following three principles: Piezoelectricity, Piezoresistivity or Capacitance.
According to [2,3], the accelerometer based on the principle of capacitance has an
advantage over the other two types as they impart high sensitivity, bandwidth, low power
and high precision, but Yazdi et al. recognised that high impedance capacitive device are
vulnerable to interference due to electromagnetic waves. Further, their incompetence to
measure DC acceleration often results in significant inconvenience that can be totally
eliminated using the piezoresistive type accelerometer. However, the later suffers from
temperature sensitivity.
The design procedure of accelerometer as proposed by Yazdi et al. involves defining
stiffness constant as a variable depending on the geometric parameters using
mathematical model followed by optimization and simulation by commercial software
packages. Such design steps were implemented by Wang et al. [5], and Yu et al. [6]
presented an analytical model and verified using finite element modelling. Their model

consists of four symmetric suspension flexures (cantilever) attached to seismic mass in a



cross bridged fashion. Also Yu et al. applied the same fundamental procedure to a two
beam optimized structure and performed a dynamic analysis to conclude that in
piezoelectric type inertial sensors, under resonance conditions i.e. when the driving
frequency approaches the natural frequency of the system, the maximum normal stress
and the output characteristics are adversely affected which are otherwise non-significant.
This study suggests operating accelerometer at max at one-third of natural frequency.
Wang et al. and Yu et al. both took the elastic property and geometric specifications as
input and sensitivity and frequency as output parameters. In both of the analyses, flexural
mass are considered negligible as compared to the seismic mass and vibration was
considered only along a direction perpendicular to the proof mass plane. Also, the
stiffness of the seismic mass was not taken into account and thus derived from flexural
beams only which are assumed to be straight ones. Denishev et al. [7] proposed a design
procedure for piezoresistive accelerometer based on an analytical model that considered
eight beam cross bridged model. The proposed flow of design was aimed to attain a
predetermined minimum detectable acceleration and bandwidth whose geometric
parameters were bounded by microfabrication limitations. The damping model for the
same was based on squeeze film damping. Bhalla et al. [8] performed a finite element
analysis on three configurations of piezoresistive accelerometers which were designed for
low cross-axis sensitivity owing to their bridge type structure in which misalignment
effect was minimized keeping the width very small. The Simulation was performed on
COMSOL multiphysics, and the models were found to be of high shock survivability (up
to +15000g). Mukhiya et al. [9] following FEM based design and simulation compared
the sensitivity of two accelerometer each having four beams in a bridged manner but with
different orientation and proposed a process flow for fabrication. The study was intended
for low g application in the automotive sector. Biswas et al. [10] and proceeded to design
bio memes for tremor detection using piezoresistive accelerometer with a dynamic range
of (+) 2g considering Wheatstone bridge configuration for electrical analysis with low
cross-axis sensitivity. Hrairi et al. [12] proceeded towards validating analytical results
with FEM-based simulation followed by thermal analysis Agarwal et al. [14] and Baig et
al. [15] both modelled the MEMS accelerometer mathematically and then determined the

required geometry using shape optimization.



CHAPTER 2

2.1 Working Principle of Accelerometer

Fundamentally, any elastic structure can be modelled as a mass-spring-damper system
even at the microscopic level. The vibration of a cantilever type substrate is an ideal
example in this regard where there may be a seismic mass present, or it may be due to
self-weight. Here flexural rigidity can be perceived as the resistance of the spring to
vibration. Also, the presence of air or any other working medium causes damping. Hence,
figure 1 can be taken into consideration to explain the working principle of an
accelerometer. It consists of a proof mass (M), suspended by a spring (stiffness k) which
in turn attached to a casing. There is also a dashpot for producing desirable damping that
is parallel to the spring and have a damping coefficient (c). At the microscopic level,
working medium (may be air) offers significant resistance to vibration that stabilizes the
system after sudden acceleration. Acceleration of the casing will cause an inertial force to

act on the system (proof mass) which will have a deflection of x.

The measurement of acceleration and subsequent deflection relies on Newton’s 2nd law
of motion. The equation of motion can be derived equating inertia force to the summation
of the remaining real forces on the proof mass. This constitutes a second-order system of

classical mechanics. According to the figure 1 for static equilibrium in the y direction,

y
Proof )
Mass X

Diiiissimmisimmiin

Daspot

Casing

Figure 1 Lumped Model of a Piezoresistive

Accelerometer



Applied force- Damping Force- Spring Force= Inertia Force

2
(or) m%+c%+kx:ma @

Where,
m= mass of the seismic mass, c=damping coefficient
k=stiffness of the spring, x=displacement of seismic mass relative to the casing
a= acceleration of the casing

This is second order linear differential equation with constant coefficients.

The general solution is of the form:

X=X +X,
Where, x,=complementary solution and x = particular solution
X. 1s the solution of the homogeneous equation (1)

2
ma—§+c%+kx:0
ot ot (2)

Assuming a solution of the form X = e™ and substituting,
e™(mp®+cp+k)=0
On solving further,

p_—c/mi\/(c/m)z—k/m

2

Substituting, natural frequency, @, = \/%
Critical damping coefficient, c, = 2ma,
And Damping Ratio, ' =c/c,

. =
Hence complementary solution, x, = C,e’ ¢ Dot 3)

For underdamped condition above equation modifies to

x, =C,e " cos(y/1- L2 mt) +sin(y1- o t)

Or, x, =Ce " cos(y1- 2 art +¢) (4)
It is apparent that with time x_ vanishes, letting the total response be equal to the steady

state response (particular solution).



The particular solution can be obtained considering the vector diagram of four forces such
as Inertia, spring, Harmonic and damping forces.
F? = (KA-ma® A)? +(CoA)’

Where F=ma and A= amplitude of vibration
Assuming acceleration a to be sinusoidal
a=w’Asinwt

On further simplification,

A _ (0] ®,)?

A -0 T +[(2c0l 0,)]

(5)

Usually, Accelerometers are devices of high natural frequency, i.e. o < w, = — —>0
1)

n

so, from equation (5)

A ( w JZ Accelration, .
o = >
A o (©)

It is clear from the above equation that the sensitivity of the measurement is inversely

@,

proportional tow’. Thus for high sensitivity @, has to be small which suggests large

proof mass. Contrarily, large @, adversely affect the bandwidth. Hence, it is always a

trade-off between bandwidth and sensitivity.



2.2 Material Selection

Silicon is particularly associated with Microsystems design as it is strongly desirable for
inertial sensors with its greater flexibility in design and fabrication. Single crystal silicon
shows elasticity up to fracture point, although it is lighter than even Aluminium. Its
elastic modulus and melting temperature are comparable to that of stainless steel yet
possess a thermal expansion coefficient eight times smaller than the later. Specifically,
silicon is mechanically stable and hence signal transduction elements such as p-type or n-
type piezoresistor can be integrated with its substrate. It offers no mechanical hysteresis

that makes it ideal for sensors and actuators fabrication [12].

In the present work for both Finite Element Analysis and Analytical hand calculations,
the silicon is approximated as an isotropic material with the properties given in Table 1.
The value of young’s modulus (1.69E+11) closely approximates the material properties

as the orientation of the proof mass of the accelerometer is <110> after manufacturing.

Table 1 Material Properties of Silicon <110>

Isotropic Material Properties Symbol Unit Value for Silicon<110>
Density ol Kg/m? 2300
Young’s Modulus E GPa 169
Yield Strength Oy GPa 7
Coefficient of Thermal Expansion a °oct 2.3
Poison’s Ratio M 0.28




CHAPTER 3

3. Mathematical Modelling
3.1 Mechanical Aspect

The piezoresistive accelerometer has a proof mass at the centre, and two configuration
having four and eight flexural silicon beams in a cross bridged structure are considered for
modelling. The two extremities of each flexure are doped with piezoresistors of p-type
single crystal silicon <110> to sense the maximum stress and design accelerometer
accordingly to measure deflection where it is dominant [10]. The design procedure involves

the determination of certain parameters that are proof mass side length (1,), height (h,,) and

dimensions of flexures (I xbxh) in two different configurations.

3.1.1 Silicon proof mass:

During bulk micro-machining anisotropic etching makes the proof mass shape hexagonal.

Thus, the proof mass is assumed to be of truncated square pyramid shape. Its mass can be

obtained by
P (1 =1, +1,%)
m= ||| pdxdydz = —" (7)
J.\U 3('1 - Iz)

Where, Density, p = 2300 Kg/m?, I, =top side length, I, =base side length
h, =height of the pyramid. Height of the pyramid is taken 525xm

Where I, =1, —h_/~/2 [13]

3.1.2 Spring Constant:

It relies on material property and geometrical parameters of flexural beams.

Using the relationk =12EI/1°, where E=Young’s modulus and moment of Inertia
| =bh®/12.

Thus, for each flexure, k = Ebh® /I3 (8)



3.1.3 Damping Model

Damping is one of the major sources of energy dissipation and is highly dependent on
viscosity. For moving MEMS surfaces, there are two models available: Squeeze film
damping and side film damping. The former occurs when relative motion between two
surfaces is perpendicular to the plane of the surfaces, and the later takes place when the two
moving surfaces are parallel to each other. The present work focuses on the Squeeze film
damping model following Reynolds gas-film equation. The prerequisite for this model is
non-slip fluid flow that occurs when the film thickness, h > h .q.oq - Wherehy, o0 1S 100
times the mean free path [14].

squeeze number, o shows compressibility of the fluid film.

2
0_212yb
Ph,?

9)

Where, 1 =dynamic viscosity, |, = base side length of proof mass, P =Gas pressure
h, =Fluid film thickness, @ = Excitation Frequency

The damping coefficient for squeeze film damping is given by

12 8P 64 iy
¢ 2RO p (10)

oh,  7° 1T o
1+F +?

Where, g is the ratio of Length to breadth and 1 for square cross section

3.1.4Natural Frequency

In reality, a micro system is a continuous complex geometry and possesses infinite mode for
resonance to occur. Inherent natural frequencies of the structure cause this. To avoid
catastrophic consequences of resonant vibrations natural frequency of the system is made as

high as possible. Natural frequency (e, ) is given by

@, =vKk/m

Substituting k and m values,

@, =[24Ebh*/ (12, ~ 11, +1%,) ph,, I° (11)



3.1.5Damping Ratio:

It is defined as the ration of damping coefficient to the critical damping coefficient and
depends on the proof mass and spring constant.

c

¢ = oIk

(12)

3.1.6Minimum Measurable Spring Deflection:

The applied acceleration is sinusoidal, a = w*A sin wt .If the acceleration is made constant,

the net compression of spring varies directly with applied acceleration. Let us assume
minimum measurable spring deflectioncoc=(2§«/1—§2)a)2n, where ¢, 1S minimum

measurable strain of the flexural beams [13]

3.1.7 Bandwidth:

Referring to equation (3)
Alw) 1

Magnification factor, = ~ (13)
A0) \/[1—(a)/a)n)2] +[@col 0]
At resonance o =,
Thus, Quality factor R = Ala,) L
A() 28
Taking two half-power points on both sides of resonance, Equation 13 becomes
Alw) _ R
AQ) 2
Solving the above equation for (w/@,)? =(1—2¢)+2¢ J1-?
Hence, Bandwidth o, = 22— % = (2;1/1— 2 )afn (14)
a)n

10



3.2  Electrical Aspect

3.2.1 Piezoresistivity

Piezoresistivity is extensively exploited in MEMS Inertial Sensors. Silicon based
poezoresistors facilitates strain transmission without creep, hence possess a higher
compatibility with MEMS and Microsystems. Also, the fabrication process allows

implementation of Wheatstone bridge circuits with proper matching resistors [14]. The
change in resistance isR=pL/A where p, Land A are resistivity, length and cross

sectional area respectively. Hence, there exists a linear relationship between strain and
resistance that is governing the principle of piezoresistive sensing.
In general resistivity is expressed by

1
p=——— (15)
N 2,

Where, g =Electron charge(1.6x10¢)
N =Number of charge carriers
L, =carrier mobility (cm? /Vs)

As a single layer doped silicon is highly anisotropic, the relative orientation of
crystallographic planes dictates its piezoresistivity. The resistivity is a function of
direction dependent stress. It can be expressed as the sum of resistivity in an unstressed

crystal and the resistivity change due to the application of stress.

Po| [P |APx
P vy P Ap vy
Pal _|PL, AP (16)
Pyl (O] |APy
Pn| |0 [Apy
Pu) 0] [Apy

By incorporating piezoelectric coefficients (7;), the resistivity change (Ap;) can be
quantifiedi{Ap} =[r]{o}. For a cubic lattice, because of symmetry, 7z reduces to three

components such as r,,, z,,, 7,,. To define piezoresistivity for any random orientation we

11



need to define longitudinal z, and transverse () piezoresistive coefficients, which can

be obtained by transforming the axes from an orientation where the piezoelectric

coefficients are known.
Finally, the resistance change can be expressed as

L0 MR o oy (17)
o

Where o, and o, represents longitudinal and transverse stress components respectively.

Piezoresistive coefficients z,,, z,,and r,, decrease with an increase in temperature and

doping concentrations. If the stress and electric field are applied in the same direction, the

piezoresistirs is said to be longitudinally stressed. For such a situation

n, ==(m,+m,+r,). Piezoresistive coefficient for the <110> orientation of a single
2

crystal silicon is expressed as 7, =0.5( 7, + 7, + 77, ) = 0.5(x,,) (18)
The value of 7, at room temperature is 69.05x 10! Pa® [15].

3.2.2 Piezoresistor Positioning:

As sensing uses piezoresistive principle, it is easy to fabricate and integrate with electronic
circuits. Boron diffused resistors were placed at the positions where stress is maximum for
maximum utilization of piezoresistive characteristic of silicon. In the present work, two
different models of piezoresistors are conceived using (1) four beam flexure (figure 2) and
(2) eight beam cross bridged flexure configurations. Each flexure spans from the frame

end to the proof mass end. Hence, for each flexure, there are two resistors diffused at the

junction with a proof mass (R,,) and that with frame (R, ). When the structure is under

inertial loading the stress on these two ends are opposite in nature [8].

Piezoresistors are placed longitudinally on the beam so that their resistance decreases
under compressive force and increases under tensile forces. This effect is summarized as

follows with reference to the circuit diagram for the two configurations.

12



Table 2 Nature of Stress induced as a result of inertia loading along prime axis of motion

Configu- R, Riu R, R, R, Rz R, Ry, R. Rz R Ris R, Ry; R Ryg
ration ’
Four i

c T C T C T ¢C (Not Applicable)
Beam
Eight

c T ¢c T C T C T C T C T C T C
Beam

(T)=Tensile stress, (C)= Compressive stress

3.2.3 Wheatstone bridge description:

For piezoresistive devices, there is no requirement of circuitry on the chip. Instead half or
full Wheatstone bridge can be implemented for signal detection with high sensitivity and
first-order temperature compensation [14]. Two piezoresistor are doped on the proof mass
end and frame end of each flexure. It can be observed that stress on the two ends is of

opposite sign.

Hence in the proposed set up resistance of the piezoresistor near the proof mass increases
under tensile forces and that of the piezoresistors at the frame end decrease[9].For the first
configuration, all eight resistor form a fully active Wheatstone bridge as shown in the
figure s2. Similarly for the second configuration (8 flexures in a bridge structure) a total of

16 resistors form a wheat stone bridge as shown in figure 3.
For a fully active Wheatstone bridge
Vo = OrVin s (19)
Where, 5, =AR/R
Vv, =Output Voltage, V,, =Input Voltage

Change in voltage of the Wheatstone bridge is proportional to the applied acceleration.
[10].Hence, sensitivity can be determined by the relative change in output voltage for the
applied acceleration. Alternatively gauge factor can be used to determine the sensitivity

that is the ratio of resistance change to induced strain, G = A—R—.

R ¢

(20)

13



Rim R1f
R3m R3f
Ct) Input Voltage O o
Output Voltage
R2f R2m
R4f Rém

Figure 2 Wheatstone bridge configuration with piezoresistors for

four beam cross bridged configuration

R1T

R3f

Output Volatge

Ci) input Voitage
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RAT

RST

R8T

R2m

R4m

REem
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Figure 3 Wheatstone bridge configuration with piezoresistors for

Eight beam cross bridged configuration
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CHAPTER 4

4.1 Optimization of Geometric Parameters

Once the solution space is determined from micromachining, it can be integrated with a
genetic algorithm to optimize by performing advanced adaptive searching mechanisms based
on Darwin’s natural selection of the fittest and genetic evolution. , the search algorithm
incorporates survival of the fittest between string structures with randomized information
exchange yet in a structured manner with a pioneering flair of human search. It essentially
exploits the fittest traits of the parent generation to create a new artificial child string in an
iterative process that gets better with each subsequent generation. Thus, it combines historical
information to find new data points while matching the desired performance. In the present
work, the objective is to obtain a set of geometric parameters that best fits the desired
specification. The device dimensions of the accelerometer involves the following: The design

procedure involves determination of certain parameters that are proof mass side length (s ),

height (h, ) and dimensions of flexures (1xbxh) and depth of the air film thickness(h; ). To

reduce cycle time for design, the die area must be minimized. Simultaneously, attention must
be given not to deteriorate the device performance. This calls for the implementation of
evolutionary optimization algorithms such as Genetic Algorithm (GA) and Particle Swarm
Optimization (PSO) [14].

However, there is no certainty to obtain the best-desired solution, but a suitable solution with
least processing time is guaranteed. In situations where classical methods are inefficient in
finding a suitable solution because of the presence of local extremes, Genetic Algorithm can
be successfully used to search the best possible solution. In the present work MATLAB
optimization toolbox based on genetic algorithm has been used. It has a single objective
function that must be chosen properly to make the optimization flow into right path. The
wafer area is to be minimized. Wafer area consists of an area of the beams and the proof
mass. With the mathematical models as input the four and eight bridge structures are
optimized to achieve the targeted specifications. The performance specification applies three
constraints pertaining to minimum detectable acceleration, bandwidth and damping ratio that

are listed below:

15



Table 3 Targeted specification of accelerometer

Targeted
Parameter .

Specification
Band Width, o, More than 4 kHz

Minimum detectable

. Minimum 0.025¢g
accelerationa,;,

Damping Ratio, 0.6-1.1
Natural Frequency, o, More than 1kHz
Sensitivity (Gauge Factor) Minimum 100

Though using micromachining significant miniaturization is possible, there are some
practical limitations to it in terms of geometric parameters of the structure to be
manufactured. These limits constitute the solution space for proposed genetic algorithm. The
limits as found out by [8] are as follows.

Table 4 Solution Space for Geometrical parameters due to Micromachining limitations

Lower Bound Upper Bound
Parameter
(x10°m) (x10°m)
I, 1000 5000
I 300 600
b 100 300
h 2 10
h 5 40
h, 250 525

MATLAB toolbox for Genetic optimization requires various parameters to be chosen as per
the desired environment. For the present work, paretofraction, elite count and the crossover
fraction were selected optimally. Time and stall limit were set at infinity by default. As it is a

minimization problem, the fitness limit is chosen minus infinity. The optimization algorithm
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is applied first considering the four beam bridged MEMS structure and then for eight beam

cross bridge MEMS structure. The obtained results are tabulated in the following manner:

Table 5 Device parameters optimized by genetic algorithm

Parameter Accelerometer Configuration
(x107°m) four beam Eight beam

I, 2417 2425

I 363 405

b 257 260

h 5.39 4.69

h, 9.5 37

h, 524 525

Using the mathematical model described earlier the expected device performance parameters
were calculated and tabulated in the following. It can be seen that all the performance

parameters are within the required specification and hence acceptable.

Table 6 Expected Device performance

Expected Device Accelerometer Configuration
Performance four beam Eight beam
Band Width, @, 9.87 kHz 9.99 kHz
Minimum detectable
. 0.00193¢g 0.00209¢g
accelerationa,
Damping Ratio, 0.60 0.66
Natural Frequency, @, 14.5 kHz 10.07kHz
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4.2 3D Model Construction

All Dimensions are in mm
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Figure 4 Solid works model of four beam cross bridged accelerometer
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Figure 5 Solid works model of four beam cross bridged accelerometer
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CHAPTER 5
5.1 Analytical Results

The geometric parameter for each configuration of the MEMS was selected as obtained
from the genetic optimization. Considering the material properties for isotropic silicon
from table 1, a mechanical analysis has been performed using the mathematical model

derived in section 5.The inertia load in the analysis is assumed to be +g along the prime

(axis perpendicular to the proof mass top surface).

The results obtain are represented in table 7 below.

Table 7 Results from mechanical analysis of piezoresistive accelerometer

Configuration of Accelerometer

Mechanical )

Unit Formula
Parameter Four Beam Eight Beam
Mass of Proof )

Kg Volume x Density 6.058x 107
mass(M) 6.9912x 10
Mass of beam (m) Kg Volume x Density 1.156x10° 1.135x10°
Moment of Inertia(l) m* (Beam Width x Beam height®)/12  3.353x 102! 2.2351x 10°%
Inertial Load m/s? Acceleration 9.81 9.81
Maximum force on Mass of Proof mass(M) x

N . 6.86x 10° 5.943x10°
each proof mass Acceleration
Maximum force on (Maximum force on each proof

N 1.715%x10° 0.743x10°
each flexure mass)/ number of beams
Deflection along (Maximum force on each flexure

_ om 0.904x 1077 0.82x 107
prime(transverse)axis x Beam length®)/12EI
Longitudinal (Bending moment x distance from
. MPa . 2.16 1.57

Bending stress neutral axis)/ |
Stiffness constant N /m Force on beam/ Deflection 129.9 91.96
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5.2 Finite Element Modelling

The 3D modelling for the piezoresistive MEMS accelerometer is carried out using Solid
Works for both four beam and eight beam configuration. The IGES model thus obtained is
simulated using ANSYS workbench 2015. The material property has been selected from
table 1 considering the proof mass orientation <110>.Meshing has been done using 10
node tetrahedral element as shown in figure 6 and 7. As the analytical model is based on a
second-order partial differential equation, the mesh density plays an important role in
obtaining an accurate discrete solution. Multiple mesh models of different density were
chosen and consequently an optimized density is determined in each of the two proposed
configurations. The total no of mess elements and nodes used in four beam cross bridged
and eight beam cross bridged accelerometer are shown in table 8. A static structural
analysis is then performed. The frame end centres are fixed choosing proper boundary
conditions. The simulations are carried out applying +g inertial load along the prime axis
of oscillation for normal stress distribution along longitudinal direction of beam, Von-
misses equivalent stress distribution, directional deformation along prime axis and the total

deformation which are discussed at length in the following sections.

% X
0 0.001 (m) s, 0 0.001 (m) \‘/
[ ] X { [

0.0005 0.0005

Figure 6 Meshed model for Four Beam Cross Bridged  Figure 7 Meshed model for Four Beam Cross Bridged
Accelerometer Accelerometer

Table 8 Mesh Parameters of Static structural analysis

Nodes Elements
Accelerometer Four Beam 408847 282509
Configuration Eight Beam 357024 244315
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5.3 Results and discussions

The normal and equivalent stress distribution along the longitudinal direction shows
that for both configurations maximum magnitude of the stress is found at two ends
(proof mass end and frame end) which are opposite in nature. These are the precise
position which are proposed to be doped by p-type (boron diffused) silicon to impart
piezoresistivity. The variation of beam bending stress over the beam length has been
determined and plotted in figure 7. The maximum normal stress is found to be 1.6MPa
and 2.4 MPa for eight and four beam configurations respectively. From analytical hand
calculations, these values were obtained as 1.57 MPa and 2.16 MPa, thus leading to an
error of 1.00% and 1.87% respectively. Also, it can be observed that the four beam
configuration is more stressed than the eight beam configuration. From the von-mises
stress distribution, the maximum equivalent stress is 1.31 MPa and 1.89 MPa for four
and eight beam configuration respectively. This gives us a quite clear idea about the
maximum inertia load the device can withstand before failure. As the yield strength of
single crystalline silicon is 7 GPa, an inertial load of +g is much below the maximum
value. The proposed accelerometer is designed to measure transverse acceleration.
Hence, deflection analysis along the same is also performed. The directional
deformation along the prime axis of motion (transverse axis) is determined over the
entire length of the beam is determined. As the frame, end is fixed the obtained
displacement is zero there, and it is maximum at the proof mass end. The variation is
plotted as shown in figure 8. The analytical values of directional deformation are also
compared with FEA values which showed an error of 1.3 % and -1.1 % for four beam
and eight beam configurations respectively. Comparative results for both displacement
and stress simulation results between analytical and FEA values are tabulated in table
9. A sensitivity analysis is also performed for both configurations using the (17) and
(20). The sensitivity is expressed in terms of output voltage per unit g-force and Gauge
Factor of the Wheatstone bridge. The results obtained are tabulated in table 10.
Thereafter the accelerometer structures are subjected up to 5g inertial load, and the

variation of relative resistance change is plotted in figure 9.
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Figure 8 Variation of longitudinal bending stress over the beam length
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Figure 9 Variation of transverse deformation over the beam length
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Figure 10 Variation of relative resistance of Wheatstone bridge with acceleration

Table 9 Comparative study of analytical and FEA results for static structural analysis

Accelerometer Configuration

Four Beam Type Eight Beam Type
. Error . Error
Analytical FEA %) Analytical FEA %)
Bending Stress
(longitudinal)
(MPa) 2.16 2.4 1 1.57 1.6 1.8
Directional
Deformation 0.724 0.74 1.3 0.89 0.88 -1.1
(X107 m)
Table 10 Sensitivity analysis results for four beam and 8 beam configuration
Accelerometer Configuration
Four Beam Type Eight Beam Type
Sensitivity(S) AR/ (RA
Y(S) AR/ (RAG) 1.6572 1.1048
(mV/g)
Gauge Factor(G) 144.44 149
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Figure 11 Longitudinal bending stress for four beam Figure 12 Longitudinal bending stress for eight beam
accelerometer configuration with an inertial load of +g accelerometer configuration with an inertial load of +g
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Figure 13 Transverse strain in beams for four beam Figure 14 Transverse strain in beams for eight beam
accelerometer configuration with an inertial load of +g accelerometer configuration with an inertial load of +g
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Figure 15 Equivalent(Von-mises))stress for four beam
accelerometer configuration with an inertial load of +g
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Figure 17 Transverse deflection for four beam accelerometer
configuration with an inertial load of +g
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CHAPTER 6

6.1 Conclusions

Piezoresistive MEMS accelerometer for automotive applications (low g) has been the
focus of this research work.The efficacy of genetic algorithm for optimizing device
dimensions and subsequent Finite Element based simulation have been explored.
Implementation of neurogenetic search algorithm has reduced computational effort by
searching through the nonlinear objective function and constraints to match the desired
specification certainly; it is much sought after in automotive MEMS industry. Use of
ANSYS for behaviour simulation of MEMS devices offers a great deal of efficiencies in
design review and evaluation along with comparison with analytical results, thereby

reducing design cycle time.

After an intensive study of available accelerometer structures, two configuration having
four and eight beams respectively have been compared with every desired behaviour of an
automotive MEMS accelerometer. Though, piezoresistors are vulnerable to temperature
fluctuations and cross-axis sensitivity the present model takes care of both using a cross
bridged structure. Based on the working principle of a spring-mass dashpot system a
mathematical model has been developed considering both mechanical and electrical
aspects and is incorporated in the genetic algorithm to determine the geometric parameters.
The CAD model based on this geometric specification has been simulated for maximum
stress deformation and sensitivity, and the results have been found to be in good agreement
with analytical results. Thus it, shows the efficiency of the design procedure. Of the two
structure considered for modelling, four beam structure is found to be more effective in
terms of matching the desired specification such as bandwidth, minimum detectable
acceleration and damping ratio than the eight beam counterpart. For different inertia loads
on the two proposed accelerometer configurations, which reveals that the four beam
structure has high sensitivity all the time. However, the later has an advantage over the

former in terms of low cross-axis sensitivity.

Overall, a completely exhaustive design procedure has been proposed to meet the standard

characteristics of the accelerometer with less computational cost and time.
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6.2

Future Scope of the work:

In a sense, | have attempted to scratch only the surface of the FEM-based modelling for

Automotive MEMS. The following aspects which are not covered by the research work

and can aptly be explored.

A squeeze film damping model has been integrated with the model, but a thorough
CFD analysis is required to understand the damping behaviour of air in the
encapsulation.

Present ANSYS model simulates the mechanical behaviour and then the results
approximates the piezoresistivity using analytical model. In future, a completely
integrated module such as COMSOL can be implemented.

A noise analysis can be performed to study the thermal motion and its effect on
Total Noise equivalent Acceleration (TNEA) can be carried out in future.

A frequency analysis of the three basic modes of vibration will be helpful in

ascertaining the effect of geometrical parameters on natural frequency.
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