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Abstract

This thesis reports the design and modelling of a MEMS (Micro Electro Mechanical
system) based inertial accelerometer. The main motivation to design a differential type of
accelerometer is that such a kind of structure allows differential electrostatic actuation and
capacitive sensing. They can be operated at the border of stability also so that the “pull in”
operation mode can be explored. Such kinds of structures have a wide range of applications
because of their high sensitivity. One is in the field of minimally invasive surgery where
accelerometers will be combined with gyroscopes to be used in the navigation of surgical
tools as a inertial micro unit (IMU). The choice for the design of a structure with 1 Degree
of Freedom(DOF) instead of a 2-DOF device was instigated by the simplicity of the design
,

and by a more efficient 1-DOF dynamic model. The accelerometers were designed and op
timized using the MATLAB simulator and COVENTORWARE simulation tool. First set
of devices is fabricated using a commercial foundry process called SOIMUMPs. The sim
ulation tests show that the SOl accelerometer system yields 8.8kHz resonant frequency,
with a quality factor of 10 and 2.l2mV/g sensitivity. To characterize the accelerometer a
new semi automatic tool was formulated for the noise analysis and noise based optimiza
tion of the accelerometer design and the analysis estimation shows that there is a trade off
between the SIN ratio and the sensitivity and for the given design could be made much bet
ter in-terms of SIN by tuning its resonant frequency.
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INTRODUCTION
1

Micro machined inertial sensors consisting of accelerometers and gyroscopes
are one of the most important types of silicon-based sensors. Micro accelerometers alone
have the second largest sales volume after pressure sensors. The first micro machined
accelerometer was designed in the year 1979 at Stanford University but ever since the
device has been the most popular MEMS device[ 1]. The large volume demand for accel
erometers is due to their diversified applications which covers a much broader spectrum
where their small size and low cost have even a larger impact.
An accelerometer is defined as a “device that can be usedfor measuring linear
acceleration.” They can be used to measure tilt, inertial acceleration and shocks or vibra
tion as shown in Figure 1-1..

r.1cTIDN INPUT

ACCELEROMETER

TI1

frIW .d*tH,n

0

OJIrO OIflEU

mL
DJtI

IlWJ

Figure 1-1. .The Fuctionality of an Accelerometer
1

To extract the acceleration value, the sensor has a movable proof mass which is
connected to a fixed frame via spring structures. An external acceleration will displace the
proof mass from its rest position. The magnitude of this displacement is proportional to the
magnitude of the acceleration and inversely proportional to the stiffness of the spring struc
tures. Hence, the acceleration input that is applied to the sensor is converted to the proof
mass displacement in the sensor. The sensor then extracts the magnitude of this displace
ment using its sensing scheme.
One can divide the sensors as [2]:
*

Out-of-plane accelerometers where the sensitive axis is perpendicular to the

wafer surface.
*In.plane accelerometers where the sensitive axis parallel to the wafer plane.
Out-of-plane accelerometers were the first designs to be proposed. But In-plane
accelerometers offer the following advantages: (i) fabrication of beams and seismic mass
in one etching step, and (ii) a high degree of symmetry which allows one to increase the
seismic mass without changing its gravitational center[3].
1.0.1. Applications of Accelerometers

Acceleration is a measure of the physical characteristic of any system. The mea
surement of acceleration is used as an input into some types of control systems. The control
systems use the measured acceleration to correct for the changing dynamic condi
tions.Acceleration is usually measured in (ftls)/s or (m!s)/s. But we use a more universally

2

accepted factor “g”(m!s
). A”g” is a unit of acceleration equal to the Earth’s gravity at sea2
level which is equal to 32.2ft/s
2 or 9.8m1s
.
2
Table 1-1. Some common “g” reference points[4]
Description
Earth’s Gravity
Parked car

I]

“g” level
1g
ig

Bumps in a road
Car Driver in a corner
Bobsled driver in a corner

2g

Human Unconsciousness

7g
1 Og

Orbiting Space Shuttle

3g
5g

Depending on the characteristics, there is diverse range of applications for acceler
ometers. The sensitivity, resolution, size, cost etc. are some of the factors that determine
the type of the applications for the accelerometer. Based on this its wide rage of applica
tions include mlitary,aerospace,medical systems,navigation,automotive industry. This is
shown in Figurel-2. The typical functions an accelerometer can be used are [4]:
• Tilt/Roll Sensing
• Vibration-Can be used to isolate vibration of the mechanical system from the outside
sources.Example:Rough Road detection.
• Vehicle Skid Detection- Often used with systems that deploy smart breaking to regain
the control of vehicle.
• To determine the severity of the impact or to log when an impact has occurred.
• Input/Feedback for active suspension control systems- keeps the vehicle level.

3

• Lately it has been used in medical industry along with micro gyroscopes which form a
microinetrial unit which helps in the navigation of the tools during surgeries.

Figure 1-2. The different application areas for accelerometers [5]

1.1. TYPES OF ACCELEROMETERS
There are different types of accelerometers which are classified on the basis of
transduction principle. Some of them include Capacitive, Piezoresistive, Piezoelectric,
Tunnelling, Optical, Heat Transfer, Hall Effect,Thermal, Interferometric etc.A few of the
types are explained below:
• Capacitive-Metal beam or micro machined feature produces capacitance; change in
capacitance related to acceleration[l].
4

• Piezoelectric-Piezoelectric crystal mounted to mass -voltage output converted to accel
eration[6].
• Piezoresistive-Beam or micro machined feature whose resistance changes with accel
eration[7].
• Hall Effect-Motion converted to electrical signal by sensing of changing magnetic
fields[8].
• Magneto resistive-Material resistivity changes in presence of magnetic field[9].
• Heat Transfer-Location of heated mass tracked during acceleration by sensing temper
ature[lO].
• Tunneling-A cantilever structure with a variable gap between an integrated tunneling
tip and a conducting electrode causes electron tunneling in the gap and this principle
can be used to detect extremely sensitive accelerations[ 11].
• Interferometric- The inter digital system forms an optical diffraction grating where the
displacement of the proof mass relative to the support substrate is measured with a
standard laser diode and photo detector[ 12].
Of these different types of accelerometers, differential capacitive sensing and actu
ation mechanism is chosen as the principle of the design. One of the main reasons that a
capacitive scheme is used is because of its high sensitivity and wide range of applications
[1].

5

1.2. Overview and Motivation
There are several kinds of accelerometers available commercially. The main ques
tion that would tend to arise will be the significance of this particular accelerometer.The
reason for choosing capacitive accelerometer is because of its following advantages:
• High Sensitivity
• Repeatability
• Temperature Stability
• Design Flexibility
• Low cost and power usage
The main disadvantage is the complex read out circuit design and one such possible
design has been proposed using a 555 timer circuit. This project is motivated by the fact
that the accelerometer will be integrated with a MEMS gyroscope and will be used as an
inertial cluster in minimally invasive surgery. This would help in navigation of the surgical
tool more reliably and quickly. Medical navigation systems are mainly used for monitoring
the position of surgical instruments relative to patient body. The idea is to attach the micro
inertial measurement unit (IMU) to the instrument to track its position. The MEMS-based
unit will comprise of accelerometers as well as gyroscopes, together with associated elec
tronics. A low cost, high precision IMU encompasses in fact a much larger application
horizon, ranging from medical to automotive field. One of the main goals is to improve the
resolution and accuracy of the present MEMS-based inertial sensors. The presently avail
able resolutions of (commercial) MEMS sensors are in the range of mg for accelerometers,

6

and around 0.1 deg/sec for gyroscopes. Advanced medical navigation systems require sens
ing linear accelerations in the micro-g or lower ranges and very high sensitivities.
The main objective of this study to construct an accelerometer system which has
satisfactory noise-floor/nonlinearity performance for IMUs and is powered with ±12 DC
batteries. The system is to yield a voltage output proportional to the externally applied
acceleration. The Table 1-2 below summarizes the performance goals of this accelerometer
system.
Table 1-2. Performance Goals Targeted
1
Parameter
Performance Goals
Sensitivity
NonLinearity
Noise Drift
Bias Drift
Quality Factor
Resonant Frequency

1 V/g
1%
500jig/Hz
2
”
1
20mg
10
10kHz

7

1.3. THESIS ORGANISATION
Chapter 1 gives a basic outline to the thesis. Chapter 2 explains some basic princi
ples about accelerometers and Chapter 3 describes the device design together with the
simulations that were performed on CoventorWare© 2006 and Matlab along with the
explanation of the fabrication process. Chapter 4 shows the experimental measurements
and explains the pull in operation mode of the accelerometer with numerical simulations
to confirm the theory. It also explains the device characterization and optimization. The
fifth Chapter explains the application for which this accelerometer is designed. The last
chapter presents the conclusion and the future work which includes the read out electron
ics associated with the device and a possible future design.

8

2
BACKGROUND

2.1. Review of the Basic Principles
Before proceeding to the device design, there are some theoretical concepts that are
needed to be understood which help in explaining the fundamental principles of the accel
erometer better. This chapter reviews the mechanics and electronics of a MEMS device and
later explains the principle of operation of an accelerometer.
2.1.1. Basic Mechanics

Lets begin with defining the various mechanical quantities. Stress is the defined as
the force per unit area acting on the surface of a differential volume element of a solid
body. The equation shows that when F is the applied force acting along an element with
cross sectional area A.

Stress(s)

F
=

[N/rn

2

I

Another important mechanical term is the strain, which can be defined as the defor
mation resulting from a stress, and measured as the ratio of deformation to the total dimen

9

sion of the body in which the deformation is occurred. The deformation depends on the
direction of the applied force. The compressive force causes the body to be shortened and
the tensile force causes the body to be stretched. The normal strain is formulated as:
Change in the amount of Deformations
Original Dimension
L
The Figure 2.1 shows the Stress-Strain relationship of a general material[131.

Yield

Ductile Fracture

Co
U)

a,
I

C,)

Elastomeric or Flow Region

Strain

Figure 2-1. Stress-Strain relationship of a general material.

In a MEMS design, designers try to stay in the linear region of this graph where the
strain values are relatively small. In this linear region, another mechanical property of the
materials known as Young’s Modulus is an important term in MEMS design. This is the
proportionality constant in this linear region and can be expressed as:

E= 2
[Pa]
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Moment of inertia of an area with respect to an axis is the sum of the products
obtained by multiplying the infinitesimal area elements by the distance of this element
from the axis. Moment of inertia is denoted by I and can be expressed as:

I

=

where dA is the infinitesimal area element and y is the distance of this area element to the
origin of interest.

2.1.1.1. Spring Constant

The spring constants are an important parameter to which determine the character
istics of the sensor. The spring constant or the force constant as its otherwise called is the
proportionality constant that relates the force and the displacement in Hooke’s law. By
increasing or decreasing the spring constant we can alter the movement of the proof mass
in the corresponding direction.

y
Load

L

w

Figure 2-2. A simple beam at its rest position
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The above figure 2-2 shows a simple beam at its initial postion.The spring constant
will depend on the direction of application of force. The most common example is a can
tilever Beam which is fixed at one end. All the translational and rotational degree of free
dom are fixed at one end. Deflection of a cantilever beam condition is the basic condition
to be analyzed. The spring constants for this condition along each direction are calculated
as:

Etw
1

_Etw
41

3

3

3

_Etw
4?

3

where the direction index denotes the direction of the applied force which bends the spring
beam, E is the Young’s Modulus, t is the thickness, w is the width, and 1 is the length of the
beam. Spring constants for various shape beams can be extracted similarly using parallel
series connection springs idea.
Figure 2-3 shows different beam structures that can be used in any sensor design.

12
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Figure 2-3. Different types of beams used in MEMS sensors
Based on the requirement the beams can be made stiffer or flexible in a certain
direction. Usually the stiffness of beams is increased by adding truss as a sub-beam section.
But one needs to precalculate the stiffliess requirement cause making the beam too stiff can
even lead to breakage of the beam. Also as in the case of a flexural vibrating fixed-fixed
beam, the transverse deflection can cause the stretching of the neutral axis and this effect
is called “hardening effect” of the springs. Due to this phenomenon, the resonant frequency
increases. When the beam is not anchored firmly, the reverse phenomenon occurs which
causes “softening” effect and here the resonant frequency decreases.
2.1.2. Capacitance Basics

MEMS capacitance configurations can be characterized into three parts. First one
is parallel plate capacitor configuration where the capacitance is formed between two par
13

allel plates, second one is transverse comb capacitance configuration, and the third one is
lateral comb capacitance configuration. First two configurations are used generally in sens
ing elements, and the last configuration is generally used in actuating schemes, due to its
linear force-voltage relationship.Capacitance, sensitivity, electrostatic force, and electro
static spring constant are the main performance metrics for the performances of the capac
itance configurations.
Table 2-1. shows the definitions of performance parameters [13]
Capacitance
N84d

Sensitivity

ac
ax
Electrostatic Force
18Cv2
2 ãx

Electrostatic Force Constant
2
16Cv2
22
ax
where N is the number of capacitance plate pairs, A is the overlapping
area and d is the distance between the plates.

2.1.2.1. Parallel Plate Capacitor

Figure 2-4 shows the parallel plate configuration. In this configuration there are
two plates that are parallel to each other and the capacitance formed between these plates
changes when the distance between these plates changes. This configuration is generally
used to sense in the z-axis sensing schemes. Due to the possibility of large capacitance

14

areas, this configuration may result very high sensitivity, but the main disadvantage of this
configuration is the non-linear force and sensitivity values, which occurs with the move
ment of one of the plates towards the other.

Top plate

Bottom plate
Figure 2-4. Parallel Plate Capacitor

.The table 2-2 summarizes the performance parameters for a parallel plate capacitor.
Table 2-2. Performance Metrics for a parallel Plate Capacitor[13]
Capacitance

Sensitivity

.

Electrostatic Force

NE

A

—NE

2
(d—x)

JNEAV
2
2
2
(d—x)

N
Electrostatic Force Constant

d-x

A
(d—
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Another important parameter is the electrostatic spring constant. If the electrostatic
spring constant trying to pull two electrodes towards each other is greater than the mechan
ical spring constant in that direction, “Pull-in” occurs. Analyses show that pull-in occurs
when the distance of the two electrodes become 2/3 of the original distance. The voltage
difference applied to the electrodes that causes pull-in is called pull-in voltage and can be
calculated as{14]
—

PUllfl

—

/8dkh
27A

2.1.2.2. Transverse Comb Capacitance Configuration
In this configuration there is a movable electrode between two stationary elec
trodes. Due to this differential topology, this configuration shows an almost linear forcedisplacement and voltage-displacement relationship. In addition to linearity, this configu
ration gives a high sensitivity due to varying distance topology. The nonlinearity comes
from fringing field capacitances and this effect is reduced if high aspect ratio fingers are

used.
Electrostatic force and electrostatic spring constant calculations for this configura
tion require a clear explanation of voltage sources applied to the electrodes. In this config
uration, the general connection is to apply 0 and V
0 to fixed electrodes and to apply V
!2
0
to the mid-electrode. The force occurs when the mid-electrode is not in the mid-point of
two stationary electrodes. In fact, if the fixed electrodes are all applied with V
0 and the

mid-electrode is applied with V
/2, the same force expression can be found. In fact to case
0

16

Fixed
Electrode
Movable
Electrode
Direction of motion
of the mass

Figure 2-5. Transverse comb configuration:
(a) Before Movement (b) After Movement
that difference in electrostatic force so that the electrostatic force are unequal, there is an
initial unequal difference between the electrodes as shown in figure 2-6.

17

Figure 2-6. Zoomed in view of the transverse configuration
Table 2-3 summarizes the performance metrics of transverse comb capacitance configura
tion.
Table 2-3. Performance Metrics of a Transverse Comb Capacitance Configuration[13]
Capacitance
2C 0

-

2N
4
d

Sensitivity
CO
d
Electrostatic Force
2xV2

Electrostatic Force Constant
2)V2
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2.1.2.3. Lateral Comb Configuration
In this configuration the capacitance forms between two combs looking each other.
The change of the capacitance is formed by the change of the distance of these combs. This
configuration shows a constant force-displacement characteristic, hence does not form an
electrostatic spring constant, but has a very poor sensitivity due to varying overlap area
topology. Due to this linearity and poor sensitivity this configuration is generally used in
the actuating parts of the sensors. The table 2-4 gives the performance metrics of the con
figuration.
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Fixed
Electrode
Movable
Electrode

(b)

Direction of motion

Figure 2-7. Lateral comb configuration:
(a) Before movement and (b) After movement
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Table 2-4. Performance metrics of a Lateral Comb Configuration[ 131
Capacitance
A
NE-S
Sensitivity
h
NE

Electrostatic Force
NEV2
Electrostatic Force Constant

0

2.2. Principle of Operation on an Accelerometer
An accelerometer generally consists of a proof mass suspended by compliant
beams anchored to a fixed frame. The proof mass has a mass of m, the suspension beams
have an effective spring constant stiffness k and there is a damping factor (b) affecting the
dynamic movement of the mass generated by the air-structure interaction. The accelerom
eter can be modeled by a second-order Mass-damper-spring system, as shown in Fig. 2-8.
External acceleration displaces the support frame relative to the proof mass, which in turn
changes the internal stress in the suspension spring. Both this relative displacement and the
suspension-beam stress can be used as a measure of the external acceleration.
The operation of the accelerometer can be modelled as a second order mechanical
system. When force is acted upon on the accelerometer, the mass develops a force which
is given by the D’Alembert’s inertial force equation F= m*a. This force displaces the
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poceleromete,.

Figure 2-8. Dynamic Model of an Accelerometer
spring by a distance x. Hence the total force externally is balanced by the sum of internal
forces given by,

Fexternai

—

Fin ertiai + Fdamping + Fspring

The dynamic equation of the system vibration along the x direction can be given by the dif
ferential equation[1 5],

2
d
d
m__x(t) + b_x(t) + kx(t)
di’
2
dt

=

ma(t)
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where ‘m’ is the mass of the system,’x(t)’ is the displacement,’b’ is the damping coeffi
cient,’k’ is the elastic spring constant and ‘a(t)’ is the acceleration. By using Newton’s
second law and the accelerometer model, the mechanical transfer function can be obtained,

H

=X(s)=
S

m

1

=

ms +bs+k

s +2os+cj

where

Resonant Frequency (0r)

Damping Ratio(ç)
=

Quality Factor(Q)

=

=

The resonant frequency is the frequency where the system has its sharp peak in
amplitude.The range of frequencies for which the system oscillates is the bandwidth of the
system. The Quality factor is the factor that defines the sharpness of the system.
Considering the dynamic equation, the characteristics equations given by

12

1,2

=

_

3)r±0)rl%1 —1

From the above equation we can conclude that 3 different homogenous solution are possi
ble based on the value of the damping ratio

.

Case 1: O<ç< 1 (underdamped overshoot and oscillation)
-

x(t)

=

Cec

Sfl(OrAJ1

—

t

-o
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Case 2: =1 (critically damped- shortest rise time and no overshoot)

x(t)

—

e
1
C

t
1
2

e
2
+C

t
2

Case 3: >1 (overdamped slowest rise time and no overshoot)
-

x(t)

Ce

—

t
1
2

e
2
+C

r

underdamped
Crftically damped
Overdamped
U
U
Q

time —?‘•

Figure 2-9. Step Response of a second order system

Under steady state conditions the static sensitivity (S) of the accelerometer is shown to be
1

c

k

2
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The magnitude and phase response of the proof mass motion with respect to input acceler
ation can be derived as:

1

X(jw)_

A(jco)

I

2
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Figure 2-10(a) shows the plot of the magnitude of proof mass displacement under
a constant magnitude external acceleration versus acceleration frequency. The accelerom
eter is operated in the low frequency region of this plot due to the fact that the response is
almost constant. The magnitude of the response in this linear region is inversely propor
tional to the square of the resonance frequency of the accelerometer. Hence, the mechani
cal resonance frequency is a very important parameter determining the performance of the
accelerometer. The length of this linear region is called the effective bandwidth of the
accelerometer. The effective bandwidth of the accelerometer is a design goal and the
designer should design the accelerometer properly to achieve reasonably small response
errors in that bandwidth.
As evident, the resonance frequency of the structure can be increased by increasing
the spring constant and decreasing the proof mass, while the quality factor of the device
can be increased by reducing damping and by increasing proof mass and spring constant.
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Figure 2-10. Accelerometer proof mass displacement under a constant amplitude
acceleration versus acceleration frequency and (b) the response error
Last, the static sensitivity of the device can be increased by reducing its resonant fre
quency.
The primary mechanical noise source for the device is due to Brownian motion of
the gas molecules surrounding the proof mass and the Brownian motion of the proof mass
suspension or anchors. The total noise equivalent acceleration (TNEA) 2
mIs
)
[16] is
TNEA=

AJ4kBT’

m

where kB is the Boltzmann constant and T is the temperature in kelvin. The equation
clearly shows that to reduce mechanical noise, the quality factor and proof mass have to be
increased.
2.2.1. Open Loop Accelerometer

The accelerometer discussed above is a perfect example of an open ioop acceler
ometer. The figure 2-11 shows a simple schematic of operation of an open loop system.
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Figure 2-11. Open Loop Accelerometer
In this case, the electrical output signal of the position interface circuit is used
directly to measure the external acceleration. The main advantages of such a system are its
simplicity in design and low cost. But there are various disadvantages to this method. They
include non linearity introduced into the system through the fonn of noise, drift etc. Also
damping of the system will lower the amplitude of oscillations. Cross-sensitivities will also
be high in this case.
2.2.2. Closed Loop Accelerometer
To overcome the disadvantages mentioned for a open loop system, often a feedback
system is used to stabilize the system. Here the output signal from the position measure
ment of the interface circuit together with a suitable controller is used to actuate or drive
the proof mass to its rest position. Thus the electric signal proportional to this feedback
force is proportional to the input acceleration. The force feedback stabilizes the system and
hence the performance of the system is improved. This greatly reduces the non linear
effects caused due to damping. Also the sensitivity of the system can be increased by using
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a good controller scheme. The main disadvantage of such a closed loop system is the
increased complexity and cost of system.
There are various controlling or feedback techniques used. These include magnetic,
thermal and electrostatic. The type of actuating mechanism usually depends on the require
ments and the application. In case of magnetic schemes, the actuation is done by changing
the magnetic fields and in the case of thermal the operating principle is based on tempera
ture variations. The most common and preferred scheme uses electrostatic principles. This
is because in case of capacitive accelerometers, the same electrodes can be used for sensing
and actuating. The problem to overcome in case of electrostatic principles are that electro
static forces are always attractive and non linear because Feiecostatic is directly propor
tional to the (Voltage)
2 and inversely proportional to the distance between the electrodes.
Two common types of electrostatic feedback mechanisms are explained:
(i) Analog Force Feedback system

This is schematically shown in figure 2-12. Assuming the proof mass is at 0 potential at the
bottom electrode, there will be a net electrostatic force acting on the system given by,

Force

2
—
1
F
F

1

2
(VB+VF)

=

(d—x)

2

2
(VB—VF)
—

(d+x)

2

where VB is the bias voltage at the electrode, VF is the feedback voltage, d is the distance
between the electrodes and x is the displacement. Under a close loop feedback system the
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displacement is smaller when compared to the distance.Hence assuming that x--> 0, the
equation is simplified to

F-2eA

VBVF
d2

This force is linear and has the desired negative feedback aimed.

vout

Vexc

Figure 2-12. Capacitive Accelerometer in a Closed Loop System (with Analog force
feedback loop)

(i) Digital Force Feedback system

The main disadvantage of the analog feedback mechanism is that when the proof
mass is deflected further away from its nominal position, then the electrostatic forces
become nonlinear and hence this causes the feedback force to have a reversal in its polarity.
This means that the electrodes would get stuck to or pulled towards each other. This con
cept is also called the pull-in mechanism. To overcome this disadvantage, in the recent
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times digital feedback system have been increasingly used.The figure 2-13 shows the sche
matic of a digital feedback system.

Figure 2-13. Capacitive Accelerometer in a Closed Loop System (with Digital Force
Feedback)

In this system, the additional components include a comparator which gets the
information about the extent of displacement of the proof mass and accordingly the com
pensator stabilizes the system. The comparator controls a range of switches which applies
a feedback voltage to the electrode depending on the position of the proof mass while the
other electrode is grounded. This is done for a fixed time interval, which is locked to the
sampling frequency of the comparator. As with their electronic counterpart, this electrome
chanical sigma-delta modulator is an oversampling system; hence, the clock frequency has
to be many times higher than the bandwidth of the sensor.
This method not only prevents the pull-in but also makes the system more convin
ient. Since the output signal is already digital in nature, it can be directly fed to a Digital
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Signal Processor (DSP) for further processing of the signal. This makes the associated read
out easy.

2.3. MEMS Capacitance Accelerometer Design
An inertial sensor like the accelerometer is a micro system by itself which may
include:
• A sensor that understands the information from the system
• An electronic circuit that processes the signals associated with the system
• An actuator which reacts to the signals produced in the system.
Capacitors can operate both as sensors and actuators. They have excellent sensitiv
ity and their transduction mechanism is intrinsically insensitive to temperature.
2.3.1. Electrostatic Actuation

Electrostatic Actuation is based on the simple concept that unlike charges attract
each other. Hence if there are two plates of different charges as shown in figure 2-14, there
exists an electrostatic force between them.
Capacitive sensing is independent of the base material and relies on the variation of capac
itance when the geometry of a capacitor is changing. Neglecting the fringing effect near
the edges, the parallel-plate capacitance is

0
C

A
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Figure 2-14. A simple parallel plate actuation principle

where A is the area of the electrodes, d the distance between them and

r
0
6

is the per

mittivity of the material separating them. A change in any of these parameters will be mea
sured as a change of capacitance and variation of each of the three variables has been used
in MEMS sensing. For example, chemical or humidity sensors may be based on a change
in permittivity whereas accelerometers are based on a change in distance or area. If the
dielectric in the capacitor is air, capacitive sensing is essentially independent of tempera
ture but contrary to piezoresistivity, capacitive sensing requires complex readout electron
ics. Still the sensitivity of the method can be very large.
The energy stored W is

w

=
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The electrostatic force is therefore given by differentiating W with respect to the distance
of separation d,

F=
2d2
This equation shows that the force is a non linear function of the voltage and the dis
tance.By varying the distance we can control the electrostatic force between the plates.
The type of actuation design used in this design is called the comb drive actua
tor.This is shown in figure 2-15 .It consists of many interdigitated fingers that are actuated

Figure 2-15. Electrostatic Comb Drive Actuator

by applying a voltage between them. The geometry is such that the thickness of the fingers
is small in comparison to their lengths and widths.
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The attractive forces are therefore mainly due to the fringing fields rather than the
parallel plate fields, as seen in the simple structure above. The movement generated is in
the lateral direction and because the capacitance is varied by changing the area of overlap
and the gap remains fixed, the displacement varies as the square of the voltage. The fixed
electrode is rigidly supported to the substrate, and the movable electrode must be held in
place by anchoring at a suitable point away from the active fingers. Additional parasitic
capacitances such as those between the fingers and the substrate and the asymmetry of the
fringing fields can lead to out-of-plane forces, which can be minimized with more sophis
ticated designs.
Typical MEMS accelerometer is composed of movable proof mass with plates that
is attached through a mechanical suspension system to a reference frame, as shown in
Figure 2-16.
Movable plates and fixed outer plates represent capacitors. The deflection of proof
mass is measured using the capacitance difference. The free-space (air) capacitances
between the movable plate and two stationary outer plates C
1 and C
2 are functions of the
corresponding displacements x
x
.
If the acceleration is zero, the capacitances C
1 and 2
1 and
2 are equal because x
C
1

. The proof mass displacement x results due to acceleration.
2
x

If x not equal to 0, the capacitance on either side of the electrodes are found to be
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Figure 2-16. (a) Differential Capacitive Accelerometer
The differential capacitance is therefore found by,[1 8]
—C
1
C
2

=

AC

=

)
2
A)(X
806
2(

f’xd
AC=2C
02
2)
d—x
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For only small displacements of x, 2
>>x
d
,

AC 2C
(
0

We can conclude that the displacement is proportional to the capacitive difference.
Considering V to be the voltage applied to actuate the system,

=

VDC+ VSiflwt

The impedance Z is given by the equation,

1 1
Z=_j—j

The output Voltage of the proof mass is therefore

0
V

=

(

V—2

=

1
—
2
(C
”
C
0
V

Vsc

=

cJ

=

2
C

Vs_2Vs+

x
Vs
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1
+
2
C
C
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2
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)
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Finally making use of the basic principles outlined in the beginning of the chapter, the
acceleration is formulated as shown below:

kd
mV°

2.3.2. Performance Characteristics of Accelerometers

Accelerometers are typically specified by their sensitivity, maximum operation
range, frequency response, resonant frequency, resolution, full-scale nonlinearity, offset,
off-axis sensitivity, and shock survival.Depending on the type of application one or more
of these characteristics will be important with respect to the design aspects.
(i) Accelerometer Sensitivity: An accelerometer’s sensitivity is a function of the required

magnitude of acceleration to be sensed and the method of sensing. The inverse of this sen
sitivity can be described by the “k/rn ratio”, where k is the stiffness of the spring and m is
the mass of the proof mass.The sensitivity can be expressed in terms of capacitive sensi
tivity and mechanical sensitivity.
(ii)Accelerometer Response Time: The response time of the device is dictated primarily

by the natural frequency of the proof mass. For a simple spring mass second order system
(assuming critical damping), the response time can be estimated by:
4
response

where

‘‘

(on

is the damping coefficient which is given by =l/2Q (Q is Quality Factor).
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(iii) Cross Sensitivity: In single axis accelerometers, it is crucial that the main axis sensi
tivity be at least two orders of magnitude smaller than any other axis. Otherwise, the
desired output signal from the accelerometer will include unwanted cross-axis behavior.
(iv) Minimum detectable acceleration:The minimum detectable acceleration is deter
mined by the total noise referred back to the accelerometer input.Hence let the applied
acceleration be a constant. Then the steady-state net stretch or compression of the spring is
directly proportional to the applied acceleration. Suppose that the minimum measurable
spring deflection is xmjn, then the minimum detectable acceleration of the accelerometer is
given by
amin

=

Xmin

(v)Bandwidth: Let the applied acceleration be a sinusoidal with circular frequency
i.e. a a
0 cos(wt).
x

0 cos(M
x

+

The

steady-state

deflection of the

spring

is

of the

form

0). The deflection magnitude x
0 is related to the magnitude of the applied

acceleration a
0 by
x
(
0
to)

0
a

1
g{(/)2

_l]2

(a/a)
2
+4

As indicated by the notation, x
0 depends on the driving frequency. In particular, x
0
becomes diminishingly small when w is sufficiently large, and the accelerometer will
cease to be useful for accelerations at such a frequency. In practice, the bandwidth within
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which the accelerometer is useful is given by the cut-off frequency coo. This frequency is
defined by the equation
(
0
x
(
O)=lI-J5J,
o)/x

and is given by,
=

Icon

where
y=l_22 +g(l_22)2+1

2.3.3. Accelerometer Related Errors
(i) Non Linearity: This is very common problem that exits when the output fails to linearly
vary with the input. There can be various reasons for the origin of this error. This includes
irregularities with the fabrication process, imperfections with the material or temperature
variations.
(ii) Hysteresis: This is related to the tendency of the accelerometer to remain in its per
turbed state even after the source of perturbation is removed. This is similar to the concept
of inertia where the mass of the accelerometer may continue to oscillate even after the
external acceleration is removed and thus causes an instability in the system.
(iii) Cross Coupling: Accelerometers, usually operating in open ioop tend to have
unwanted oscillations or vibrations due to the presence of off axis oscillations of the proof
mass. This can be eliminated to a great extent by using a force feedback system as in the
case of closed ioop accelerometers.
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(iv) Noise: The device sensitivity is limited due to small signal and large noise coming
from the electronic circuits. The noise affecting an accelerometer’s signal typically
increases with the sensor’s bandwidth. For an inertial navigation system to function prop
erly, it’s noise floor must be less than the necessary sensing resolution. The various types
of noises present in accelerometers and a method to increase the signal to noise ration has
been explained in the fourth chapter.

2.4. Design Challenges for MEMS Accelerometers
The most common MEMS accelerometer design parameters are resolution,sensi
tivity (scale-factor), bandwidth, nonlinearity, bias drift, and scale factor asymmetry. To
achieve the required design parameters, the first thing the designer should do is to choose
a proper process. The process limitations directly affect the performance of the sensors.
Moreover, some parameters like nonlinearity, bias drift and scale factor asymmetry cannot
be estimated theoretically, because they are almost totally process dependent. Hence, the
choice of the process is an important design issue. After choosing the process, the perfor
mance of the accelerometer can be optimized with a proper mechanical design and with
using a proper readout circuit.
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3

DIFFERENTIAL

ACCELEROMETER DESIGN

3.1. Device Design
The basic structure of the accelerometer is as shown in the Figure 3-1. It can be
broadly classified as a differential capacitive accelerometer. The word “differential” refers
to the differential actuation and sensing mechanism.

Anehor

Proat
Miss

Comb Drive,.

Figure 3-1. Initial Accelerometer Layout
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3.1.1. DifferentiaL Accelerometer Topology

The design of the accelerometer consists of 3 parts the mechanical structure, the
-

associated electronics and the system level design. The design of the mechanical structure
is usually with the help of certain simulation tools eg.CoventorWare 2006 in this case.The
figure 3-2 shows the design of the accelerometer generated by the Layout Editor. It has a
simple design consisting of a seismic mass at the centre with two sets of actuating and sens
ing fingers on its side.

Stopper

L2

1.—I
Actuating Comb
Drives

Sense Comb
Drives

Trench
4

Anchor

Figure 3-2. Differential Accelerometer Layout Created in CoyentorWare
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The dimensions of the accelerometer are given in Table 3-1.
Table 3-1. Main Parameters of the Accelerometer
Fixed Parameter
Numerical Value
Length and width of the mass
750 jim x 250 jim
Length of the beam (L
)
2
215 jim
Length of the beam (L
)
1
125 jim
Width of the Beam
5 jim
Thickness of the Beam
12 jim
Actuation finger length
Sensing Finger Length
Initial Gap distance
Total number of fingers

75 jim
180 jim
3.5 jim
2*24

The main parts of the designed mechanical structure are as follows:
(i)

Proof Mass: The movable mass is usually given by the total mass of the central

movable frame and that of the movable fingers. But the technology design rules and the
area constraints limit the total size of the structure and a compromise must be reach in
dividing the given area into comb fingers and movable frame. The trench in the case of the
SOl technology has the important role of releasing the movable portion of the structure.
Figure 3-3 shows a zoomed in section of the different parts of the fabricated structure.
Depending on the mass distribution system, the value for m might be slightly dif
ferent than the total movable mass. In this case the mass of the accelerometer is found to
be 147.375tg.
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Figure 3-3. Picture of the fabricated Accelerometer

(ii)

Comb Drives:

a.Actuation Fingers
The actuation system also consists of the actuator and the associated electronics.
But compared to the sense fingers, these are fewer in number and smaller. Their main func
tion is providing an actuation which helps the proof mass to move. To provide a balance in
the actuation we have 2 sets of the actuation fingers.The actuation fingers are laterally
placed with a gap of 3.5 im.The actuation set of capacitors is composed of 20 parallel
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plates have length l =75jim and d
0 3.5 tim. Neglecting the fringe fields, the total zerodisplacement capacitance is

1w
0
Ca

=

Ncoer

=

37.945 x 10

15

F

0
b. Sense FingersThe sensing system consists of the sense fingers and the associated electronics.
This comprises of a set of differential capacitor system wherein the displacement of the
movable frame modifies the relative distance of the movable finger plates from the fixed
one (anchored to the substrate).This change in capacitive vibration is sensed by the elec
tronic read out circuit which thereby helps in measuring the input mechanical excitation.
Hence the sense fingers are larger than the actuation fingers.The sense fingers are arranged
on the transverse arrangement with the respective separation between the fingers and the
plate as 3.5mm and 4.5mm.
Similarly we calculate the sense capacitance as,

0
C

=

109.28 x 10
F
15

Figure 3-4 shows the normalized capacitance change with time is plotted.The
figure shows a comparison with the numerical data and simulated data obtained from Mat
lab. The figure shows an agreement to some extent between the numerically calculated
value and the simulated values for a change in the step input of about 13 Volts.
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rme(ms]

Figure 3-4. Measured and Simulated Capacitance Variation (AC/C) for a change in the
step input of 13 V
(iii)

Support Beams:
As explained earlier, the beams provide the stiffness required for the accelerometer.

So, to achieve the desired resonance frequency, the designer usually fixes the mass to its
maximum value and plays with the spring constants.There are various beam designs which
are used depending on the application and the requirement. The most commonly used ones
are cantilever beam, J beam (Box type) and folded structure (crab legged).To decide on the
type of beam to be used, simulations were done to examine the stiffness obtanined.Using
a simple schematic structure, Finite Element Modelling of a few of them was generated as
follows. The schematic consisted of a simple Beam with anchor and a source (PWL).
From the simulations shown in Figure 3-5, the stiffness of the cantilever beam was
found to be around 20 N/m with FEM analysis and about 18.25 N/rn with Saber simula
tions.
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Figure 3-5. Simulation Results of a Cantilever Beam (a) FEM Analysis (b) Force Vs.
Displacement Curve
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Figure 3-6. Simulation Results on a I Beam (a) FEM Simulations (b) Force Vs.
Displacement Saber Simulation
In a similar way the stiffness of J type beam are simulated was found to be around
32.75 N/rn with FEM analysis and about 44.5 N/m with Saber simulations (Figure 3-

6).Since the stiffness matched the required range, a design was made using J type beam as
shown in figure 3-7.But as we started carrying on simulations on the structure we found
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that the design was complex and it was difficult to match the constraints imposed by the
SOl technology.Also the FEM simulation of the structure showed a high stiffness of the

beam that led to a possibility of them breaking under large stresses.

(a)

(b)

Figure 3-7. (a) Complex Structure of accelerometer design having J type beam
(b) Finite Element Modelling of the structure showing the stress distribu
tion

The reasons for using folded springs in this study are to achieve a low resonance
frequency, hence a higher sensitivity, and also to decrease the total stress under an external
shock. In some designs double-folded springs are used to realize even lower resonance fre
quencies and lower stress values, while some accelerometers have conventional folded
springs to achieve higher resonance frequencies for wide bandwidth applications. Though
the stiffness is very high in this case, due to the other difficulties imposed by the fabrication
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technology (SOT), in this case the simplest beam, crab legged beam is used; one of end
which is anchored and the other end is connected to the proof mass.

s

Figure 3-8. Simulation Results on a L Beam (a) FEM Simulations (b) Resonant Frequency
Variation with the length

To determine the dimensions of the L beam, a graph is plotted with different lengths and
widths which is shown in figure 3-8.
From the figure 3-9, we can conclude that the stiffness constant is linear for width
of 5mm but becomes non-linear for 2mm and 10mm.
To determine the stiffness of the beams, one needs to know the Young’s modulus
of silicon (E) i.e. 150 GPa and know the Cross Sectional Inertia(I).Using this in the formula
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Figure 3-9. Variation of the stiffness constant for different widths of 3.tm, 5jim and l0iim
for the stiffness, the stiffness in the X andY direction is given by (refer Figure 3-10 for the
dimensions).
=

Etw
(
3
l+4l)

K
1
=

K

(1+1)

Etw
(
3
l+4l)
l(lx +1)
y

y

In this case, since accelerometer should be easily able to move in the X direction, the stiff
ness in the Y direction is made higher i.e.

is larger than K. From numerical calcula
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Figure 3-10. The different dimensions of the L beam
tions, we get the equivalent stiffness to be about 75.456 N/rn for each of the beams. Hence,
Keq= 301.824 N/rn. Also the maximum stress at the end of the beam is calculated as

Stress(max)

(iv)

=

3E
1

=

2
4.008N/m

Anchors:
The anchors serve to fix the movable structure to the substrate as shown in the

fig

ure. The dimensions of the anchor used are l5Oiirn x l50im.
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(v)

Stoppers:
Figure 3-11 shows the SEM picture of the anchors and the stoppers. A mechanical

stopper is commonly used to avoid the over-range travel of the movable frame, in the case
of large shocks. They also protect the sticking of the movable structure on the elements
anchored to the substrate and simultaneously avoid large elongations of the suspension
system. As the sticking phenomena depends on the contact area, it is important to design
the stopper geometry for avoiding large contact surfaces with the movable part. The stop
pers also help in pull-in mode of operation of the accelerometer. The stopper designed in
this accelerometer is rectangular with a teeth shaped structure and its explained in detail in
the next chapter.

F

L Beam

Figure 3-11. SEM picture showing the anchors and the stopper with its zigzag teeth
structure
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Figure 3-12. SEM Picture showing the entire structure

3.2. Simulation Results
The next step after the design of the mechanical structure is verification of the built
model with system level simulations.Simulations were carried in Matlab as well Coventor
Ware 2005.
3.2.1. Simulink Model

The simulink model of the accelerometer is shown in figure 3-13. The principle of con
struction of the model is very simple. All the different numerical parameters of the accel
erometer which are known from analytical calculations are directly entered as constants.
The main model can be split to be consisting of 4 sub models:All the different set of equa
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tions relating to the accelerometer are plugged into the different blacks and the different
parameters are plotted in the scope.
• Actuation Force calculates the force required to actuate the system.
-

• Accelerometer ODE Solver-solves all the equations with respect to the model and
determines the displacement,velocity and acceleration.
• Non Linearized Capacitance Calculation-Calculates the capacitance change caused
due to the displacement.
• Capacitance to Frequency Calculation-Determines the Resonant Frequency of the sys
tern.

Figure 3-13. Simulink Model of the accelerometer
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Figure 3-14 shows the displacement variation with respect to time. The region of
interest is towards the pull-in region when displacement (x) tends to become equal to the
gap 0
(d
)
. At the point when x=l .8im 0
(x=l/3d
)
, x starts increasing slowly. When x
becomes greater than d
, the displacement curve suddenly shoots up along with time.
0

17
Time (sec)

Figure 3-14. Displacement (jim) Vs. time(s)

Figure 3-15 shows the variation of capacitances C
,C
1
2 and AC with time. It has
been observed that C
1 and AC follow a very close pattern. This is because both have 0
d
x
in their denominator where as C
+x. Also its seen that the variation of capacitance
0
2 has d
is linear in the beginning and then suddenly starts getting unstable as 0
d
=
x. Also at this
point as the denominator tends to become almost 0, i.e when the electrodes touch each
other, there is a sharp increase in capacitance. When x starts increasing beyond d
0 (which
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is physically not feasible as the electrodes cannot displace each other), the capacitance
starts becoming negative.
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Figure 3-15. Capacitance Variation with time
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The difference in capacitance has been zoomed in Figure 3-16.
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Figure 3-16. Zoomed AC graph (a) when x<d
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Figure 3-17 shows the velocity changes with time. It follows a similar pattern as the
displacement i.e, its linear for a while and then when pull-in happens it suddenly increases
sharply and then becomes almost a constant.
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Figure 3-17. Velocity Change with respect to time (dx!dt)

Figure 3-18 shows the acceleration variation of the seismic mass with time.It has a
peak during pull-in and then starts decreasing after the phenomenon has occurred. This rep
resents the internal acceleration of the accelerometer which corresponds to the external
applied acceleration of an open ioop system.
3.2.2. Coventoware 2006 Simulation
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Figure 3-18. Measurement of the output acceleration
For this accelerometer model all the system level simulations have been performed
using one of the most powerful existing software, CoventorWare© 2006. CoventorWare
provides a comprehensive, integrated suite of tools for MEMS that enables rapid explora
tion of process and design options. The Architect suite allows system-level designers to
simulate and rapidly evaluate multiple design configurations using a top-down, systemlevel approach. When the overall model has been sufficiently designed and analyzed, the
layout can be extracted and viewed in the Designe?s 2-D Layout Editor. This layout can
then be combined with a process description to create a 3-D model, then meshed and sim
ulated using the analyzer’s FEM solvers. The Integrator suite allows users to create custom
macro models from FEM meshes that can then be input to an Architect system model.
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3.2.2.1. Saber Architect

The first step in simulating using CoventorWare will be to introduce the schematic
in Saber as shown in figure 3-19.

L beam

Slialgiti
Fmger Cant
Figure 3-19. Saber Schematic showing the design for the differential accelerometer

The schematic is the backbone of the model.It contains the different parameters of the
accelerometer model placed and connected by wires.Each block has the parameters fed
into it.
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3.2.2.2. DC Operating point
DC analysis is two-step verification for the completeness of the schematic. First,
before performing the DC Operating Point Analysis, Saber generates a netlist. If some
required attributes are missing or if some design variables have no numerical value, Saber
will fail to read this netlist. Second, DC analysis results give a fast overview of attribute
correctness: X, Y, and Z coordinate values. One of the first analysis done is the DC oper
ating point analysis in order to determine the stability of the designed system. Figure 3-20
shows a snapshot of the output of the DC operating point simulation done in Coventorware.
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Figure 3-20. Snapshot of the showing a stable DC Operating point of the system
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3.2.2.3. DC Transfer Analysis

In this analysis the DC voltage is applied to the system and the system is actuated
to the system is set to vibration at a frequency. The displacement is studied for the force
applied. From the inverse of the slope of the graph which gives the stiffness. The figure 321 shows the simulation of the force applied to the displacement of the beams.
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Figure 3-2 1. Force Vs. Displacement to determine the stiffness of the beam

As per definition

slope ofthe cuie

=

0.0111607

89.54N/m

and hence the total stiffness is found to be 89.54 x 4 =358.16 N/m which is close to the
numerically calculated value of 301.824 N/rn.
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3.2.2.4. Pull-in Analysis

Using Coventoware the electromechanical response of the beam. The basis of the
simulation was subjecting the model of the accelerometer created to be subjected to an
increased growth of electrostatic force to a point until the critical pull in voltage is reached.
At this point the growth of the electrostatic force becomes dominant over the restoring
force and the comb drives snap quickly i.e pulls in. Figure 3-22 shows the simulation of
the pull-in analysis. The voltage applied was slowly increased till the calculated value of
pull-in voltage to cross verify the numerical and the simulated value of the pull-in voltage.

Figure 3-22. Capacitance Change Vs. Applied Voltage

This phenomenon is explained more in detail in the next chapter.
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3.2.2.5. AC Analysis
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Figure 3-23. Saber simulation showing the resonant frequency (Ihase and magnitude)

This analysis is very important and it determines the resonant frequency of the sys
tem. From the Figure 3-23, the resonant frequency is found to be around 8.8kHz which is
close to the numerical value found to be 7.192kHz.

3.2.2.6. Transient Analysis
Transient Analysis refers to the time domain analysis which explains the behavior
of the sensor with variation in time. This is important especially to check the cross sensi
tivities. In such a kind of simulation, the device is actuated and the behavior is studied for
a specified time interval and the displacement readings of the proof mass was recorded.
These values were plotted in excel to see the variation in displacement over the period of
time. The figure 3-24 shows the displacement time characteristics.

64

040
0.35
0.30
0.20
0.15
0.10
0.05
0.00
oC’

(_v

%•

•
0
r

03J
A.

r<

\J
.

ps,.

p.s.

Ps,.

.

rb,.

Figure 3-24. DisplacementQim) variation with respect to time
3.2.2.7. Sensitivity
The sensitivity of a sensor is defined by the ratio of the output voltage over input acceler
ation. This can be expressed as:

4±
a

a

Zxz\C

X

k

d

V
C

where Cs refers to the sense capacitance and C, is the parasitic capacitance.
Using this formula the sensitivity of the accelerometer is calculated to be around 2.1 29mV/
g. The figure 3-25 shows the measure of the output voltage with respect to the output accel
eration i.e. is a measure of sensitivity. The equation of the straight line obtained is given
by y0.006137x+0.784. From this, we obtain the sensitivity as 6.137mV/g..
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Acceleratian

(a)

Figure 3-25. Sensitivity of the Accelerometer
3.2.2.8. Generation of the 2D Layout and Solid Model with Mesh

Using the settings from the Analyzer module in CoventorWare, a solid model of the struc
ture was created. This was then meshed using Extruded bricks Mesh type.This is shown in
figure 3-26.
After meshing the next step is perform Finite Element Modelling to verify the func
tionality of the system.The displacement of the fingers was closely observed and was found
to vary between O.27tm and 2.7im.
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Figure 3-26. Meshed Solid Model of the Accelerometer

Figure 3-27. A zoomed in image showing the displacement of the fingers (Finite Element
Modelling Using Coventorware)
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3.3. Device Fabrication
SOIMUMPs process is a commercial MUMPs (Multi-User MEMS Processes) pro
vided by MEMPSCAP. The following Figure 3-28 shows the overview of the SOIMUMPs
process. The process uses an SOl (Silicon on Insulator) wafer and patterns the top silicon
layer for the structural layer. The SOT wafers consist of a 1 0im Silicon layer, a 1 im Oxide
layer, and a 400im Substrate layer. A Bottom Side Oxide layer is also initially present on
the wafers. The process starts with the phosphorus doping of top silicon layer. This doping
is to arrange the resistivity values of the silicon layer. A phospho silicate glass layer (PSG)
is deposited, and the wafers are annealed at 1050°C for 1 hour in Argon to drive the Phos
phorous dopant into the top surface of the Silicon layer. After this step, Cr/Au metal layer
is patterned. The wafers are coated with negative photoresist and lithographically patterned
by exposing the photoresist with light through the first level mask (PAD METAL), and
then developing it. A metal stack consisting of 20 nm chrome and 500 nm gold is deposited
over the photoresist pattern by E-beam evaporation. The photoresist is then dissolved to
leave behind metal in the opened areas. A successfiil lift-off step patterns the metal layer.
After first metallization, structural layer is patterned. To achieve this, masking photoresist
is coated, exposed and developed according to structural mask. After lithography, the
structural silicon is etched with DRIE up to the oxide layer. After this point, the front part
of the wafer is coated with a protective layer and a masking photoresist layer is patterned
on to the backside of the layer. The bulk silicon part of the wafer is etched all the way with
DRIE up to the oxide layer. This etching defines the suspended regions of the sensors.
After this step the oxide layer and the protective layer is etched. From this point on, the
substrate connection can be achieved and the structures are suspended. A shadow mask
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technique is used to pattern second metallization which provides substrate connection. The
process ends after the shadow mask is removed.

10

+1-

1

mc’nn

1 +/— 0.05

i cr

400 +/—

rniren

ubtrte 1.yer

Figure 3-28. SOT MUMPS Cross Section

The main advantage of this process is using single crystal silicon as its structural
layer. Single crystal silicon shows great mechanical and electrical properties and is highly
preferred is MEMS devices. Moreover, DRIE patterning on the front size provide 5 aspect
ratio capacitive walls for vertical comb structures. Combining this moderately high aspect
ratio with 10 urn structural height, reasonably high capacitances can be achieved with this
process. Due to these advantages, SOIMUMPs process was chosen as the fabrication pro
cesses for fabricating the sensors. The dimension of each layer has been defined together
with its tolerances. The most crucial reason why the SOT MUMPS technology was chosen
instead of the other MUMPS technologies is because this technology provides highly pla
narized surfaces. This is essential for the creation of mirrors because mirrors need to be
flat. The mirrors are then formed by depositing metal on the flat surface. Several ensuing
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advantages come from the choice of using SOl MUMPS, namely increased reliability in
fabrication as well as lower cost. These advantages can be attributed to the fact that because
less number of layers are needed, less fabrication steps are needed. SOl MUMPS has only
one structural layer whereas other technologies like Poly MUMPS has three structural poly
silicon layers. The disadvantage of using this technology is that there is only one structural
layer, namely the silicon layer. This excludes the use of conventional hinges and joints,
making the design more difficult and more restricted.
The following Figure 3-29 is the process file from CoventorWare which describes
the exact details of the SOT MUMPS template.
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Figure 3-29. Snapshot of the SOl process file used in CoventorWare

The surface of the fabricated structure were studied under a Olympus Confocal
Laser Scanning Microscope. It could capture the surface profile to a high precision. This
is clearly demonstrated from Figures 3-30 and 3-31.
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Figure 3-30. A zoomed view of the surface of Fabricated Silicon
This shows a very high degree of smoothness with the SOT fabrication technology.
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Figure 3-31. Surface Roughness of the Silicon in the Y direction
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The figure 3-32 shows the SEM picture of fabricated SOT accelerometer.

Figure 3-32. SEM picture of the fabricated SOT Differential Accelerometer
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4

EXPERIMENTAL

VERIFICATION AND DEVICE
CHARACTERIZATION

Once the structure has been designed and fabricated the next step is to check if the
device is working.Experimental measurements are done to verify if the simulated and the
analytical values match with the experimental results.This chapter describes some of the
experimental verification done.The later half of the chapter describes the pull-in analysis
of the accelerometer and its different operational modes.

4.1. Experimental Verification
The first thing analyzed was to check if the samples were released and that was
done by viewing the trench in the microscope. From the SEM pictures, the samples looked
to have been released. Then the samples were put on to the probe station with the front
sides looking up. Using a probe, the proof mass was pushed a little in the sensitive direc
tion. There was a deflection is seen in the springs, which confirmed that the structure was
released.The figure 4-1 shows the visible trench as seen in a microscope.
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Figure 4-1. SEM Picture showing the trench and validating the release of the struture

The short circuit test was also performed using the probe station. Using two probes
and connecting these probes to the multimeter, it was verified if there was any short circuit
associated anywhere in the device.
The third test was the pull- in voltage test. This can also be called the DC Test. The
samples that showed positive result from the previous two tests were measured for their
pull in voltage. Pull- in voltage test can identif’ if the devices actually move and its value
along with the release voltage can be used to identifi the stiffness constants as. The set-up
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requires DC voltage source, probe station and the software (in this case a matlab program
was used) to plot the Current Vs. Voltage and resistance Vs. the voltage graphs. The key
point in these measurements is the calibration step. Before taking any data, the calibration
should be done not to measure false values.The probes were attached to the bond pads. The
DC voltages was applied to the bond pads in the sense comb drives as shown in the figure
4-2.
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Figure 4-2. The DC Measurement set up to determine the pull-in Voltage
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The voltages were slowly applied to the pad metal of the sense comb drive, limiting
the current to 1 OA and varying the DC voltages from 40-65 Volts. From the calculations
we know that around this voltage when a short circuit occurs, the fingers get pulled in. We
notice that at around 64.9V pull in occurs.
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Figure 4-3. Experimental Verification of pull in voltage

Pull-in occurs when the elastic force can no longer balance with the electrostatic
one. After pull-in the structure will stop at the designed stopper position where the electro
static force equals the sum of the elastic force and the reaction force of the stopper. To
verify this phenomenon experimentally, a voltage is applied till the distance between the
fingers reduces gradually. After the fingers are pulled in, a reverse process is followed up
wherein the applied DC Voltage is slowly decreased and at one point the fingers return
back to their initial rest positon.This voltage is called the release Voltage (Figure 4-4).
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Figure 4-4. Experimental verification of the pull-in voltage and the release voltage
The last test is resonance frequency test. A schematic of the set-up of the oscillator
characterization using the LDV is as shown in the Figure 4-5. Both DC bias and AC signals
are applied on the accelerometer through probes and contact pads, and both continuous and
pulsed signals can be used to actuate the device. The vibrations are measured by the LDV
on top. Both the actuation signal and the vibration signal are monitored by an oscilloscope
(Figure 4-6).
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d: -hx

LDV Measurement

Figure 4-5. Schematic layout showing the characterization of the accelerometer using the

LDV Set up{20]

The sensor is driven with a varying frequency AC signal from one end of the drive
or sense electrode and then the output is taken from the other end of the electrode.
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Figure 4-6. AC Measurement Set up using a Linear Doppler Vibrometer (LDV)

4.2. The Pull-In Phenomenon
At the beginning of the chapter, pull in results are shown.This section explains the
concept of pull-in in detail.The mathematical description of the ‘pull-in’ phenomenon

which can be defined as the loss ofstability at a given state ofthe system and the stability
studies allows, for a given structure and dimensions, the computation of the evolution of
the equilibrium points towards the instability and the voltage at which stability is lost. Pullin can be examined at two different levels i.e. static and dynamic and this concept is dis
cussed at both the levels.
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4.2.1. Static Pull-In

This is caused while considering that pull-in is solely due to electrostatic action. Here the
inertial and the damping effects are neglected and the variation in the voltage is considered
slow enough so that the equilibrium is obtained anytime by the static components[21}.
4.2.2. Dynamic Pull-In
This is a more accurate analysis as it takes into account the inertial and the damping effects
and the additional effect of external acceleration.
4.2.3. Pull-in Voltage Based Operation Model

The basic phenomenon is the loss of stability of the equilibrium position. The
device under analysis follows the equilibrium principle [14]:
FineItia*Fdamping+Fe1astic+FeJectrostatic

=

0

The device can be analyzed using a dynamic system approach where the system is

described by a set of equations. Basically after obtaining the governing equations, analysis
of the stability is performed. Let us consider a simple lumped model for analysis as shown
in figure 4-7.
The device allows two distinct modes of operation.The first mode is the asymmet

nc mode where 1
V
=
V and 2
V
=
0.This is the simplest possible case and it is the most fre
quently encountered on electrostatic actuation.The second mode is the symmetric mode
where 1
2 corresponds to the case where the two fixed plates on either side of a
V
movable plate.The structure is operated symmetrically which implies that in the zero volt
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age position the spacing between the two fixed electrodes and the movable plate is equal
and both are actuated at the same voltage.

K

Figure 4-7. Lumped model of the accelerometer for pull-in analysis.Here for Asymmetric
mode(Vl=V and V2=O) and for Symmetric mode(V1=V2=V)

4.2.3.1. Asymmetric Mode of Operation

The asymmetric mode is the classic situation of a parallel-plate.Two parallel plates
are placed separated by a distance d
. The movable plate has 1 DOF varies the inter plate
0
distance.
At the equilibrium position, the elastic force becomes Feiastic = -kx and balances the elec
trostatic force,

Fiectttic —

-

1

-

(d
—
0
x)

1
=

2
—
0
(d
x)

Solving the equation in Matlab we obtain the plot as shown in figure 4-8.
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Figure 4-8. Variation of the system forces with x
Three equilibrium points can be seen (corresponding to the zeros of the third order poiy
nomial).Two of them lie in the region O<x<d
0 The third one though mathematically cor
rect, is impossible to reach from a physical point of view since it is situated beyond the
achievable mechanical displacement.
Considering the other important points X
, around position X
2
1 ,X
1 a small incre
ment of x, causes a larger restoring force (Feiastjc) as compared to the push-away on elec
trostatic force(Feiectrostatjc) and vice versa when x decreases.For the unstable solution X
,a
2
small disturbance on the equilibrium position makes the pull away force larger than the
restoring force, pushing the displacement even further away from the initial equilibrium.
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For small values of V, equilibrium exists and the system is stable.To determine the point
of instability, we further analyze the net force equation:

Fnet

=

Feiectrostti + Feiastic

=

d
0
C
2(d
—
0
x)

2

—

kx

when differentiated w.r.t ‘x’,

ãFnet

2
V
=

X

(d
—
0
x)

For a system to be stable,

—

2
V

d
0
<Ozk>C

(d
—
0
x)

3

At the threshold of stability Fnet=O and the critical point Xefltjcaj is defined by,

k

v2
=

d
0
C

2
=

d
0
C

(d
—
0
x)

2k(d
—
0
x)

1
2 ‘critical

=

Hence the pull in voltage (V
) which is necessary to reach the critical deflection Xcritical
1
can be obtained as,
=

1
P

/8d
2
0
k
0
(27C

For voltage levels higher than the pull-in voltage, the elastic force can no longer
compensate for the electrostatic force and the movable plate will collapse or stick towards
the fixed one.That is why in the accelerometer, to prevent such a short circuit to occur, a
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mechanical stopper is designed and placed such that it prevents this collapse to occur. The
figure 4-9 shows the triangular shaped sharper edges of the stopper.This is designed so
with the intention of decreasing the contact area so that the mass does not stick to the stop
per during pull-in.

Figure 4-9. SEM picture showing the zoomed view of the stoppers

4.2.3.2. Symmetric Mode of Operation
In this case the two fixed plates on the either side of the movable plate are equidis
tant. Hence one can assume that the pull-in in the symmetric mode would have a larger
pull-in voltage as compared to the asymmetric mode.In the asymmetric mode, the electro
static force is counteracted by the elastic beam force until the movable plate collapses at
the pull-in threshold. However in the symmetric case, the electrostatic fields in the first
approximation are balanced.Since the difference between the electrostatic forces is bal
anced by the elastic force in the symmetric mode, the pull-in is expected to be more abrupt
and has a larger value.
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Using the principle that the dynamic equilibrium is obtained when the elastic forces bal
ance out the electrostatic forces,

Feitrostt•i

—

d
0
C
2(d
—
0
x)

2
i
1
Fi

—

2

d
0
—C
2(d
+
0
x)

2

The determination of the static equilibrium positions results in a polynomial equation of
the 4th order of x.

Figure 4-10. Variation of the symmetric system forces with x

The plot shows four equilibrium points for the small voltage applied. A stability
analysis of the 3 points of consideration )
3
1
(X
,
2
X reveals the existence of one stable
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point X
2 and the other two unstable points X
1 and X
3 and X
4 is physically beyond possible
as it falls out of range 0
(x>d
)
. Performing further analysis the net force is given by,

F

=

d
0
—C
2(d
+
0
x)

2

+ C
d
0

2(d
—
0
x)

2

—

kx

and the derivative of the w.r.t ‘x’,

cFnet
—
—

2
V

d
0
C

(

+C
3
0
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—
x)

2
V
(d
+
0
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The equilibrium point X
, which in the symmetric mode is a constant (x=O), is stable for,
2
0
_net<(

2C
—
0
k<O

The other two points X
1 and X
3 are unstable for the above condition and are stable after
wards.
In this analysis the pull-in voltage is a function of the initial capacitor gap which in
turn is determined by the acceleration the device is experiencing. If the device is continu
ously actuated using a ramp voltage and the pull-in voltage is measured, the changes in the
pull-in voltage are proportional to the external acceleration.The differential capacitor
scheme used in this design allows pulling the structure to pull-in at both sides of the capac
itor. If this is done alternatively, the difference in the pull-in voltages gives the measure of
the external acceleration the device is experiencing.This method increases the linearity.
Second, any drift in time of the pull-in voltage or changes with temperature are cancelled
out, which means that no calibration is needed.
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4.2.4. Pull-In Time Based Operational Model

In this approach the dynamic behaviour of the pull-in phenomenon based on time
is analyzed.The operating principle is that when pulsed voltages f
1 and f
2 are applied alter
nately with voltages higher than the pull in voltage, the structure pulls in up to the stopper
position.These originates two pull in times

1
t

and

corresponding to the travel time

2
t

between the stoppers.If there is no external acceleration t
1

=

to.

Considering the movement of mass between the stoppers,

mI+b±+kx=

gr
0
e

0 —x)
2(d
2
where V the driving voltage, A the area of the electrode, d
0 the initial electrode gap
and x the displacement. To keep the device working in the pull-in mode, the driving volt
age must be higher than the minimum pull-in voltage and the previous pulse voltage should
be held long enough to make sure that the initial condition is
x0

The characteristic equation is given by,

F
(1-X)

2

where
2

0
d

dt

X=—-

(T=ot)
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Also according to definition,
=<<1
0
lcd

and

F=

Or
3
0
2kd

When damping is 0, analytical pull in time can be obtained. Hence the differential pull-in
time, can be given by the equation,

At

=

+a
3
2sa+na

(At

=

where

.1

—

22F

dx

=

_Z
n=S(+x

((1(1+

V

This shows that the pull in time is proportional to the acceleration. A pull-in anal
ysis was conducted using the CoSolve module in CoventorWare. A voltage trajectory is
specified, and the displacement is calculated for each voltage up to the pull-in voltage,
which is the greatest voltage for which an equilibrium position can be found. At each point
of this trajectory the mechanical solver MemMech and the electrostaticsolver MemElectro
are employed. In this section, the settings for MemElectro, MemMech, and CoSolve are
specified. This analysis is shown in figure 4-11.
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Figure 4-11. Pull-in Voltage variation with time (seconds)
Further analysis on pull-in was done in Matlab. This is shown in figure 4-12. The
metastability state occurs when a step input voltage with a higher value than the static pullin voltage is applied. Since the duration of the metastable region changes with the external
acceleration, the pull-in time can be used as a measure of the acceleration. If the structure
is constantly actuated with a squared voltage with a period larger than the pull-in time dura
tion, the acceleration is sampled with a frequency equal to the squared voltage with a
period larger than the pull-in time duration, the acceleration is sampled with a frequency
equal to the squared voltage frequency (Nyquist relation[2 1]).
When the stability is lost the device moves towards the counter electrode with a cer
tain motion in a well defined amount of time. Pull-in time can be defined as the time the
device takes the time the device takes from moving to the stable fixed position to the time
it hits the stopper. The “pull-in” is actually the motion of the device during the pull-in time.
Figure 4-12 shows both the cases: under damped state and damped state. In the under-
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Figure 4-12. Pull-in Displacement-Metastable Region
damped case, the structure rapidly crosses the gap till it hits the stopper. For the overdamped case 3 regions are identified:
• A first region where the structure moves fast till it reaches pull-in. Here at the initial
electrostatic force is compensated by the elastic and the damping forces.
• A metastable state which is characterized by almost 0 velocity. At this state the electro
static force is the same as the elastic force which creates the equilibrium. The damping
factor is one of the most important element in the first region and largely determines
the duration of the metastable region.
• The third region where the structure hits the stopper. Due to the non linear behaviour of
the electrostatic force, the elastic force cannot indefinitely compensate for the electro
static force and hence pulls-in.
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4.2.4.1. Meta-Stable Region
The meta stable region is characterized by a very small variation of the displace
ment, x around the static pull-in displacement (x). If only the region around

is con

sidered, a linearization of the equation of motion can be realized which results in a second
order system. The linearized differential equation can be analytically solved and an expres
sion for the pull-in time can be found.
The normalized non linear equation of motion is given by [14],
2
22
d x,,, 030 dx
(con V, )
2
—+—— +0) x =a +—
°
“
“
27 (1 —xv)
Q dt

2
dt

By approximating this equation using Taylors series in the interval that x is less than one
third the distance, we can get the second order dynamic equation of the system. Hence if
the device is made to operate in the meta stable region, the performance characteristics are
better.
4.2.5. Simulink Model of the Pull-in Accelerometer

Figure 4-13 shows the simulink block diagram of the pull-in based accelerometer.
The behaviour of the accelerometer is studies from the time a step input voltage is applied
till pull-in occurs (x= 1/3d
).
0
The important aspect is the high sensitivity of the transition time to an external
acceleration. This is due to the intrinsic behaviour of the metastable region which was
explained in the earlier section. Since the region is best described by an equilibrium of
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Figure 4-13. Simulink Model of the Pull-in accelerometer
forces, any small change acts as a pertubation to the metastable equilibrium, thus providing
the means to achieve a very high sensitivity on the time domain.The figure 4-14 shows the
simulated pull-in changes at the metastable region.

4.3. Hysteresis
The other important aspect associated with the pull-in phenomenon is called hys
teresis. When pull-in occurs, there is an imbalance between the electrostatic and elastic
forces and the resulting net force drives the movable part from reaching the stopper and
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Figure 4-14. Simulated pull-in time changes with voltage and acceleration with respect to
normalized time
thus avoiding the short circuit between the fingers. When the stopper is hit, a reaction
force develops that helps in reaching an equilibrium state.
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Figure 4-15. Mechanism of formation of Hysteresis
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The hysteresis characteristics of the beam was analyzed by observing the effects of
an increasing and decreasing voltage ramp on the beam response. Previously, the beam
pull-in voltage was solved, where the growth of the electrostatic force was dominant over
the linearly increasing mechanical restoring force, and the beam quickly snapped, or
pulled-in, to the ground plane. Once the beam touched the contact surface, a release voltage
can be solved, which is the voltage at which the electrostatic force exactly balances the
spring force of the pulled-in beam. Between the pull-in and the release voltages, the beam
has two valid solutions and exhibits what is known as hysteresis. The pull-in voltage is
observed by a linearly increasing voltage ramp, while the release voltage is observed by a
linearly decreasing voltage ramp. This is graphically demonstrated in figure 4-15.
CoSolve uses the trajectory function to solve for the hysteresis effect.A contact sur
face like the stopper must be defined for this analysis. A single voltage ramp is specified
and CoSolve automatically generates the increasing and decreasing segments from this
specification. Both pull-in and release voltages are observed in a single simulation pass.
This is shown in Figure 4-16.
To get more accurate results. this process needs to be iterated for the different
values of x and using smaller trajectory steps to find more accurate pull-in and release val
ues.

4.4. Damping
Damping is any effect, either deliberately engendered or inherent to a system, that
tends to reduce the amplitude of oscillations of an oscillatory system.Usually in case of
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jim

Figure 4-16. The hysteresis ioop obtained from Covent ware to measure pull in and release
MEMS air damping is one of the critical factors considered while determine the perfor
mance (mainly dynamic due to the large surface area to volume ratio of the moving parts)
of the system.For some of the MEMS devices the energy consumed by the air damping
parts must be minimized so that the motion of the moving parts can be maximized with a
limited energy supply.
There are mainly two types of damping[ 14]:
• Squeeze Film Damping
• Slide Film Damping
4.4.1. Damping Analysis

Let us first analytically calculate the damping coefficient and then verify the same
using simulations.
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4.4.1.1. Squeeze film Damping

The movement of a parallel-plate type device where the gap size of the plate
changes in a oscillatory manner, squeezing the trapped fluid out and sucking it in, gives
origin to squeeze film damping. Fluid (usually air) is trapped between the movable elec
trode and the fixed one, resulting in squeeze-film forces that can not be neglected.
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Figure 4-17. Pressure built up by Squeeze Film motion

When a plate is parallel to a substrate and moving towards the substrate, the air film
between the plate and the substrate is squeezed so that some of the air flows out of the gap.
Therefore, an additional pressure Ap develops in the gap due to the viscous flow of the air
as shown in the above figure. On the contrary, when the plate is moving away from the sub
strate the pressure in the gap is reduced to keep the air flowing into the gap.In both cases,
the forces on the plate caused by the built up pressure are always against the movement of
the plate. The work done by the plate is consumed by the viscous flow of the air trans
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formed into heat. The air film acts as a damper and the damping is called squeeze film
damping.
The damping force of the squeeze film air damping is dependent on the gap dis
tance; the smaller the gap, the larger the damping force. When the plate of substrate s very
far from the substrate, the pressure built up is negligible and the damping force will be
reduced to a ‘drag force’.
The relation between velocity, pressure, density and viscosity for an isotropic New
tonian Fluid (usually air) with a laminar gas flow can be calculated using the Navier Stokes
Equation and the Continuity Equation [14].The following assumptions are made:
1. Curvature: The surface of the plate and the substrates are parallel and the motion is per
pendicular to the surfaces. The critical dimension is the film thickness which is considered
uniform.
2. Isothermal: Since volumes are small and surface areas are large, the thermal contact
between the solid and fluid is very good in MEMS devices. Further such materials also
have a very large heat capacity. Hence the gas film is considered isothermal and therefore
the density is proportional to absolute temperature.
3. Inertia: Since the inertial forces are small when compared to viscous forces for typical
MEMS dimensions, the gas inertia can be neglected. The contribution of the gas inertia can
be considered small when the Reynolds number with respect to squeeze motion is small
and the condition for this is that pcoi
/h<<l,where co is the frequency of movement, p is
2
the density,

i

is the viscosity of the gas and h is the thickness of the film.
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With these assumptions in mind the Naviers Stoke’s equation can be simplified into
the compressible gas film Reynolds equation in a 2D is:

=

ox

lOx)

Oy’sllOy

12(ph)

where p is the pressure, r is the density, h is the viscosity of the gas and h is the film thick
ness. Since pp is a constant and for a isothennal process n=l, the density can be replaced
with pressure.
As the damping in an accelerometer is usually changed with the displacement, the
influence of the variable damping is also analysed. For the different damping ratios the gain
(fFig) was plotted in matlab.From the output graph that we obtain, we determine that the
gain increases with damping and the saturates when the damping ratio

is larger than

1 .This corresponds to the dominant damping in the system is supposed to be the squeeze
film damping.
From the principles[22,23,24], it can be established that sensing attributes to the
squeeze film damping. When a damping analysis was done in Conventorware, the follow
ing results was obtained.For squeezed-film physics, DampingMM used in CoventorWare
bases macro model extraction on a 2D finite element solution of the linearized Reynold’s
equation.
Using the settings as Temperature =300K for temperature and 1 atmospheric pres
sure, the damping and spring forces where estimated.It is found that the damping is highest
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Figure 4-18. Variation of gain with different damping ratios
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between 1 0 Hz and 1

Hz and then slowly decreases where as the spring forces become

a constant around i0 Hz. This is shown in figure 4-20.
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Figure 4-20. Damping and Spring Forces in case of Squeeze Film Damping

4.4.1.2. Slide Film Damping

Also called the rarefied damping, it is not

very

significant when compared to the

squeeze film damping. It is contributed by the actuation fingers which move sideways in
the X direction. The figure 4-21 explains the concept of slide film damping.
The equation is given by
Cside film

=

A
Npp—

where N is the number of fingers, m is the viscosity, p is the pressure and A is the area
between the plates and d
0 is the distance between the plates.
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Figure 4-21. Slide Film Damping
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Figure 4-22. Slide Film Damping
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Since this is very small in comparison with Squeeze Film damping, its effect is not
very significant. The figure 4-22 shows the simulation done using Coventorware to verify
the slide film damping.

4.5. Noise Analysis
For any given inertial sensor the main computational aspects of noise are[25 ,26]: equiva
lent force noise.
• equivalent acceleration noise imposes a lower threshold in the minimum level of
detectable acceleration.
• equivalent displacement noise.
• equivalent capacity variation noise to compare with the resolution of the capacitive
readout.
We rely on the general accelerometer equation, augmented with the mechano-thermal
noise force:

+

+ kx

=

Fext(t) + Fnojse(b, t)

Here, Fnoise(b,t) represents the random contribution of the different noise-generat
ing processes. Because we assume a thermal equilibrium between the accelerometer and
the surroundings, the energy lost toward the environment through the dissipative friction
(b coefficient) must equal in average the energy gained through the noise force.
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Figure 4-23. General Model of an Accelerometer
4.5.0.1. Equivalent noise force:
As shown before, the spectral noise force distribution is white noise:

AJ(fl)

=

J4kBTb [N/hJ11]

In a frequency bandwidth, the total noise force will be (assuming b(fj=ct):

(I))

=

A/B Tbz\f [NI Jii]

4.5.0.2. Equivalent noise acceleration
The equivalent acceleration noise is therefore:

a =<A 2>n&)
m

=

4kBTb
=

m
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For the total acceleration noise in a bandwidth,

AJ4kBTMf[mJ_]

=

4.5.0.3. Equivalent noise displacement
From the equivalent electrical network, it results
S
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In terms of noise, one has:
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Assuming the white noise input of the acceleration, the total noise displacement (maximum
noise power can be obtained by integrating over all bandwidth) will be:

=

rX
[
2
O]d

2
k
BT1(i)ri

kBT2r
k

0
QJ

1
(1

2)212

d

If the processed bandwidth is limited (to the signal bandwidth), then the equivalent dis
placement noise becomes:

p

=

kBT2r:i

The spectral power function for different values of the quality factor Q was plotted
(Figure 4-23). For 0<Q<1/2, there is no local maximum except for y=0 (=0).The integral
becomes different more as Q tends to 0. For Q tending to 0, the damping is so high, that
the transfer function becomes 0 (all-stop filter). No signal could pass either.The maximum
sensitivity is around resonance (o=o
), and the maximum value is Q
0
. As far as Q>l/2, the
2
structure will preserve a local maximum at co=o
<1, corresponding to the natural damped
0
resonance frequency (So it behaves like a damped oscillator). At Q1/2, the local maxi
mum coincides with y=0. For Q<l/2, the over damping “kills” the resonant behaviour, and
no local maximum except for o=0, could be observed.
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Figure 4=24. Spectral Power Function for different Values of Q
The physical interpretation is that for Q<1/2 the vibratory degree of freedom x disappears,
and the structure behaves simply as a sharp (2d1 order) low=pass filter.

4.5.0.4. Equivalent Capacitance Noise:

The relation between capacity and displacement is non=linear, but it may be linearized for
small variations:

C= £do_x

107

It results for the equivalent capacitance noise:

1O

10’

Frequencv(1-{z’

Figure 4-25. The Different Force Noises of the accelerometer model

4.5.1. Noise based Optimization
A design for high sensitivity accelerometer needs to take also into account the
noise shaping induced by damping phenomena. Noise is defined as the minimum acceler
ation detected by the accelerometer. Both the mechanical and electrical parts contribute to
the noise.The existing scientific literature analyzes the mechano-thermal noise in microstructures based on the assumption of a constant damping coefficient [27,28]. This might
be a correct assumption for low-frequencies, but fails to consider the more complex behav
ior of gas damping as the operating frequency increases, which is the case for resonators
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and resonating sensors. There are nevertheless detailed models of the combined elasto
damping action of the gas upon the movable plate in the case of squeeze-film damping
[22,23,24], but without considering its impact on noise analysis. The present work bridges
these two aspects and presents a noise analysis and optimization process based on simu
lated behavior of a MEMS accelerometer. The damping force is defined by the equa
tion[14]:
m2+()2

Fd

_64ciPA
—

0
h
6

m,

fl

=

odd(mn)2[(m2 +

+

where A=wl is the surface area, b=l/w and the squeeze number s is given by,
=

2
12flef47

For lower frequencies the damping force depends linearly on the velocity of the
plate and the film behaves as a pure damper. At higher frequencies the relation becomes
non linear and the spring forces increases and the film acts like a spring. There is a partic
ular frequency at which the damping and the spring forces are equal and this is called the
cut off frequency which is given by the relation,
2
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12
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A very suitable approach to model the solution of the linearized Reynolds is pre
sented in Figure 4-26 where the damping force can be represented by a network of fre
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quency independent spring-damper elements as shown.The first capacitor represents the

Figure 4-26. Gas-Film Damping model with noise optimization[29]

mass, and the next branch represents the spring stiffness. The following parallel branches
of resistors are modelled from damping and the inductors correspond to the noise.
The design and optimization flow is illustrated in Figure 4-27, as implemented in
CoventorWare software suite. Extensive finite element analysis of gas damping for small
vertical displacements of the movable part lead to the equivalent gas damping and spring
constants, b(j) and kd(/). The resulting complex admittance curve Y/jo) = b(j)-jk/j) whose
frequency-dependent magnitude is then introduced in the equivalent circuit representation
of the MEMS device. The frequency-dependent conductance b) is the source of the mech
ano-thermal noise limiting the signal-to-noise ratio of the sensor. It generates an equivalent
noise force with a spectral density given, for thermodynamic equilibrium, by the Nyquist
relation[2 1].
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Figure 4-27. Flow chart representing the tool for Noise optimization of a MEMS resonant
structure
Two categories of macro models have been implemented for performing the noise
analysis. The first one uses interpolation functions for synthesizing bO) and k/j) in the
frequency domain. It allows a detailed noise and small signal AC analysis of the equiva
lent device macro model, but it is not for time-domain (transient) simulations. Therefore a
second model is synthesized from simulated data, valid for both time and frequency anal
ysis domains. Mathematica was used for the generation of a macro model represented in
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terms of lumped circuit elements with constant values, based on the general squeezedfilm damping theory[22]. The equivalent gas admittance Yd(jlo) is used for performing
the noise analysis of the structure and compute the equivalent input and output noise
sources. Their frequency dependence, shaped by the presence of the elastic component in
dU°)• A signal-to-noise ratio optimization procedure, illustrated in the flow diagram
from Figure 4-27, exploits the spectral noise shaping of the equivalent input noise source,
and tunes the mechanical suspensions to an optimal value.
Figure 4-28 shows the normalized force forces with the change on frequency.As
expected both will tend to 0 as the frequency tends to 0. The presented detailed noise anal
ysis and optimization procedures are applicable to any general micro-electromechanical
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structures and allow a structured designed process targeting a maximum attainable signalto-noise ratio performance.
There are two possibilities for a more rigorous noise analysis:
(i) considering a frequency-variable admittance

=

b[jo]-j

kd[/]

where b and kd are given as Interpolating Function objects (interpolated from the simu
lated/measured data).
(ii) approximating YdUwl with a finite set of branches of impedance

zmn

b mn

kmn

The next step is to determine the values of bmn and kmn for different values of m
and n. This value was then curve fitted with the original values of b and k obtained from
the damping simulation in CoventorWare 2006 (Figure 4-29).
This is followed by the calculation of the admittance curve. The equivalent gas
admittance Y(jw) is used for performing the noise analysis of the structure and computes
the equivalent input and output noise sources. Their frequency dependence, shaped by the
presence of the elastic component in Yd(jw), is shown in figure 4-30.
The frequency-dependent noise analysis offers a more accurate description and
further insight than the white noise approximation. In the case of inertial resonant sensors
like accelerometers, it suggests the optimum frequency range of operation in order to
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achieve both a large output signal and a low noise. The optimization is made with respect
to several design criteria:
• A good SNR in terms of output displacement

—

a matching between the noise induced

in the mechanical domain and the equivalent electrical input noise is desired.
• A good sensitivity to input inertial signals, that is, the amplitude of the resonance peak
to be as high as possible.
• Bandwidth requirements

—

different operating bandwidths are necessary for different

applications.
• Cross-sensitivities to excitations along other orientations, etc.
A signal-to-noise ratio optimization procedure, exploits the spectral noise shaping
of the equivalent input noise source, and tunes the mechanical suspensions to an optimal
value. The Signal to Noise Ratio (S/N) is frequency independent if given in terms of the
input acceleration which is formulated as
-

N

—

Aext(iO))I

-

A
(
1
jo
—

AJ4kBTb(j0))

In figure 4-31 two different values of resonant frequencies are plotted, one which
considers no damping and noise into effect and the other curve is one which considers the
damping and stiffness coefficient derived from the from the noise and damping based
macro model which was explained earlier.
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5APPLICATIONS

5.1. Applications
In the past few decades, accelerometers have found themselves being adopted into
a wide variety of disciplines. Since they are one of the most earliest MEMS sensor
designed, researchers have been constantly trying to find newer and convenient applica
tions for them. Based on the characteristics of the given accelerometer two such applica
tions are discussed in this chapter.
5.1.1. Minimally Invasive Surgery
The application of micro electromechanical systems (MEMS) to medicine can be classified
into three types, i.e. diagnostic micro systems, surgical micro systems and therapeutic
Microsystems [31]. The accelerometer designed for this thesis will help to broaden further
on the road presented above in the field of Surgical micro systems by bringing a modem
approach to the design of a MEMS sensor cluster to help in navigated surgery. It adds a
concrete application challenge to the research program envisaged above.
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5.1.1.1. Present State of Art
The research activity of MEMS in the field of surgical applications is creating tech
nological advances in that field. The most primitive and traditional technique is the “Open
Surgery” in which the surgeon has a full and direct view of the surgical area, and is able to
put his hands directly into the patient [31]. As mentioned by the Spine Universe Web
Founder, Stewart 6. Eidelson, M.D.,”Open procedures require larger incisions, muscle
stripping, more anesthesia, operating time, hospitalization and, the patient usually needs
more time to recuperate”. This enables the surgeon to come into contact with organs and
tissue and manipulate them freely. This is the traditional surgical technique and most sur
geons were trained in this mariner. While the large incision gives the surgeon a wide range
of motion to do very fine controlled operations, it causes a lot of trauma to the patient [31].
During the last decade minimally invasive surgery has become the leading method
for many surgical interventions. Unlike open surgery, Minimally Invasive Surgery (MIS)
only needs small incisions in the patients body (Figure 5-1). Hence MIS benefits patients
because of less pain, less trauma and shorter healing periods [32]. Medical navigation sys
tems are mainly used for monitoring the position of surgical instruments relative to patient
body.
Some optical navigation systems have presently a limited applicability (e.g. in neu
rosurgery), but their use is hindered by the high cost and the need of a direct line of sight
between the surgical instrument and a video-camera. Though MIS has many advantages,
it also has a lot of disadvantages as well. During the operation, the surgeon must not only
look at the video image of the surgery but also maintain a correlation between his hand and
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Figure 5-1. Open Vs. Minimally Invasive Surgery[33]
tool. This sometimes distracts and necessitates the presence of an assistant who helps the
surgeon in handling the camera and to perform the surgery successfully. There is a possi
bility of errors occurring as the image produced is only 2D and can give improper images
which can lead to the tremor or hand trembling of the surgeon.
This has given rise to the third generation of surgical procedures, known as the
“Computer Assisted Surgery” or “robotic surgery (Figure 5-2). This technique marks sev
eral improvements such as a 3D stereoscopic vision system and related tools to simulate
the natural eye-hand coordination, motion scaling (translate large movements into precise
micro-movements) and improved accuracy.
Hence coupling the advantages of the above two system, we find it preferable to
use a MIS assisted with Computer Aided Surgery. In such a system, the view the surgeon
has of the surgical area is not ideal, and the position of surgical instruments outside of the
camera view is not known. Ideally the surgeon would like to know the position and orien
tation of each of his instruments. Computer-aided surgery has enabled the surgeon to over
lay magnetic resonance imaging (MRI) or computed axial tomography (CAT) scan images
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Figure 5-2. Scheme of the computer-assisted surgery scenario
of the patient with position and orientation data taken during surgery to create 3-D models
which the surgeon can use to better visualize the surgical procedure. Computers can be
used to simulate the procedure beforehand allowing the surgeon to practice difficult oper
ations ahead of time [311. One such system also called the Da Vinci system has been illus
trated in Figure 5-3.
The current techniques use optical system to place markers on the ends of the sur
gical instruments which are located outside of the body as well as on specific locations on
the patient’s body. A computer registers the location of the surgical tools with the reference
markers on the patient so that images of the patient’s body can be aligned with the surgical
tools. The images are viewed through cameras. The markers must not interfere with the
surgery in any way and therefore, should be as small and lightweight as possible. While
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Figure 5-3. Da Vinci Surgical System for Minimally Invasive Surgery
these systems are wireless and do not have cords which can get tangled on the surgeon or
on the surgical tools, there must be an unobstructed path from the markers to the camera
systems. The surgeon must be careful not to block the markers himself or with other sur
gical instruments. Precision is compromised because the location of the surgical tips is
extrapolated and does not take into account bending of the surgical tools [311. Markers on
the outside of the body do not take into account compression of the tissue. MEMS-based
acoustic tracking systems have been developed to address these issues [32].
In such a kind of system, inertial sensors like accelerometers and gyroscopes are
used for detecting the position and orientation of the surgical tool. The signal outputs can
be integrated to determine or predict the distance travelled by a surgical tool. Conventional
MEMS accelerometers have accuracies in the mg range (100-1000 times less than the
acceleration due to gravity) which are not sufficient for measuring accurately the relatively
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small displacements made during surgery [31].Hence the main aim of this project is to
design an efficient and more accurate accelerometer (micro range) based inertial naviga
tion Unit which will enable the easy movement of the surgical tool during surgery.
To develop more accurate inertial sensors, it is essential to understand the draw
backs in the current sensors used and to modify them before they can be integrated into sur
gical tools. A computer-assisted system for surgery is the combination of a “smart”
instrument with an embedded or external controller making use of imaging and sensing as
tools to guide operation, either indirectly (by providing the surgeon with enhanced infor
mation on the anatomy or structure of the operating site) or directly (by providing the con
troller with such information for real-time adaptation to the environment). Hence it is very
essential to have a system that guides the surgery in the most accurate method possible
[311.
Additional Developments in the field of Surgery also include the developments of
Catheters, Stents and guide wires. All this has led to a state of “Virtual Reality” where the
surgeon can perform the entire surgery with the help of only computers and assistive
robotic tools. This doesn’t mean that the robots have replaced surgeons, but they only aid
the surgery to take place more accurately. Further it also reduces the pressure from the sur
geon so that he can be more relaxed and just concentrate on one thing at a time (i.e. manip
ulating the surgical tool).
Hence we can conclude that a high precision based system if developed will benefit
the surgeon (the complexity in locating the affected are is minimized) and the patient (the
time of surgery will be reduced) required during the navigation of the surgical tool in the
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body of the patient and for the surgeon to have a 3 dimensional view of the operation. One
can consider the simplest inertial sensor, i.e the accelerometer for the design of such
motion based a unit.Usually a conventional Micro Inertial Unit will consist of accelerom
eters and gyroscopes [34, 35].The accelerometer is chosen over a gyroscope in this case
because it’s more convenient, simpler and cheaper than a gyroscope. To enable the faster
movement of the instrument, the micro-inertial measurement unit (IMU) attached to the
instrument to track its position. Its local high accuracy measurement could complement the
global positioning information supplied by the optical sensing system. The MEMS-based
unit will comprise accelerometers together with associated electronics. The type of accel
erometer chosen should provide a high sensitivity, good DC response, low drift, low tem
perature sensitivity, low-power dissipation, and a simple structure.
There are three types of surgical planning that involve navigation systems. One
makes use of volumetric images, such as computed tomography, magnetic resonance
imaging, or ultrasound echograms. Another makes use of intraoperative fluoroscopic
images. The last type makes use of kinetic information about joints or morphometric infor
mation about the target bones obtained intraoperatively. Systems that involve these plan
ning methods are called volumetric image-based navigation, fluoroscopic navigation, and
imageless navigation, respectively [20].Depending on the type of the surgery, the corre
sponding type of navigation principle will be applied. Such kinds of devices are used in
Computer Assistive Surgery (CAS).
Usually for the design of such kind of systems, the most important design factors
include the proper positioning of the sensor. The sensor used can be optical or magnetic
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but it has been found that optical sensors are more accurate than the magnetic ones.More
oever if one uses any metallic tool, the magnetic sensor can cause disturbances and distor
tions in positioning.
Table 5-1. Analysis of the Present and Future Parameter Differences in MIS
__S.No I
Parameters
Future System
[I Current System
1

Sensitivity

1 00-200mVg’

1 00-200mVg
1

2
3
4

Frequency

2kHz
milli g

10kHz

5
6
7
8

Resolution
3 DB Bandwidth
Size
Accuracy
Degrees of Freedom
Drift

6kHz
5-lOg

nano g
6-10kHz

milli range

10-100mg
micro range

2

3-6

0.5%

0.2-0.5%

Once the optical waveguide source illuminates the fingers, they begin to oscillate.
These then produce a vibratory motion that is detected by the accelerometers in the 3 D
direction and the output is displayed. The optical sensor also gets activated and it tires to
sense the position of the affected area where an incision is being made. The entire unit then
travels along with the surgical instruments. This entire movement is captured by the 3D
Laparoscopic Cameras and enables the surgeon to trace the progress of the surgery. Since
images can be viewed continuously and the degree of freedom of the motion is about 3 or
higher the accuracy and the resolution increases.
An optical camera is stationed in the operating room to receive signals from special
digitized instruments equipped with light emitting diodes (LEDs). During surgery the
camera receives and sends the signals to a high-speed computer. The signals are received
from both the instrument (its position) and the patient (anatomy).
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There are various other methods suggested in improving the trends in robotic assisted sur
gical system. One such example is illustrated below (Figure 5-5).

OptciL rackt

Figure 5-4. Schematic Representation of a Robotic Surgery[3 1]
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6

CONCLUSION AND FUTURE
WORK

Based on the results and study we can say MEMS accelerometer was designed with
the following specifications.
Table 6-1. Comparison of the simulated and the Numerical values
Characteristics

Numerical

Simulations

Resonant Frequency
Quality Factor

7.192 kHz
11.9
2.1 2mV/g

8.8kHz

44.29V
28.9V

72.4
49.5

604.37 Hz

500 Hz

Open ioop Sensitivity
Pull-in Voltage
Release Voltage
Bandwidth

17.6
6mV/g

When compared to the goal characteristics we find that the sensitivity of the accel
erometer can still be improved. Also one method of doing so is by increasing the proof
mass and a future suggested method is by having a dual mass accelerometer. Having two
masses oscillate with the same amplitude increases the sensitivity of the device.
Figure 6-1 shows a simple solid model of the proposed new design. The differential
concept will still remain.The only difference will be the presence of two masses. The
sesing mechanism will be transverse. The degree of freedom can be increased to 2 by
126

Beams

Anchci

Figure 6-1. A proposed design to increase the sensitivity of the accelerometer
having the mass oscillate in 2 directions. The main advantage of such kinds of dual mass
accelerometers is that it reduces the cross sensitivities and increases the sensor sensitivity
with increased mass.However the non linearities of the device can increase and these have
to be accounted for in the design.

6.1. Read Out Circuit
One of the ongoing works with respect to the accelerometer model is the design of
a read out circuit for the accelerometer design.Most of the readout circuits in the literature
of capacitive sensors are designed to detect changes in the voltage on the plates of the
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capacitor. The problem with this approach is the different sources of noise in circuits.
Sources for noise include resistors and amplifiers. Noise causes the readout circuit to give
false results since the output would be a combination of the noise and the actual voltage
from the sensor. Depending on the type and source of noise, there are different techniques
either to reduce the noise or cancel it. Still, as more and more resolution is demanded from
the readout circuit, the magnitude of the noise becomes more significant and introduces
higher error in the read value.
The method adapted the oscillator circuit concept to read the capacitance value. An
oscillator circuit produces a periodical output signal whose frequency depends on the ele
ments- capacitors, resistors, and inductors- in the circuit. We chose this approach because
frequency measurements are one of the most accurate measurements we can make with
available technology. Furthermore signal processing algorithms are becoming more and
more effective.
There are many oscillator circuit configurations, they produce different periodic
signals- that is a triangle, saw tooth, or square wave output- and have different components.
We chose the famous 555 timer circuit for the following reasons:
• The circuit does not contain an inductor, which reduces the size of the circuit and min
imizes potential interference and noise.
• It is available as an IC which produces more accurate results and it is also easily assem
bled and integrated.
• And the most important reason for choosing the 555 timer circuit is because it produces
a square wave output, the significance of which will be explained later.
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The fact that the 555 timer circuit does not include an inductor also makes the fre
quency of the output signal solely dependent on the capacitor, in our case it is the capaci
tive sensor, in the circuit. In addition the vast range of applications of the 555 timer circuit
has contributed to the advancement in the accuracy of the available ICs. Finally, the fact
that the 555 timer circuit produces a square wave output, when wired in the Astable circuit
configuration, is significant for our project since a square wave can be easily digitized. A
digitized signal is easier to work with and would allow for the use of digital signal process
ing algorithms which are highly advanced.
6.1.1. Principle of operation

Figure 6-2 shows the configuration of the Astable circuit. Since there are two sets
of sensing fingers, two 555 timer circuits are used. Also this also helps in noise cancella
tion.Theoretically the noise in the circuit is additive in nature. Thus by using two timer cir
cuits that are as similar as possible- so that the noise would be the same for both- we can
cancel the noise.

cv
Figure 6-2. Pin Configuration of a 555 Timer
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When the system is stationary, i.e. AC
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Putting the product of the two signals through a low pass filter would let only the
component with low frequency, namely the component of the product. It should be noted
that the previous derivation although was for sinusoidal signals, the same concept would
apply for a square wave. To measure the frequency of the component that goes through the
low pass filter using the following steps the following facts should be considered:
• There is a high-speed square wave counter running with known frequency and period.
• The rising edge of the square wave from the filter is detected.
• The detection of the rising edge would set a counter to count the number of rising
edges, which is equal to the number of periods, of the high speed square wave.
• The counter would stop counting when the falling edge of the square wave from the fil
ter is detected, store the count, and reset the count to zero.
• The stored count, times the period of the high speed square wave, gives exactly one
half of the period of the square wave from the filter.
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Knowing the period would allow the calculation of AC.

Figure 6-3. Saber Schematic of the Read Out Circuit

One other future method was to use an alternative readout method. Analog Devices
manufactures a capacitance to digital converter IC. The AD 7746 is a 24 bit capacitance to
digital converter and it should provide the required accuracy and resolution.
The analysis and implementation of the read out circuit is still incomplete.This is
an ongoing research project which is under implementation by one ofmy colleagues. There
is also a research project on designing gyroscopes as well. The accelerometer along with
the gyroscope and the read out electronics will be a part of the 1MU.
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Appendix A

First Appendix
Simulink Model
The simulink model of the accelerometer is shown in figure 3-12 in chapter 3. The main
model can be split to be consisting of 4 sub models:
Al.

Figure 0-1. Sumulink Model to calculate the Actuation Force

A2.
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Figure 0-2. Simulink Block showing Non Linearized Capacitance Calculation
A3.

Fequecyl

Cl

C2

P2-fl

Figure 0-3. Determination of Frequency Variation
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A4.

Figure 0-4. Determination of Output Acceleration
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