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ABSTRACT OF THE THESIS 

Investigation of High Frequency Wide Band Tunable Accelerometer 

 

by 

Berhanu Kebede Wondimu  

Masters of Science in Mechanical Engineering  

San Diego State University, 2008 

 

            Accelerometers are simple inertia measuring devices used for sensing motion in a 

variety of machines and consumer products. These devices range in size from few 

millimeters down to microns. Modern accelerometers are fabricated using MEMS (Micro-

Electromechanical Systems) technology and consequently enjoyed rapid growth 

accomplished by micromachining processes. MEMS accelerometers continue to make 

inroads in the market with substantial commercial success in such applications as airbags, 

automobile navigational systems, military and naval applications and electronic gaming 

devices. Current trends demonstrate that there is a growing demand for higher tunability 

ranges of frequency band width. This research investigates new concepts in tunability of 

MEMS accelerometer for detecting a frequency to a wider band width. Therefore, the new 

proposed accelerometer called WiBand to indicate this wide band in tunability. The technical 

goal of this thesis is to develop a MEMS accelerometer system with resonant frequency 

tunable in several hundreds of Hertz and kilohertz ranges. The tunability is achieved by 

making use of a series of electrostatically actuated clamping electrodes which sequentially 

change the stiffness to vary the resonant frequency. This way of frequency tuning by 

electromechanical actuation system makes this concept unique relative to the common 

methods that use electronic feedback control circuits. The overall design, microfabrication, 

characterization and testing of the accelerometer is presented in the research. In addition, 

future research directions are proposed to further refine performance of the accelerometer 

and increase its tunability band width. 

  



 

 

vi 

TABLE OF CONTENTS 

PAGE 

ABSTRACT ...............................................................................................................................v 

LIST OF TABLES ................................................................................................................. viii 

LIST OF FIGURES ................................................................................................................. ix 

ACKNOWLEDGEMENTS ................................................................................................... xiii 

CHAPTER 1 

 INTRODUCTION ...............................................................................................................1 

  1.1 ACCELEROMETER BASICS……………………………………………1 

  1.2 WORKING PRINCIPLE OF ACCELEROETERS………………………2 

  1.3 MOTIVATION OF THIS STUDY………………………………………..4 

CHAPTER 2 

LITRATURE SURVEY OF MEMS ACCELEROMETERS .............................................8 

2.1 MEMS ACCELEOMETERS ......................................................................8 

2.1.1 ROYLANCE AND ANGEL PIEZORESISTIVE MEMS 

ACCELEROMETERS…………………………………………………… ...............................8 

2.1.2 ANALOG DEVICES SURFACE MICROMACHINED MEMS 

ACCELEROMETER .................................................................................................................9 

2.1.3 KIONIX’S ACCELEROMETER .....................................................11 

2.1.4 MOTOROLA MEMS ACCELEROMETER ...................................11 

2.1.5 ENDEVCO MEMS ACCELEROMETER .......................................12 

2.1.6 SILICON DESIGN MEMES ACCELEROMETER………………13 

2.1.7 UNIVERSITY OF MICHIGAN SINGLE CRYSTALLINE 

SILICON LATERAL ACCELEROMETER…………………………… 14 

2.2 PRIOR RESEARCH ON TUNABILITY OF MEMS  

ACCELEOMETERS .......................................................................................16 

CHAPTER 3 

MECHANISM DESIGN OF WIBAND ACCELEROMETER ........................................19 

3.1 DESIGN OVERVIEW...............................................................................21 



 

 

vii 

3.2. ACCELEROMETER SPRING MECHANISM DESIGN .......................22 

3.2.1 STRAIGHT BEAM SPRING DESIGN ...........................................23 

3.2.2 SINGLE FOLDED SPRING DESIGN .............................................24 

3.2.3 MULTIPLE STRAIGHT BEAM SPRING DESIGN.......................25 

3.2.4 CRAB LEG SPRING DESIGN ........................................................27 

3.2.5 COMBINED BEAMS SPRING DESIGN........................................28 

3.2.6 DECISION MATRIX FOR ACCELEROMETER SPRING 

MECHANISIMS......................................................................................................................29 

3.3 CLAMPING ELECTRODE MECHANISM DESIGN .............................31 

3.3.1 RACK AND PINION TYPE MECHANISM ...................................31 

3.3.2 SLIDER CRANK AND DROP LOCK MECHANISM ...................31 

3.3.3 CANTILEVER CLAMPING ELECTRODE MECHANISM ..........32 

3.3.4 SIMPLE LEVER CLAMPING ELECTRODE MECHANISM .......33 

3.3.5 SINGLE FOLDED CLAMPING ELECTRODE MECHANISM ....33 

3.3.6 DOUBLE FOLDED CLAMPING ELECTRODE MECHANISM ..34 

3.3.7 DESIGN MATRIX FOR ACCELEROMETER CLAMPING 

MECHANISM .........................................................................................................................34 

CHAPTER 4 

SIMULATION OF WIBAND MEMS ACCELEROMETERS ........................................36 

4.1 ACCELEROMETER FREQUENCY ANALYSIS ...................................38 

4.1.1 BOUNDARY SETTING FOR FEA .................................................38 

4.1.2 PARAMETERS AFFECTING THE NATURAL FREQUENCY ...41 

4.1.3 ACCELEROMETER TUNABILITY ANALYSIS ..........................43 

4.1.4 ACCELEROMETER ELECTROSTATIC ANALYSIS………… .50 

4.2 SIMULATION OF THE CLAMPING MECHANISM ............................50 

4.2.1 ACTUATIONTHEORY…………………………………...………51 

4.2.2 ELECTROSTATIC AND DEFLECTION ANALYSIS ..................53 

CHAPTER 5 

WIBAND ACCELEROMETER FABRICATION PROCESS .........................................59 

5.1 FABRICATION PROCESS OVERVIEW ................................................59 

5.2 POLYMUMPS PROCESS FLOW ............................................................60 

5.3 WIBAND MEMS ACCELEROMETER DESIGN FOR 

MANUFACTURABILITY..............................................................................62 



 

 

viii 

5.4 COVENTOR LAYOUT DESIGN OF THE ACCELEROMETER ..........63 

5.5 LAYOUT DESIGN MODIFICATIONS OF THE ACCELEROMETER 

FOR TESTING………………………………………………………………74 

CHAPTER 6 

CHARACTERIZATION AND TESTING OF WIBAND ACCELEROMETER.............76 

6.1 SCANNING ELECTRON MICROSCOPE CHARACTERIZATION………….76 

6.1.1 DIMENSIONS OF THE ACCELEROMETER……………………….76 

6.1.2 INVESTIGATION OF ACCELEROMETER FEATURES…………..79 

6.2 ELECTROSTATIC AND VIBRATION TESTING…………………………….85 

6.2.1 WIRE BONDING ……………………………………………………..85 

6.2.2 VIBRATION TESTING OF THE ACCELEROMETER……………..87 

 6.2.2.1 VIBRATION TESTING WITH LAZER-DOPPLER 

VIBROMETRY……………………….………………………87 

 6.2.2.2 VIBRATION TESTING WITH STROBOSCOPIC 

VIDEO MICROSCOPY………………………………………89 

6.2.3 ELECTROSTATIC CLAMPING TESTING…………………………91 

CHAPTER 7  

CONCLUSION AND FUTURE WORK ..........................................................................93 

REFERENCES ........................................................................................................................96 

 



 

 

ix 

LIST OF TABLES 

 PAGE 

Table 1.1 Comparison between actuation and sensing methods ...............................................2 

Table 1.2 Uniqueness of the proposed technique in this thesis .................................................6 

Table 2.1 Summary of selected MEMS accelerometer design reviews with their 

specifications ...............................................................................................................15 

Table 2.2 Comparison of proposed technology with the previous designs………………….18 

Table 3.1 Design specifications of the proposed MEMS accelerometer…………………….19 

Table 3.2 Decision matrix of MEMS accelerometer spring design mechanisms ....................30 

Table 3.3 Decision matrix for MEMS accelerometer clamping electrode mechanisms ..........35 

Table 4.1 FEA tool, Equations Solved and physics used to design the accelerometer  ...........37 

Table 4.2 Material properties of Polysilicon used in the FEA simulation  ..............................37 

Table 4.3 Boundary setting and type of elements used in the FE simulation ..........................39 

Table 4.4 FEA result curves showing effects of spring and proof mass sizes on the 

natural frequency of accelerometer ..............................................................................41 

Table 4.5 Summary of MEMS accelerometer tunability computation results.........................49 

Table 4.6 Summary of theoretical calculations for electrostatic actuation…………………..52 

Table 5.1 MEMSCAP layer designations and minimum feature size limitations in 

microns  ........................................................................................................................62 

Table 5.2 Coventor layout data of MEMS accelerometer design for PolyMUMPs 

fabrication process .......................................................................................................64 

Table 6.1 Dimensions of the final micromachined accelerometer parts……………………..77 

 



 

 

x 

LIST OF FIGURES 

Figure 1.1 Simple sketches of straight beam accelerometer and its basic parts ........................3 

Figure 1.2 Schematic drawing of the two proposed accelerometer designs ..............................5 

Figure 2.1 an example of surface micromachined Accelerometers (Courtesy of 

Analog Devices)...........................................................................................................10 

Figure 2.2 the miniaturized single crystal silicon micromachined accelerometer using 

DRIE (Courtesy Kionix, Inc.) ......................................................................................11 

Figure 2.3 Motorola’s Z-axis sensing MEMS Accelerometer (Courtesy Motorola Inc.) ........12 

Figure 2.4 Endevco MEMS Accelerometer design (Courtesy Endevco Inc.) .........................13 

Figure 2.5 Silicon design MEMS Accelerometers ..................................................................14 

Figure 2.6 University of Michigan's single crystalline silicon lateral accelerometer fabricated 

by deep etch-shallow diffusion process……………………………………………………...14 

Figure 3.1 Accelerometer performances: Frequency ranges per applications .........................20 

Figure 3.2 List of SDSU micromachned MEMS accelerometers……………………………22 

Figure 3.3 Simple straight beam spring design of MEMS accelerometer with 

clamping mechanism and FEA Eigenvalue results ......................................................24 

Figure 3.4 Single folded beam spring design MEMS accelerometer with unbalanced 

clamping mechanisms ..................................................................................................25 

Figure 3.5 Conceptual designs of multiple straight beam spring design and its FEA 

plot ...............................................................................................................................26 

Figure 3.6 Crab leg spring design of MEMS accelerometer with clamping mechanism 

and FEA plots ..............................................................................................................27 

Figure 3.7 CAD models of combined beam spring design ......................................................28 

Figure 3.8 Histogram comparing the accelerometer spring mechanism designs…………….30 

Figure 3.9 Complex gear and beam type clamping electrode mechanism designs .................32 

Figure 3.10 Simple cantilever and pivoted lever type designs ................................................33 

Figure 3.11 Folded beam type clamping electrode designs .....................................................34 

Figure 3.12 Histogram comparing the clamping electrode mechanism designs…………….35 

Figure 4.1 Boundary setting for eigen frequency analysis ......................................................39 

Figure 4.2 Approximate dimensions of accelerometer and Eigen frequency FEA 

result .............................................................................................................................40 

Figure 4.3 Eigen frequency analysis result with corrected accelerometer dimensions ...........42 



 

 

xi 

Figure 4.4 CAD model of MEMS accelerometer with frequency tuning electrodes ...............43 

Figure 4.5 Tunability FEA result of the accelerometer with respective boundary 

settings .........................................................................................................................48 

Figure 4.6 Boundary setting and electrostatic analysis plots of the accelerometer……….....50 

Figure 4.7 Approximate dimensions of the clamping electrode mechanism model 

used for preliminary FEA simulation ..........................................................................53 

Figure 4.8 Clamping electrode model boundary setting with preliminary FEA 

simulation results .........................................................................................................55 

Figure 4.9 Simulation results showing the beam size dependence on required voltage 

inputs to actuate the clamping electrode. .....................................................................56 

Figure 4.10 Final FEA model size of the clamping mechanism with simulation results ........57 

Figure 4.11 Boundary setting and electrostatic analysis plots of the clamping electrode 

mechanism…………………………………………………………………………………...58 

Figure 5.1 PolyMUMPS layer definition .................................................................................60 

Figure 5.2 PolyMUMPS process flow with layer material, thickness and mask .....................61 

Figure 5.3 2D Coventor model of individual layer/mask designs for the proposed 

WiBand MEMS accelerometer ....................................................................................68 

Figure 5.4 Complete 2D coventor model of the crab leg WiBand MEMS accelerometer 

designed at SDSU……………………………………………………………………………69 

Figure 5.5 Coventorware layouts of the two final accelerometer designs sent to 

MEMSCAP for fabrication ..........................................................................................70 

Figure 5.6 3D model of the accelerometer generated from the 2D Coventor layout ...............72 

Figure 5.7 Detail drawings of 3D coventor design for spring and clamping electrode 

mechanism ...................................................................................................................73 

Figure 5.8 Layout design modified with actuation electrodes for testing purpose only……..75 

Figure 6.1 SEM micrograph of the micromachined accelerometer chip..........................…...78 

Figure 6.2 SEM micrographs show that there is no stiction of the chip to the substrate…....80 

Figure 6.3 Details of accelerometer parts through SEM under different magnifications……81 

Figure 6.4 Comparison of Coventorware CAD layout model with the SEM micrograph…..83 

Figure 6.5 Some of the micromachining defects observed on the chip through the SEM…..84 

Figure 6.6 Wire bonding of the accelerometer chip for packaging………………….………86 

Figure 6.7 Laser-Doppler Vibrometry equipment setup for out-of-plane vibration testing...88 

Figure 6.8 In-plane vibration test results of the accelerometer chip...……………………….90 

Figure 6.9 Equipment setup for electrostatic testing………………………………………...92 



 

 

xii 

ACKNOWLEDGEMENTS 

I would like to forward my gratitude and appreciation to all the people who provided me with 

help and support. First, I must thank God for giving me the patience and strength to push 

through the massive amount of work and to complete this thesis.  

The contributions of my advisor Dr. Samuel K. Kassegne, who provided me his 

talents and expertise, cannot be expressed in simple words. His dedication in providing all 

the possible resources and funds to complete this research is greatly appreciated. His endless 

efforts to make this research a true success did not cease at any time. His care and motivation 

for his students’ success provided his entire student body a comforting feeling.  

I would also like to thank my parents and my family for providing me with their love 

and support. Their effort to make me a successful engineer will never be erased, as this thesis 

is dedicated to them. Several people offered their cooperation in helping me to complete this 

thesis. They deserve special thanks. I would like to acknowledge Dr. Steve Barlow for 

providing me his expertise in operating the Scanning Electron Microscope (SEM). His time 

and efforts are highly appreciated.  

My gratitude also goes to SDSU MEMS research group for their valuable 

contributions to my work at our weekly design reviews.  

 



 

 

1 

CHAPTER 1 

INTRODUCTION 

1.1 ACCELEROMETER BASICS 

An accelerometer is a small electro-mechanical device that detects motion. Accelerometer 

senses the motion of a device relative to its own motion and passes the signal to the 

electronic control unit for actuation. These devices are used in inertial measurement systems 

with applications in machinery health monitoring, air bags, video games (like Wii), 

navigation, etc. The most common use of accelerometer is in automobile air bag deployment 

and shock sensing applications. In general, accelerometers are micromachined 

electromechanical devices which save machine as well as human lives in our everyday life.  

Modern accelerometers are microfabricated using MEMS technology. Micro-Electro 

Mechanical Systems (MEMS) is an emerging technology involving miniaturization and 

integration of mechanical elements, sensors, actuators, and electronics on a common silicon 

substrate through microfabrication process. MEMS technology alleviates all the design and 

fabrication complexities of such miniature size devices such as accelerometers. Thanks to the 

advancement of science and technology in this field that nowadays it is possible to produce 

accelerometers smaller than a millimeter, micro-motors only visible through a microscope, 

gears less than the size of human hair and tiny injection needles capable of delivering drugs 

without stimulating the nerve cells [1]. The integration of MEMS with the matured integrated 

circuit (IC) technology makes the design and production of these micro devices much easier 

and lets batch manufacturing possible such that the cost drops down to a more affordable 

value. The miniaturization of these devices not only reduces the cost of manufacturing, but 

also improves the performance and operational bandwidth as well as reliability of the product 

[2]. As a result of this, the cost of accelerometers has dropped in the past few decades from 

hundreds of dollars to only 1 to 5 dollars per piece.  
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1.2 WORKING PRINCIPLE OF ACCELEROMETERS  

There are several types of accelerometers depending on the type of material used, 

source of actuation motion, way of sensing the signal, etc [1]. Among these, capacitive, 

piezoresistive, piezoelectric, thermal, magnetic and optical are common accelerometer types 

based on the physics (Table 1.1). The accelerometer proposed makes use of capacitance 

changes for acceleration signal detection. It also utilizes electrostatic forces to move the 

mechanical clamping electrodes or beams for actuation.  Simplicity and relatively less 

complex nature of capacitance sensing as compared to other means mentioned above suits it 

for MEMS accelerometer design applications. 

MEMS accelerometers are available in single-axis, dual and triple axis sensing 

capabilities depending on the design and application. These accelerometers can be 

microfabricated by either surface micromachining or bulk micromachining processes [3].  

 

Table 1.1 Comparison between actuation and sensing methods [1] 

 Parameter Local 

circuits 

DC 

response 

Complex Linearity Remarks  

Piezoresistive Strain No Yes Less Best High temp. 

sensitive 

Piezoelectric Force No No Moderate Better High 

sensitivity 

Electrostatic Displacement Yes Yes Moderate Poor Simple 

Thermal Strain No Yes Less Poor Cooling 

problems 

Magnetic Displacement No Yes High Fair Complex 

fabrication  

Optical Displacement No Yes High Best Problems to 

implement 

 

              Capacitive accelerometer works by detecting the change in the capacitance between 

driving and sensing electrodes (comb fingers) as a result of moving seismic mass in relation 

to acceleration of the device. A simple accelerometer has proof mass (seismic mass), spring 
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and interdigitated sense fingers (Figure 1.1). When the acceleration of a device changes (due 

to shock or impact loads), the proof mass moves and as a result of this motion the gap 

between drive and sense electrodes also changes which consequently alters the capacitance 

[3,4]. This change in capacitance is transformed in to oscillation frequency output through 

the electrical circuit and control unit. The displacement of seismic mass is proportional to the 

spring stiffness and hence the natural frequency, Ω for undamped system is given by [4, 5]:  

M

K

2

1
                                                                                                                     (Eq. 1) 

Where Ω is natural frequency, K = spring stiffness, M = seismic mass. Because, from Hooks 

law, the stiffness of an elastic beam under a weight load at its end is given by; 

 
3

3

L

EIF
K 




                                                                                                                 (Eq. 2) 

Where 
12

3wt
I   is second moment of area, E = Young’s modulus of beam with length, L and 

rectangular cross section, w x t.
  

The deflection, ∆, is given by Stoney’s beam equation [4,5] 

 

 
2

13










t

L

E



                   (Eq. 3) 

Where σ is the induced stress and ν is Poisson’s ratio
 

 

Figure 1.1 Simple sketches of straight beam accelerometer and its basic parts [3,6] 



 

 

4 

1.3 MOTIVATION OF THIS STUDY 

MEMS accelerometers continue to make inroads in the market with substantial 

commercial success in such applications as airbags, automobile navigational systems, 

military and naval applications and electronic gaming devices. Current trends demonstrate 

that the application of MEMS accelerometers will continue to enter newer areas such as 

gaming and mobile devices like cell phones for both civilian and military equipments. 

However, these new applications pose aggressive performance requirements. One such 

requirement of accelerometers is the tunability of resonant frequency to a wider band width. 

A particular example is the need for frequency tuning ability of next generation commercial 

as well as industrial machineries including military equipments and hand-held devices with 

navigational capabilities.  

In most existing conventional MEMS accelerometer applications, tunability 

requirements are not major design as well as operational concerns; and in cases where they 

are, a narrow tuning range within 5 – 10% resonant frequency is considered acceptable [7]. 

However, MEMS accelerometers are increasingly finding newer applications in such areas as 

navigational systems, image stabilization, gaming and a variety of consumer electronic 

products where tunability over a wide band width of resonant frequency is important [7]. 

While most of the existing and newer applications make use of the known features and 

functionalities of MEMS accelerometers, it is becoming clear that innovative engineering 

designs will be required to meet such technical demands of the next generation product 

applications. In general, tunability in MEMS accelerometers can be achieved through two 

broad approaches: (i) adoption of mechanical design of dynamically varying mass or stiffness 

to tune the spring constant, and/or (ii) electronics tuning with feedback control system. 

            What we propose in this research is a new concept of tunability in MEMS 

accelerometer involving a series of clamping electrodes to varying the resonant frequency 

sequentially by altering the stiffness of springs relative to the seismic mass. This concept is 

concept is referred to as WiBand accelerometer to demonstrate that it is a wide-bandwidth 

resonant frequency tunable accelerometer. Specifically, the technical goal of this thesis is to 

develop a MEMS accelerometer system with resonant frequency tunable over a wide 

bandwidth spanning from hundreds of kHz to mega Hz. The range is selected to accomplish 

the wide band width frequency needs of high frequency devices and smart ammunition 
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military equipments. The tunability is achieved by the use of a series of electrostatically 

actuated clamping electrodes sequentially differing resonant frequency as a result of 

subsequent changes on the spring length integrated with a shared electronic feedback control 

system that is capable of picking the capacitive signals from interdigitated comb fingers 

(Figure 1.2).  

 

 

 

a) Straight beam spring design accelerometer  

 

 

b) Crab leg (folded beam) spring design accelerometer  

Figure 1.2 Schematic drawing of the two proposed accelerometer designs 
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A particular application example that illustrates the unique advantage of the proposed 

tunable MEMS accelerometer is the case of a high frequency shock and impact testing 

practices in auto companies. In order to examine the different frequency hits on the vehicle or 

its part, we need either multiple accelerometers with varying natural frequency or a tunable 

one that can cover all the working range values. This and similar applications demanding 

frequency tuning in the higher range urge for an investigation of such type of MEMS 

accelerometer working in the kHz zone.  

 

Table 1.2 Uniqueness of the proposed technique in this thesis 

1. Existing technologies provide a maximum of 16% tunability range. However, with 

the present accelerometer design proposal, more than 100 % tunability can be 

achievable. 

2. The frequency range is configured based on specific application. For example, first 

clamping for navigational application of lower acceleration (Low frequency – 0.1g to 

1g) while last clamping electrodes higher frequency – 1g to 5g. 

3. Existing technology depends on using multiple accelerometers or modifying the 

electronic control system and amplifying the signals to achieve at limited tunability. 

With this proposed one, we use electrically actuated mechanical systems on a single 

accelerometer to cover larger bandwidth of frequency. 

4. Current tunable accelerometers work for a single frequency and narrow band width 

range.  

5. The same concept can be extended to gyroscopes offering a complete IMU (inertial 

sensing unit) with wide bandwidth tunability. 

    

 

The thesis is organized in the following manner; Chapter 1 introduces the 

accelerometer basics, designs and common applications. In this chapter, the new 

accelerometer design proposed for wider band width tunable frequency is presented and 

compared with the existing ones. Chapter 2 covers literature survey, which conveys the past 

research and development works done on different types of accelerometers. In this chapter, 

all the accelerometer design works from the first ADI’s and ENDEVCO’s to the most recent 
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research publications are assessed. The main innovations of mechanism designs for both 

accelerometer spring and clamping electrodes are presented in Chapter 3. In this chapter, all 

possible design mechanisms are proposed and then the best one is selected by applying the 

basic engineering decision matrix. Chapter 4 discusses the detail design, analysis and 

optimization of the selected mechanisms. Finite element method is used to simulate the 

resonant frequency, electrostatics and deflection physics of the accelerometer parts. Chapter 

5 discusses the fabrication process employed and outlines the procedures followed from 

mask design to final chip micromachining. Also the common PolyMUMPs microfabrication 

process used is discussed in detail. The characterization and testing of the final 

micromachined chip presented in Chapter 6. In this chapter, higher magnification microscope 

images are presented accompanied by a discussion on the fabricated accelerometer chip 

features and describe quality of the microfabrication process. In addition, resonant frequency 

and electrostatic actuation tests performed are summarized. Chapter 7 concludes the entire 

research work and proposes future research and development directions to increase the 

performance and meet further design specifications. Moreover, some flaws observed in the 

design, fabrication and testing process are assessed, pinpointed and proper future engineering 

recommendations are addressed to correct them. 
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CHAPTER 2 

LITRATURE SURVEY OF MEMS 

ACCELEROMETERS 

MEMS accelerometers have revolutionized many applications such as navigation, 

gaming, military and aerospace devices to a higher performance level. There are many types 

of accelerometers available in the current market, such as piezoresistive, capacitive, etc. 

However, in this literature review we will focus our investigation on the capacitive type of 

accelerometers due to their special advantages. MEMS accelerometers have been 

investigated and developed by industrial and academia research groups over the past several 

years. Thus, this chapter concentrates on these important designs and concepts that have been 

performed in the field in order to determine and show the uniqueness of our proposed tunable 

WiBand accelerometer. 

2.1 MEMS ACCELEOMETERS  

Capacitance and piezoresistivity have been common physical phenomenon used to 

design the first accelerometers for motion detection. However, capacitive micromachined 

accelerometers have several advantages over piezoresistive or piezoelectric types with their 

good DC response, noise performance, low drift, better sensitivity and low temperature 

sensitivity [1]. Therefore, these accelerometers can be used for various applications over 

wider frequency ranges. On the other hand, piezoresistive accelerometers are preferred for 

some applications due to their low cost and simple electronics design.  

In the following sections, we review most of the early and significant accelerometer 

research and development works both from industry and academia.  

2.1.1 ROYLANCE AND ANGEL PIEZORESISTIVE MEMS 

ACCELEROMETER  

 In 1979, Roylance and Angell developed a batch-fabricatable first piezoresistive 

accelerometer using a silicon IC technology [8]. In their design the proof mass is attached to 

silicon housing through a flexure element which acts as a spring. The piezoresistive material 
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is located on the upper surface of these flexure elements for measuring acceleration of the 

proof mass. The piezoresistive material responds to the strains induced as a result of moving 

proof mass and the resistance changes captured by Wheatstone bridge circuit.  

2.1.2 ANALOG DEVICES SURFACE MICROMACHINED MEMS 

ACCELEROMETER 

In 1993, the ADXL50 model of MEMS accelerometer first surface micro-machined 

and commercialized by Analog Devices (Figure 2.1) [9, 10]. It is a single axis capacitive type 

accelerometer provided with a signal conditioning electrical circuit and measures 

acceleration in the ranges of ±50g with bandwidth up to 1 kHz. It operates by a single 

potential supply of +5V and has sensitivity precalibrated to 19 mV/g. The dimensions of the 

ADXL50 accelerometer are 2mm X 2mm proof mass, 2um X 50um sense fingers with total 

number of 42 on both movable and fixed ends.  

Later in 1998, the ADXL150 (single axis) and ADXL250 (fully featured dual axis) 

models evolved from ADXL50 as a newest third generation of surface micromachined 

monolithic accelerometers [11]. In addition to the signal conditioning circuitry and sensor, 

these new models are modified to have low noise, wider dynamic range, reduced power 

consumption and smaller size.  

The next design was ADXL210 (1999) which is completely built on a single 

monolithic IC chip and is capable of measuring dual-axis (both x and y direction) 

accelerations [3, 9 - 12]. This means it can detect both static (e.g. gravity) and dynamic (e.g. 

vibration) accelerations with only +3 to +5.25V single supply. ADXL210 is a low cost and 

low power complete 2D accelerometer with ±2g/±10g measuring range.  
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ADXL50 

 

 

ADAX150 

 

 

ADXL210 

 

Micrograph of ADXL210 accelerometer Integrated chip 

 

 

Figure 2.1 An example of Analog device’s surface micromachined Accelerometers 

(Courtesy of Analog Devices) [3, 9 - Error! Bookmark not defined.] 



 

 

11 

2.1.3 KIONIX’S ACCELEROMETER 

 Kionix, Inc., privately-held company founded nearly the same time when ADXL50 

invented (1993), pioneered high-aspect ratio silicon micromachined accelerometers [13]. It 

utilizes Deep Reactive Ion Etch (DRIE) process for silicon micromachining to produce its 

single-, dual-, and tri-axial accelerometers, gyroscopes, and other unique combination of 

sensors. The Kionix accelerometers are used for drop detection, gesture recognition, image 

stabilization and navigational applications.  

 

 

Figure 2.2 Miniaturized single crystal silicon micromachined accelerometer using DRIE 

(Courtesy Kionix Inc.) [13] 

2.1.4 MOTOROLA MEMS ACCELEROMETER 

Motorola introduced the first MEMS accelerometer in 1995 for automobile airbag 

deployment application [12]. Motorola’s M1220D accelerometer was assembled from two 

chips. A surface micromachined capacitive sensing cell and a CMOS signal conditioning 

ASIC contained in a single integrated circuit package (Figure 2.3). It is designed for out-of-

plane motion detection (Z-axis accelerations). Also bulk micromachined wafer caps are used 

to hermetically seal the sensing element at wafer level.  
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Figure 2.3 (a) Motorola’s M1220D Z-axis sensing MEMS Accelerometer and (b) 

micrograph of the sensing element (Courtesy Motorola Inc.) [12]. 

2.1.5 ENDEVCO MEMS ACCELEROMETER 

Model 7290A of ENDEVCO design is out-of-plane (Z-axis) accelerometer which 

works through variable capacitance change and it is bulk micromachined from thick silicon 

substrate (Figure 2.4) [3, 12]. Anodic wafer bonding technique is used to make the 

Accelerometer from a three single-crystal silicon wafers. In this design, thin glass layer is 

inserted to isolate the top and bottom wafers containing the fixed capacitor plates from 

electrical connection with the middle wafer. The middle wafer contains the overall structural 

elements of the accelerometer (seismic mass, suspension springs and supporting anchors). 

The electronics and control circuit is built on a separate ASIC chip and then attached to the 

sensor chip by a wire bonding process.  
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Figure 2.4 Endevco’s 7290A-10 MEMS Accelerometer design (a) structural design, (b) 

SEM image of suspended beam (Courtesy Endevco Inc.) [12] 

2.1.6 SILICON DESIGN MEMS ACCELEROMETER 

 Silicon Designs, Inc. (SDI) has introduced a miniature accelerometer for the 1990’s 

market by employing the integration of microfabrication and IC technologies. SDI builds 

sensors from nickel based materials which makes it one of the first companies to achieve at a 

commercial success in non-silicon MEMS sensors [12,14].  Silicon design’s SD2012-10 is a 

two chip Z-axis sensing accelerometer comprising the mechanical sensor element and its 

integrated electronics (Figure 2.5). The accelerometer design makes use of capacitance 

changes to measure the acceleration. The sense element of the accelerometer is made of a flat 

nickel plate supported above the surface of substrate by two flexural torsion bars attached to 

a central pedestal.  The overall structure is designed to an asymmetrical shape relative to the 

center of mass such that when an acceleration force produces a moment around the torsion 

bar axis, then the plate or wing becomes free to rotate. Thus, the motion will be governed 

only by the stiffness of springs/torsion bars.  
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Figure 2.5 Silicon Designs’ SD2012-10 MEMS Accelerometer (a) sketch of sensing 

element, (b) micrograph of the two-chip unit (Courtesy Silicon designs Inc.) [12, 14] 

2.1.7 UNIVERSITY OF MICHIGAN SINGLE CRYSTALLINE 

SILICON LATERAL ACCELEROMETER 

In 1999, Fedder’s group at University of Michigan investigated a high aspect ratio 

MEMS accelerometer which consists of perforated movable mass supported by beams and 

comb drive fingers (Figure 2.6) [15,16]. High aspect ratio was achieved by deep etch-shallow 

diffusion process which involves first deep dry etch process followed by a short boron 

diffusion to turn it in to P-type Silicon. Then it is accompanied by another dry etch process in 

order to remove heavily doped Boron layer from the bottom surface to isolate from the 

adjacent resonant structure. This type of microfabrication process gives high aspect ratio and 

thicknesses greater than 50 µm.  

 

 

Figure 2.6 University of Michigan’s Single Crystalline Si lateral Accelerometer 

fabricated by deep etch-shallow diffusion process [15, 15] 
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Table 2.1 Summary of selected MEMS Accelerometer design reviews with their 

Specifications [12] 

Accelerometer 

Designs 

Sensitivity 

mV/g 

Measuring 

range 

Noise level 

at DC-100Hz 

(μVrms) 

Temp. 

range 

(ºC) 

Shock 

survivability 

Endevco 

7290A-10 

 

 

 

200 

 

 

10g 

 

 

84 

 

 

-55+121 

 

 

5000g 

Analog devices  

ADXL210A 

 

 

100 

 

10g 

 

140 

 

 

-40+85 

 

1000g  

Silicon design 

SD2012-10 

 

 

400 

 

10g 

 

250 

 

-40+85 

 

2000g 

Motorola 

 M1220D 

 

 

 

250 

 

8g 

 

1200 

 

-40+85 

 

High 
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2.2 PRIOR RESEARCH ON TUNALILITY OF 

MEMS ACCELEOMETERS  

MEMS accelerometers with tunability have been investigated in research as well as 

commercial environments for quite some times now. Dai and Yu developed a 

micromechanical tunable resonator using CMOS (Complementary metal oxide 

semiconductor) and wet etching process [17]. Their resonator consisted of a driving and 

tuning electrostatic combs of linearly varying finger length. They demonstrated a frequency 

tuning range of 6.8% at a tuning voltage of 0-25 volts. Jensen et al. developed a tunable 

nanoresonator which was constructed from telescoping nanotubes [18]. Their device 

consisted of a specially prepared multiwalled carbon nanotube (MWNT) suspended between 

a metal electrode and a piezo-controlled movable contact. By controlling the movement of 

the inner tube core from its outer nanotube casing, they were able to change the spring length 

and hence tune the resonant frequency. However, their resonator has not been extended to a 

comb drive or comparable accelerometer applications. Sung, et al. demonstrated a tunable 

resonant accelerometer with self-sustained oscillation loop [19]. They detected variation of 

effective stiffness from parallel plate electrostatic resonator. Furthermore, they used a 

feedback loop control system for a self-sustained oscillation. With this, they were able to 

demonstrate a tuning range of 60 Hz. Cretu, et al. introduced an accelerometer with 

electrically tunable sensitivity [20]. They used a common-mode voltage to yield an 

electrostatic positive feedback that amplifies the mechanical sensitivity. Yao & MacDonald 

investigated fully integrated single-crystal silicon (SCS) tunable resonator with a natural 

frequency in 1MHz ranges[21]. The micromachined resonator is electrostatically excited and 

tuned along in plane directions as well as made extensible for out of plane sensing. In their 

research, the resonator is quantitatively characterized for both its linearity and non-linear 

variables. Piazza & Abdolvand et al worked on a new class of high-Q SCS resonators which 

make use of piezoelectric phenomenon for actuation and sensing [22]. These resonators also 

have detectable voltage-tunable center frequencies. The SOI (Silicon on insulator) 

technology is used to make resonating element of the device from SCS layer. The test results 

performed on this design showed a 6 kHz tuning range measured for a 719 kHz resonator 

through 0–20V DC voltages.  
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Furthermore, other notable works in tunable accelerometers have adopted to vary the 

resonant frequency of piezoelectric accelerometers.  Some of these include varying the 

seismic mass of the accelerometer by displacement of a dense liquid, such as mercury; 

varying the seismic mass of the accelerometer by electroplating metal from one electrode 

isolated from the vibrating system to another electrode incorporated in the vibrating system 

and mechanically varying the unsupported length of a cantilever bender element [23]. 

However, tuning of an accelerometer by a mechanically adjustable means makes it 

impractical to vary the frequency from a remote location. Electroplating consumes significant 

quantities of electrical energy to accomplish tuning, has corrosion problems, and at best tunes 

very slowly.  Some work has been done with electromechanical feedback control systems for 

low frequency seismographs. In his patent, Silvus describes an electronically tunable 

resonant accelerometer wherein the frequency of a resonant peak may be adjusted over a 

range of frequencies [23]. A piezoelectric element of the accelerometer is used with a seismic 

mass to generate an output voltage in response to reciprocating motion of the accelerometer. 

In a compression mode, a feedback loop applies a feedback voltage to a second piezoelectric 

element mechanically coupled to the first mentioned piezoelectric element. In a cantilever 

mode, a feedback loop applies a feedback voltage to another location along the first 

mentioned piezoelectric element which is formed from two bonded piezoelectric elements. 

By adjusting gain and phase of the feedback loop, first, the resonant frequency of the 

accelerometer may be varied over a wide range of frequencies to give increased sensitivity to 

reciprocating motion occurring at a frequency within a narrow band width centered on the 

resonant frequency, and, second, damping of the resonance may be varied to control the band 

width of the resonance. 

 

The glaring weakness in the majority of these applications, particularly for MEMS 

accelerometer is the narrow range of tunability that has been achieved so far. In this research, 

we introduce a methodology that will increase the tunability of resonant frequency to more 

than hundreds of percentage range depending on the application desired.  
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Table 2.2 Comparison of proposed technology with previous designs 

Tunability 

Technology 

 

Description 

Frequency  

Range 

Tunability 

Range 

 

References 

Dai & Yu A mechanical 

tuning unit used 

along with a 

comb drive 

 

4.5 – 5.0 kHz 

 

6-8% 

 

[17] 

Jensen et al. Nanoresonator 

varies seismic 

mass by 

displacement of a 

fluid 

 

19 – 20 kHz 

 

10% 

 

[18] 

Cretu et al Electronically 

tunable 

accelerometer 

 

9 – 10 kHz 

 

10% 

 

[20] 

J.J. Yao & N.C. 

MacDonald 

Single crystal 

silicon tunable 

resonator 

1000 – 1060 

MHz  

 

 

6.5% 

 

[21] 

G. Piazza & R. 

Abdolvand, et 

al. 

Voltage tunable 

piezoelectrically-

transduced SCS 

resonators 

 

719 – 725 kHz  

 

10% 

 

[22] 

Proposed 

WiBand 

Accelerometer 

MEMS 

accelerometer 

with configurable 

electromechanical 

tuning 

 

200 – 500 kHz 

 

Over 100% 

 

- 
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CHAPTER 3 

MECHANISM DESIGN OF WIBAND 

ACCELEROMETER                         

In this chapter, we will discuss the design of WiBand MEMS accelerometer. We start 

with an overview of design methodology and approach. Mechanism design is assembly of 

mechanical components such as linkages, bars or beams, gears, etc in such a way that some 

are fixed while others movable to achieve at a system that does some useful work and has 

controllable motions. In this research, the objective is to design a mechanism for a high 

frequency wide band accelerometer tunable to a certain predetermined frequency range. So 

far, many researchers have attempted to tune the frequency of accelerometers and increase 

the working range by electrical means; such as signal amplification, feedback control system 

modification, building the circuit to adjust the capacitance, etc which were not good enough 

to widen the band width as desired. This study will introduce a mechanical tuning system 

which changes the frequency of an accelerometer by means of electrically actuated 

mechanical clamping electrodes. Here, the challenge is how to design such a mechanism that 

synchronizes the spring-mass-support system with the mechanical components to change the 

parameters (mass or spring stiffness) such that it can detect multiple frequencies over wider 

band width. The proposed design mechanism of the accelerometer should also take the 

manufacturing, packaging and economic issues in to consideration (Table 3.1).    

Table 3.1 Design specifications of our proposed MEMS accelerometer           

Design specifications Values 

Size  0.9mm to 1mm 

Operating frequency range 200 kHz to 500 kHz 

Voltage requirement  2V to 5V 

Fabrication  PolyMUMPs 
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In any design process, the first step is defining of the target product specifications that 

have to be met. As mentioned above, the objective of this thesis is to design a high frequency 

tunable MEMS accelerometer. This means that, the final accelerometer will be working at 

higher frequency over a wider band width. Some of the applications of such type of 

accelerometers are in smart ammunitions, shock and impact testing, automobile air bags and 

aerospace equipments where high frequency to a wider range sensing is crucial (Figure 3.1) 

[3, 24].   

 

 

Figure 3.1 Accelerometer performances: Frequency ranges per applications [3, 24] 
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3.1 DESIGN OVERVIEW  

This chapter will concentrate on the research and development works performed on 

inertia measuring devices (IMU), particularly MEMS accelerometers at San Diego State 

University (SDSU) in the last few years. The first design work launched by the Kassegne’s 

MEMS Research Group was a 2-Axis and dual axis accelerometers (Figure 3.2) [3]. The 

group designed, manufactured and characterized a dual axis in plane accelerometer. The 

accelerometer chip microfabrication process, PolyMUMPs (Polysilicon Multi-Users MEMS 

Processes) was performed at a foundry run by MEMSCAP Company (MEMSCAP Inc., 

Durham, NC).  

PolyMUMPs is a three-layer polysilicon based surface micromachining process. 

There are three polysilicon layers as structural materials, which are Poly 0, Poly 1 and Poly 

2, with layer thicknesses 0.5, 2.0 and 1.5 microns respectively. Details of this process 

including its limitations will be explained later in Chapter 5. 

There are some CAD and FEA simulation software packages used in the design 

process. All the mask design for fabrication is performed by CoventorWare (Coventor Inc., 

Cary, NC). COMSOL multiphysics software (COMSOL Inc., Burlington, MA) is used to do 

the finite element analysis. The final accelerometer chip microfabricated by MEMSCAP is 

tested and characterized at the SDSU MEMS Lab. 

 

 

 

 

 



 

 

22 

 

2-Axis Accelerometer Dual-Axis Accelerometer 

 

 

 

 

   

 

 

 

Figure 3.2 List of SDSU Micromachined MEMS Accelerometers [3] 

3.2. ACCELEROMETER SPRING MECHANISM 

DESIGN  

The spring mechanism designs are iterated with the help of several CAD tools such 

as, COMSOL and CoventorWare. COMSOL multi-physics is finite element analysis 

software which allows solving of multiple physical parameters of a given design. For 

example, we can calculate the temperature distribution in a beam and solve it for the 

corresponding changes in stress/strain due to the thermal effect. Later in this particular 

accelerometer design, we will couple the electrostatic actuation force due to externally 

applied voltage with the mechanical deflection movement of the clamping mechanisms.  
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            This Chapter is arranged in such a way that the sketches of each spring mechanism of 

the accelerometer made based on predetermined design criteria; and then followed by finite 

element analysis to see whether it fulfills target frequency requirements. Then comparison of 

these designs with one another using engineering decision matrix will be carried out to 

achieve at the best mechanism that meets all the product specifications. Finally, high ranked 

spring mechanism design will be selected as the best and forwarded for further detail 

analysis. Some of the design and product criteria taken in to consideration at the mechanism 

design are: 

i. Functionality and feasibility  

ii. Design simplicity  

iii. Design flexibility for clamping electrode orientation  

iv. DFM (Design for Manufacturability) 

v. Smaller size 

vi. Structural stability for minimum mode coupling  

3.2.1 STRAIGHT BEAM SPRING DESIGN 

This is a simple spring-mass system design of an accelerometer with sensing comb 

drive structures and assumed spring clamping mechanisms (Figure 3.3). It has four straight 

beam type springs fixed to the substrate by the anchors and support a central seismic mass. 

The design provides more room for the orientation of clamping electrodes and is relatively 

stable. FEA results show that this accelerometer spring design prevents frequency mode 

couplings and dominance of amplitudes in the unwanted direction. However, as the spring 

length extends from the proof mass it increases the overall size of the accelerometer which 

makes it unsuitable for small device applications. Furthermore, such redesigns to modify the 

frequency will increase the spring length which in turn makes it weaker to support the proof 

mass. To make the accelerometer appropriate for such small device applications, one has to 

look for other design options to modify frequency without increasing the size.  
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Eases the design of clamping 

electrode mechanism 

 

 

Good for low to high frequency 

range accelerometers 

  

 

 

 

 

Prevents unwanted mode dominance 

 

More suits for high frequencies 

applications 

 

Figure 3.3 Simple straight beam spring design of MEMS accelerometer with clamping 

mechanism and FEA Eigen value results 

3.2.2 SINGLE FOLDED SPRING DESIGN 

Accelerometers can be designed for any frequency range through proper modification 

of the spring stiffness with respect to size of the proof mass. Higher frequency requirements 

like the proposed design entails lowering of the proof mass and increasing stiffness or vice 

versa. The problem of straight beam spring designs can be solved by making use of folded 

spring beams such that the frequency modified without counter increase in size (Figure 3.4). 

This design makes clamping electrode design much easier and provides space for positioning 
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Sense 

electrodes 
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them. The problem with single folded beam spring design is that it allows mode coupling due 

to unsymmetrical orientation of the structures. Furthermore, one side alignment of clamping 

electrodes makes the clamping very loose at the time of actuation.  

 

 

 

Simple and compact design, 

saves space 

 

Provides room for orientation 

of clamping electrodes  

 

Subsequent clamping makes 

the design unstable  

  

 

 

 

Dynamically unstable system  

 

Clamping is not rigid enough 

to prevent relative motion 

 

Figure 3.4 Single folded beam spring design MEMS accelerometer with unbalanced 

clamping mechanisms 

3.2.3 MULTIPLE STRAIGHT BEAM SPRING DESIGN 

This is well supported and dynamically stable spring design. The multiple beams 

provide strength and rigidity to the accelerometer and suites it for higher frequency 

applications. Furthermore, this strength of the structure prevents dominance of unwanted 
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mode derivatives over the desired one which helps to get clean single mode frequency in the 

sense direction. The disadvantage of multiple straight beam spring design is that it does not 

have enough room for clamping electrode designs, which decreases the tunability range. 

Thus, to achieve at our high frequency and wide range tunability, it is required to investigate 

other spring design mechanism. 

 

 

 

Both statically and 

dynamically stable 

 

 

Difficult for clamping 

electrode positioning 

  

Prevents unwanted mode 

coupling  

 

 

Its structural rigidity suites for 

high frequency applications 

 

 

 

Figure 3.5 Conceptual designs of multiple straight beam spring design and its FEA plot  
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3.2.4 CRAB LEG SPRING DESIGN 

Unlike single folded spring mechanism, Crab leg design provides the required 

structural stability such that the effects of frequency mode couplings minimum.  

Symmetrically oriented crab leg spring designs (double folded spring beams) on both sides of 

the proof mass minimize the dynamic instability. This lowers mode derivative dominance on 

the desired one. Also the clamping electrodes can be aligned on each side to hold firmly at 

the time of actuation.  

 

 

Better for clamping electrode 

orientation 

 

Difficult clamping mechanism 

design  

  

  

Relatively stable design  

 

Lower mode derivative 

dominance 

 

Compact and better for any 

frequency  

 

 

Figure 3.6 Crab leg spring design of MEMS accelerometer with clamping mechanism 

and FEA plots 

 

Proof 

Mass 
Clamping 

electrodes 

 

 

 

 

Anchors 

Sensing electrodes 



 

 

28 

3.2.5 COMBINED BEAMS SPRING DESIGN 

This is combination of both straight and folded beam spring designs. It provides 

better strength for the spring-mass structure and hence avoids dynamic instability which 

could result in mode coupling. On the other hand, the complexity in the spring design makes 

it difficult to position clamping electrodes, which narrows the tunability range. The overall 

size will also be increased as a result of such spring combinations.  

 

  

 

Difficult for clamping electrode 

orientation 

 

Over stiffened  

 

  

Prevents mode derivative 

dominance 

 

Stable structural design 

 

Figure 3.7 CAD models of combined beam spring design  
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3.2.6 DECISION MATRIX FOR ACCELEROMETER SPRING 

MECHANISIMS  

The decision matrix method, also called Pugh method, is a quantitative selection 

technique used in engineering design process to rank the multi-dimensional choice of an 

option set. Advantage of this method is that sensitivity studies can be performed such that 

how much our opinion would have to change in order for a lower ranked alternative to out 

rank a competing alternative. [25] 

A basic decision matrix consists of all set of possible design options with established 

set of weighted criteria upon which the potential options can be decomposed, evaluated, and 

graded to achieve a total score which can then be ranked. The decision matrix table is filled 

with the five possible accelerometer design options in the first column and product design 

flexibility and performance characteristics in first row. Then a weighting factor values 

(adding up to 1.0) assigned to the selection criteria based on their relative importance and 

effects on the accelerometer. The body of the matrix is then filled with numbers that rank 

each design in a convenient scale, such as 1 to 10 in each of the categories [25]. Finally, 

these number scores are multiplied by their respective weighing factors given to individual 

criteria and the products summed up for each design. The design with highest rank is then 

selected as the best for the set criteria. Therefore, decision matrix comparison result shows 

that the crab leg spring mechanism design ranks the highest and hence it will be selected for 

the final detail design analysis (Table 3.2). 
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Table 3.2 Decision matrix of MEMS accelerometer spring design mechanisms 

  

Structural 

stability 

 

avoid mode 

coupling 

Ease of 

clamping 

electrode 

positioning 

 

Size and 

manufacturability 

 

 

Rank 

Weighting 

factor 

 

0.3 

 

0.24 

 

0.23 

 

0.23 

 

1.0 

Straight beam 

design 

7 

2.10                    

6 

1.44 

7 

1.61 

4 

0.92 

 

6.07 

Single folded 

beam 

4 

1.20 

3 

0.72 

7 

1.61 

7 

1.61 

 

5.14 

Multiple 

straight beam 

9 

2.70 

8 

1.92 

3 

0.69 

5 

1.15 

 

6.46 

Crab leg 

design 

6 

1.80 

7 

1.68 

6 

1.38 

9 

2.07 

 

6.93 

Combined 

beams 

7 

2.10 

7 

1.68 

3 

0.69 

5 

1.15 

 

5.62 

 

Figure 3.8 Histogram comparing the accelerometer spring mechanism designs  

Comparison of spring mechanisms
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3.3 CLAMPING ELECTRODE MECHANISM 

DESIGN  

Tunability of accelerometers can be achieved through electronic feedback control 

circuits or mechanical actuation systems. In this research work of tunable MEMS 

accelerometer design, electrostatically actuated mechanical systems introduced for varying 

the frequency to the required range. The clamping electrode mechanism designs are 

originated from macro level mechanical systems, such as gear train, slider-crank, drop-lock, 

pinion and ratchet systems and so on. 

Like the spring mechanism designs, this section of the thesis is organized according 

to the general engineering design procedure. First all possible design alternative mechanisms 

of the clamping electrodes are sketched. Then each of these designs evaluated with the 

product specifications and for meeting DFM (Design for Manufacturability) issues. Here also 

decision matrix is used to optimize the best mechanism design from all possible candidate 

options.  

3.3.1 RACK AND PINION TYPE MECHANISM  

A free rotating gear posted on the substrate meshes with the teeth cut on the springs. 

The assembly oscillates with the accelerometer spring-mass system until actuated by 

clamping pins from the side (Figure 3.9 (a)). As can be seen in the figure, it is very 

complicated clamping electrode design with numerous moving parts which is not 

recommended for micro level designs. The feature sizes are too fine for many conventional 

microfabrication processes. In addition, this mechanism occupies more area and needs extra 

traces for electrical connections.  

3.3.2 SLIDER CRANK AND DROP LOCK MECHANISM  

Two beams pin-jointed at their ends are attached to a pin through the groove of a 

spring. As the accelerometer moves, one beam rotates about its post back and forth while the 

other slides between guide channels until clamped by a drop pins (Figure 3.9 (b)). Like the 

first design, this slider crank type mechanism has too many moving parts and occupies large 

area. Because of these extra moving parts with the spring, it adds to the stiffness of the 

accelerometer which offsets the resonance frequency.  
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(a) Rack and Pinion type mechanism 

 

 

      -     Complex design 

-  Firm clamping  

-  Too many moving parts  

-  Resides in larger design 

space  

-  Requires many traces  

  

 

(b) Slider crank and drop lock type mechanism  

 

 

- Sliding beams add to the 

      stiffness 

-  Holds the spring tightly  

-  Many moving parts  

-  Occupy large space  

-  Need few traces for electrical 

connection 

 

 

Figure 3.9 Complex gear and beam type clamping electrode mechanism designs 

3.3.3 CANTILEVER CLAMPING ELECTRODE MECHANISM  

This is a very simple type of mechanical actuation system commonly used in MEMS 

resonators. Interlocking teeth structures are micromachined on both sides of clamping 

cantilever beam and spring. When voltage is applied to the cantilever beam, the electrostatic 

force bends it to engage the teeth cut on both parts (Figure 3.10 (a)). Unlike the previous 

ones, this design takes up only small area and needs only one trace for the electrical 

connection.  
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3.3.4 SIMPLE LEVER CLAMPING ELECTRODE MECHANISM  

Simple lever mechanism is similar to the above cantilever beam type design except its 

beam is not fixed at one end; instead it rotates about the pivot point upon application of 

actuation voltage (Figure 3.10 (b)). Unlike cantilever beam type mechanism, simple lever 

design requires two traces for the electrical connection.  

(a) Cantilever type mechanism 

 

 

- Easier for clamping 

electrode 

      orientation 

-  Holds the spring firmly  

-  Requires less voltage to 

actuate  

-  Occupies less space 

-  Only one trace is needed  

 

(b) Simple lever type mechanism   

 

 

- Easier for clamping 

electrode  

      orientation 

-  Holds the spring firmly  

-  Has a moving part  

- Needs two traces for the 

pivot and support 

 

Figure 3.10 Simple cantilever and pivoted lever type designs 

3.3.5 SINGLE FOLDED CLAMPING ELECTRODE MECHANISM  

The higher mechanical elasticity properties of Polysilicon (PolySi) as a structural 

material catch the attention to use it as a spring in micro devices. Here we created toothed 

features at the end of single folded PolySi beams that will mesh and clamp the spring at the 

time of operation. Large space requirements make the design inappropriate for this 

application. It also needs higher voltage for clamping due to extra stiffness on the beams. 
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3.3.6 DOUBLE FOLDED CLAMPING ELECTRODE MECHANISM  

The high voltage requirements of single folded beams can be solved by decreasing its 

stiffness making use of beams with more folding. However, very large design space needs 

still make it unsuitable for the MEMS accelerometer design. 

(a) Single folded beam type mechanism  

 

 

- Difficult for multiple clamping 

electrode orientation 

-  Holds the spring less tightly  

-  Requires higher voltage to 

actuate  

-  Occupies large area 

(b) Double folded beam type mechanism  

  

 

- Difficult for multiple clamping 

electrode orientation 

-  Loose clamping strength  

-  Lower voltage required to 

actuate due to lower stiffness  

-  Occupies large area 

Figure 3.11 Folded beam type clamping electrode designs 

3.3.7 DESIGN MATRIX FOR ACCELEROMETER CLAMPING 

MECHANISM 

Implementation of decision matrix is very important to select the best clamping 

electrode mechanism from all possible options. The advantage of this approach to decision 

making is that subjective opinions about one alternative versus another can be made more 

objective. Thus, design simplicity, functionality, actuation power requirements and DFM 

(Design for Manufacturability) issues are taken to account in the selection process. As shown 

in table 3.3, cantilever beam type clamping electrode mechanism ranked highest and is 

picked for our MEMS accelerometer design.  
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Table 3.3 Decision matrix for MEMS accelerometer clamping electrode mechanisms 

 Design 

Simplicity 

Functionality 

or clamping 

Power 

requirement 

Size and 

DFM issues 

 

Rank 

Weighting 

factor 

 

0.24 

 

0.30 

 

0.21 

 

0.25 

 

1.0 

Rack and 

pinion design 

4 

0.96                  

6 

1.80 

4 

0.84 

3 

0.75 

 

4.35 

Slider crank 

design 

5 

1.20 

8 

2.40 

4 

0.84 

3 

0.75 

 

5.19 

Cantilever 

beam 

9 

2.16 

8 

2.40 

7 

1.47 

8 

2.00 

 

8.03 

 

Simple lever 

8 

1.92 

7 

2.10 

8 

1.68 

8 

2.00 

 

7.70 

Single folded 

beam 

7 

1.68 

7 

2.10 

7 

1.47 

6 

1.50 

 

6.75 

Double folded 

beam 

6 

1.44 

8 

2.40 

8 

1.68 

6 

1.50 

 

7.02 

 

 

Figure 3.12 Histogram comparing the clamping electrode mechanism designs  
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CHAPTER 4 

SIMULATION OF WIBAND MEMS 

ACCELEROMETERS 

Analysis is the subsequent step after determination of appropriate mechanism for the 

spring and clamping electrodes of the accelerometer. It has to be demonstrated that whether 

the proposed accelerometer meets the design and micromachining specifications. In this 

research, we used COMSOL Multiphysics finite element analysis (FEA) software for the 

detail analysis and optimization. COMSOL multi-physics is finite element simulation CAD 

package which enables solving more than one physical parameters of a particular design at 

the same time. For instance, the electrostatic actuation force as a result of applied voltage can 

be coupled with the mechanical strain to solve for the deflection of clamping electrode.  

The FEA simulation in this section is presented in the same order as the mechanism 

designs. First the analysis is carried out for the selected spring mechanism in section 3.2 

(crab leg mechanism) to check whether its size and material properties meet the design 

specifications. Then similar analysis performed for the clamping electrode mechanism 

optimized in section 3.3 (cantilever type mechanism).  

The design of accelerometer is governed by three physical parameters. These are 

eigen frequency, elastic deformation analysis and electrostatics. The eigen frequency analysis 

used to determine the operating natural frequency and optimize its band width. The need for 

structural analysis is to determine the mechanical deflection of clamping electrodes. Finally, 

an electrostatic simulation is carried out to discover the amount of voltage required to deflect 

the beams. Table 4.1 summarizes the finite element analysis tool used and the 

physics/equations solved with initial condition settings.   
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Table 4.1 FEA tool, Equations Solved and physics used to design the accelerometer [3] 

Physical 

parameters 

CAD/FEA Software  and 

Physics Solved 

Governing Equations Boundary 

condition 

Electrostatic force; 

electric fields 

COMSOL Multiphysics. 

Electrostatics 

Stationary nonlinear 

  Vr0  

)( 222

02
1

zyxes VVVF  

 

 

Figure 4.6-11 

Beam deflection 

(Strain) 

COMSOL Multiphysics 

Solids stress-strain 

Stationary nonlinear 

   E   Figure 4.7-11 

Mechanical 

Resonant 

Eigenfrequency 

COMSOL Multiphysics 

Solids stress-strain 

Eigenvalue 

    02  Mk  
Figure 4.1-5 

            

 The structural material for the accelerometer is polysilicon with the physical 

properties given in table 4.2. The high yield point strength and modulus of elasticity makes it 

suitable for this application. To begin the analysis, we approximate the initial size of 

accelerometer based on the previous published researches presented in Chapter 2 (Figure 

4.2). The depth of proof mass and springs are determined by the polysilicon structural layer 

thickness of PolyMUMPs process. Thus, we assume poly 2 layer thickness of 1.5 microns in 

this finite element analysis. 

Table 4.2 Material properties of polysilicon used in the FEA simulation [3, 5] 

Material Property Value Units 

Young’s Modulus 160 GPa 

Poisson’s Ratio 0.22 - 

Thermal Expansion 2.6E-6 1/K 

Density 2320 Kg/m
3
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4.1 ACCELEROMETER FREQUENCY ANALYSIS  

At this stage, we are in a position to perform eigenvalue analysis to determine the 

proper size of proof mass and spring combination that meets our design frequency range of 

200 kHz to 500 kHz. Thus, length and width of the springs as well as the size of proof mass 

iterated to determine the desired resonant frequency. The analysis also takes PolyMUMPs 

micromachining process limitations (DFM issues) in to consideration (the details of 

fabrication process will be discussed in Chapter 5).  

The physical dimensions of springs and proof mass are very critical for the frequency 

analysis. Changes made on these dimensions increases or decrease the resonant frequency of 

the accelerometer. This means that if the spring is too stiff as a result of larger size, the 

frequency will be higher and vice versa. Likewise, the natural frequency of vibration also 

varies in relation to changes made on the proof mass dimensions. This is because, the 

bandwidth frequency is equal to the square root of the spring stiffness constant divided by the 

proof mass weight (Eq. 1). Therefore, we can design the accelerometer according to the 

given resonant frequency by performing eigenvalue analysis for different sizes of spring-

proof mass set.   

4.1.1 BOUNDARY SETTING FOR FEA 

In the simulation process, the springs are assumed rigidly fixed to the substrate 

through the anchors such that there is no relative movement at the base. The detail simulation 

boundary settings and finite element types given in table 4.3.   
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Table 4.3 Boundary setting and type of elements used in the FEA simulation 

 

 COMSOL Multi-physics - structural mechanics – Eigenvalue analysis 

 Model elements – Lagrange Quadratic 

 Dependent variables – deflections along the 2D Cartesian axis (u and v) 

 Stationary nonlinear elements of over 10000 used 

 Refined mesh size with over 40000 degrees of freedom 

 Fixity condition at the four spring anchors, Rx = Ry = 0 (Figure 4.1) 

 

 

 

 

Figure 4.1 Fixed boundary condition of the model for eigen frequency analysis  
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Nomenclature Dimension (μm) 

(Quarter model of the proposed MEMS accelerometer) 

 

 

- Proof mass:  

200 X 200 

- Spring size: W = 4 

                                 H = 80 

  L = 8 

- Comb fingers:  

             2 by 12 array 

              Each size = 4 X 32  

 

     

 

 

 

Resonant frequency: 

 

  Ω = 53 kHz (too small) 

 

Figure 4.2 Approximate dimensions of accelerometer and Eigen frequency FEA result 

Finite element simulation performed on the approximate dimensions of the 

accelerometer gives eigenvalue frequency of 53 kHz, which is way far from the design 

values ranging from 200 to 500 kHz (Figure 4.2). Therefore we have to increase the spring 

stiffness or decrease the weight of proof mass or both in order to raise the natural frequency 

close to design specifications.  

 

Comb fingers 

H X W 

W X L 

(H/2)X W 

 

Anchor Proof mass 
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4.1.2 PARAMETERS AFFECTING THE NATURAL FREQUENCY 

Table 4.4 FEA result curves showing effects of spring and proof mass sizes on the 

natural frequency of accelerometer 

Parameters  Relationships with frequency 

Spring length 

Ω = Sqrt (K/M) 

K = f(L,E,I) 

Where K = stiffness 

            M = proof mass 

            L = spring length  

            I = second moment of area 

            E = Young’s modulus  

 

  

Spring width 

 

K = f(L,E,I) and  

 

I = (t*W
3
)/12 

For a beam with rectangular cross 

section of w x t 

 

 

 

 

Proof mass 

 

Ω = Sqrt (K/M) 
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Therefore, some dimensional changes made on the springs to make it stiffer. 

Furthermore, provision of etch holes on the proof mass has many advantages. One is to 

adjust the resonant frequency by reducing the overall weight and the other to avoid over 

damping of the suspended structure at time of motion. It also prevents stiction by allowing 

etchant fluids to flow through in the microfabrication process. Thus after several such 

iterations, the optimized accelerometer dimensions with the eigenvalue frequency result are 

shown in figure 4.3. 

 

Nomenclature Dimension (μm) 

(Quarter model of the modified MEMS accelerometer) 

 

 

- Proof mass:  

    120 X 120 

- Spring size: W = 6 

                                 H = 60 

  L = 6 

- Comb fingers:  

             2 by 12 array 

              Each size = 4 X 24  

- Etch holes: Dia. = 6 

10 by 10 Array 

 

     

 

 

 

Resonant frequency: 

 

Ω = 266 kHz 

(In the Required range) 

 

Figure 4.3 Eigen frequency analysis result with corrected accelerometer dimensions  
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4.1.3 ACCELEROMETER TUNABILITY ANALYSIS  

As illustrated above in detail, any changes made on spring length will change the 

stiffness which is directly related to the natural frequency of the accelerometer. Hence, the 

proposed frequency tuning mechanism makes use of electrostatically actuated clamping 

cantilever beams to vary the spring length (Figure 4.4).  

 

(Quarter model of the proposed MEMS accelerometer) 

 

Six clamping electrodes at 

each of four springs 

 

Each clamping electrode at 

the four springs work together  

 

There will be six distinct 

natural frequencies when each 

clamping electrode gets 

actuated 

3D Quarter model by CoventorWare 

 

 

Figure 4.4 CAD model of MEMS accelerometer with frequency tuning electrodes 
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There are six clamping electrodes (three at the top and bottom locations each) placed 

on the four springs supporting the proof mass. The voltage is applied in such a way that each 

of the clamping electrodes at the four spring locations actuate at the same time for every 

frequency mode. For instance, the second resonant frequency mode is obtained by activating 

clamper 1 electrode located at the four springs. Similarly we have to apply the voltage on 

clamper 2 electrodes at the four spring locations to get the third resonant frequency mode and 

so on. Note that for every higher frequency the lower frequency actuator electrodes are 

always clamped to maintain rigidity. Here the first natural frequency mode (design reference 

frequency) is obtained without actuating the clamping electrodes (Figure 4.5). 
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Springs and upper sense electrodes 

anchored to the substrate.  

(i.e. Rx = Ry = 0) 

 

No clamping 

 

First resonant frequency: 

Ω = 268kHz 

 

 

 

Clamper 1 activated 

 (Fixity at anchors: Rx = Ry = 0) 

 

 

Second resonant frequency: 

Ω = 274kHz 
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Clamper 1 & 2 actuated 

(Rx = Ry = 0) 

 

 

 

Third natural frequency: 

 

Ω = 307kHz 

 

 

 

Clamper 1, 2 & 3 actuated 

 (At anchors: Rx = Ry = 0) 

 

 

Forth resonant frequency: 

 

Ω = 359kHz 
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All clamped except 6 & 7 

(Rx = Ry = 0) 

 

 

Fifth resonant frequency: 

 

Ω = 428kHz 

 

 

 

All clamped except 7 

 (At anchors: Rx = Ry = 0) 

 

Sixth resonant frequency: 

 

Ω = 601kHz 
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All electrodes clamped  

(Rx = Ry = 0) 

 

 

The seventh resonant 

frequency: 

 

Ω = 2063kHz (Too high) 

 

Figure 4.5 Tunability FEA results of the accelerometer with respective boundary 

settings 

All four springs of the accelerometer are assumed to be fixed to the substrate through 

the anchors supporting the proof mass and moving sense electrodes. Similarly fixed comb 

fingers are also anchored separately. Detail finite element analysis boundary settings and 

computational results are shown on figure 4.5. 

The proposed accelerometer has only three spring loops for design simplicity reasons. 

However based on any specific applications or tunability range requirements and 

micromachining flexibilities we can increase the spring length as well as number of clamping 

electrodes. The increase shows some linearity for the first few resonant frequency modes 

(Table 4.5). Moreover, the frequency curve overlaps make the accelerometer sensitive for all 

signals in between. On the other hand, the change is exponential for the last resonant 

frequency mode obtained by actuating all of the clamping electrodes at the same time, which 

is offset from the useful range. This shows that there is no need of clamping electrode design 

for the last frequency mode.  
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Table 4.5 Summary of MEMS accelerometer tunability computation results   

 

 

Clamper/Mode number Resonant frequency (kHz) 

1 268 

2 274 

3 307 

4 359 

5 428 

6 601 

7 2063 
 

 

       

 

 

 

Frequency tuning curves for varying spring length with constant thickness 
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4.1.4 ACCELEROMETER ELECTROSTATIC ANALYSIS  

All moving parts of the accelerometer are set at negative potential while 

fixed comb fingers are at positive potential. Then FEA iterations carried out to 

optimize the operating voltage. The boundary setting and simulation results are 

shown in figure 4.6.  

 

 

 

 

 

Moving fingers: 

      +ve Potential 

 

Fixed fingers: 

       -ve Potential 

 

Iterations:  

     Potential = 1:0.5:10 V 

 

 

 

Electric field: 

y

V
E y




  

 

Iterations:  

     V = 1:0.5:10 V 

 

Max = 5.40E+6 V/m 

Min = 1.164E-10 V/m 

 

Figure 4.6 Boundary setting and electrostatic analysis plots of the accelerometer  

 

Zero charge at the 

boundary 

Voltage: +V Voltage: -V 
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4.2 SIMULATION OF THE CLAMPING 

MECHANISM 

In this section, computational analysis is performed on the finite element models of 

the selected clamping mechanism. From the mechanism design process carried out in the 

previous chapter, we optimized cantilever beam type clamping electrodes through the 

engineering decision matrix. Now, the next step will be execution of design calculations for 

the actuation mechanism with its governing physical parameter.   

4.2.1 ACTUATION THEORY 

The theoretical model of clamping mechanism is a simple beam anchored to the 

substrate at one end and free at the other (Table 4.6 (c)). When electric voltage is applied 

through the traces, charges will be developed on the beam surface. Similarly if voltage of 

different sign applied to the springs, then there will be a capacitance change between the two 

conductors. As a result of this, there will be an electrostatic attraction in the gap which tends 

to deflect the cantilever beam towards the spring. This force developed due to accumulation 

of opposite charges between two conductors separated by a gap, g is called an electrostatic 

force.  

The electrostatic force induced between the surfaces exerts the required force to bend 

the beam and hold the spring. Consequently, the stiffness of the spring increases due to the 

decrease in its length. From mechanics of materials, the maximum deflection of such a 

simple cantilever beam of length, L loaded by a net force P at its free end is given by; 

EI

PL

3

3

          

Where E = modulus of elasticity and I = second moment of area 

Therefore, we can optimize the actuation force for predetermined deflection of the beam. The 

net force, P is the electrostatic force generated from the applied voltage. Thus, subsequent 

design iterations for the deflection will lead us to the required voltage. COMSOL Multi-

physics software is used for the FEA iterations in order to verify voltage needs for clamping.  
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Table 4.6 Summary of theoretical calculation for electrostatic actuation [4, 5]  

 

a) Parallel plate capacitor principle:  

 

 

 

g = gap spacing between the beam and spring 

Assuming air gap,  0  = 8.854E-12F/m for 

permittivity of free space 

 

b) Voltage controlled actuator: 

 

 

 

c) Simple cantilever beam model of the 

clamping mechanism 

 

 

 

Equations 

 

Charge built (Q): 

Q = CV 

Capacitance (C): 

g

A
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The energy (W): 
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4.2.2 ELECTROSTATIC AND DEFLECTION ANALYSIS  

As we did for the spring-proof mass size determination in the frequency analysis, here 

also we made our engineering judgments to estimate the initial dimensions of conceptual 

clamping mechanism (Figure 4.7).  

  

 

 

- Cantilever beam size: Width = 6μm & Length = 120μm 

- Comb fingers on the beam: 1 by 4 array of each size = 4 X 6μm 

- Spring size: 6 X 18μm with the same size of 1 by 3 Array comb fingers on it 

 

 

Figure 4.7 Approximate dimensions of the clamping electrode mechanism model used 

for preliminary FEA simulation 

PolyMUMPs minimum feature size and least gap rules determine the dimensions of 

each element when creating the FEA model. Thus, 4 – 6 μm deflection of the cantilever beam 

is expected to close the opening and hold the spring from motion. Basic electrostatic analysis 

carried out on the model for different values of voltages until the deflection converges to the 

gap size. The detail simulation boundary setting and analysis procedure is described in figure 

4.8.  
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FEA results executed on the above approximate size model show that a 120μm by 

6μm polysilicon cantilever beam needs more than 4 volts to deflect and clamp the spring. 

However, previous designs of most accelerometers work with only about 5V or less input. 

Thus, further refining is required to achieve on better performance clamping mechanism. In 

other words, the beam stiffness has to be decreased to attain low voltage actuations. 

Therefore, it requires more design iterations to be carried out for different sizes of cantilever 

beam. Due to the need for compactness characteristics of MEMS devices, we keep the 

cantilever beam length down to 100 microns and vary the width to arrive at the required 

deflection with reasonable voltage inputs (Figure 4.9).  
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FEA model of the Clamping mechanism Boundary settings  

 

 

 

 

 

 

 

Electrostatic simulation: 

     Cantilever beam: +4V 

      Spring: - 4V 

      Surrounding: Zero charge 

 

Plain stress analysis: 

      Beam fixed at the anchor 

      Spring assumed fixed 

 

Fe = - Fy = (1/2)*ε*A*(Ey)
2
 

 

     

 

 

Electrostatic force is:  

-0.5*8.854E-12*(normE_es)^2 

 

 

Maximum beam deflection: 

  y = 3μm 

 

(Loose clamping) 

  

Figure 4.8 Clamping electrode model boundary setting with preliminary FEA 

simulation results  
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Displacement of 3μm width 

Voltage (V) Disp. (μm) 

1 1.746 

1.5 3.928 

2 6.982 

2.5 10.91 

3 15.711 

4 27.93 

5 43.641 

 

 

Displacement of 4μm width 

Voltage (V) Disp. (μm) 

1 0.728 

1.5 1.639 

2 2.913 

2.5 4.55 

3 6.554 

4 11.652 

5 18.206 

 

 

 

        

Figure 4.9 Simulation results showing the beam size dependence on required voltage 

inputs to actuate the clamping electrode 
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After subsequent FEA runs on different cantilever beam sizes, the clamping 

mechanism dimensions optimized to 100 by 4 microns. This design is verified to provide 

adequate clamping strength by deflecting 4.55 microns with 2.5 volts input. The electrostatic 

and deflection analysis due to plain stresses induced by applied voltages computed and 

confirmed the above results. Furthermore, the tips of fingers on clamping electrode end and 

spring interface are provided with wedge shapes to increase the electric field (Figure 4.10).  

 

 

 

- Cantilever beam size: Width = 4μm & Length = 100μm 

- Comb fingers: 1 by 4 array of each size = 4 X 6μm 

- Spring size: 6 X 18μm with the same size of 1 by 3 Array of comb fingers on it 

 

     

 

Voltage applied: 2.5 V 

 

Electrostatic force, Fe:  

-0.5*8.854E-12*(normE_es)^2 

 

Maximum beam deflection: 

  y = 4.55μm 

 

(Firm clamping) 

 

Figure 4.10 Final FEA model size of the Clamping mechanism with simulation results 
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The clamping electrodes and springs of the accelerometer are connected to a potential 

difference of opposite sign. Then iterations are performed to optimize the voltage 

requirements for actuation. The detail boundary setting with simulation results are shown in 

figure 4.11.  

 

 

 

 

 

Clamping electrode: 

      + Potential 

Fixed fingers: 

       - Potential  

The boundary at zero 

charge 

 

 

 

Electric field: 

y

V
E y




  

 

Iterations:  

     V = 1:0.5:10 Volts 

 

Max = 2.187E6 V/m 

Min = 2.615E-10 V/m 

 

 

Figure 4.11 Boundary setting and electrostatic analysis plots of the clamping electrode 

mechanism  
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CHAPTER 5 

WIBAND ACCELEROMETER FABRICATION 

PROCESS                        

Fabrication of micro device components such as accelerometer chips is a complex 

process and requires special equipments. Currently there are several types of bulk and surface 

micromachining techniques used to make these parts. Because of expensive investment costs, 

most designs are microfabricated in multi-user foundries like MEMSCAP (located in North 

Carolina), SANDIA National laboratories (at New Mexico), etc. MEMSCAP provides three 

microfabrication services, which are PolyMUMPs (three layer Polysilicon based 

micromachining process), MetalMUMPs (electroplated nickel process) and SOIMUMPs 

(Silicon-on-Insulator micromachining process) for research universities and industries [26]. 

In this research, the common PolyMUMPs (Polysilicon Multi-Users MEMS Processes) 

microfabrication process is adopted due to its process co-relation with our design and 

affordable manufacturing costs.  

5.1 FABRICATION PROCESS OVERVIEW 

PolyMUMPs is a three layer polysilicon based surface micromachining process. 

Being a general multi-user micromachining process it is designed to accommodate various 

designs forwarded from customers on a single silicon wafer. However, all designs have to be 

performed according to the process rules so that it fits in to the fabrication process scope. 

Thus, in this chapter, the PolyMUMPs microfabrication process flow including its limitations 

is explained in detail [26]. 
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Figure 5.1 PolyMUMPs layer definition [3, 26]   

5.2 POLYMUMPS PROCESS FLOW 

The PolyMUMPs process flow begins with doping a 150 mm diameter n-type (100) 

silicon wafer with phosphorus in a furnace. The sacrificial material used is phosphosilicate 

glass (PSG) which also serves here as a dopant source. First, 0.6 microns thick silicon nitride 

(Si3N4) layer is deposited by LPCVD (Low pressure chemical vapor deposition) for electrical 

insulation. Next, the first 0.5 micron thick polysilicon layer (Poly 0) is deposited on top of 

the nitride layer and patterned through photolithography process. Optical photolithography is 

a micromachining process which involves spin coating of wafer with a photoresist, UV 

(ultraviolet) light exposure and development steps. In the process, design patterns from a 

photo mask will be transferred to the wafer. Poly 0 layer is primarily used for electrical 

connection layouts, called traces. The lithography process is followed by reactive ion etching 

(RIE) to clean up unwanted polysilicon and complete the wiring pattern transfer. Then, the 

first oxide (PSG) layer of 2 microns thick will be deposited. The PSG layer here is a 

sacrificial material which will be etched away at the end of the process to leave a freely 

suspended structure.  With similarly procedure, subsequent deposition, patterning and 

etching processes carried out for anchors, dimples, the two polysilicon and metal layers 

(Figure 5.2). 
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Figure 5.2 PolyMUMPs process flow with layer material, thickness and mask [26] 

The main structure of the chip is constructed on the two polysilicon layers (Poly 1 

and Poly 2) depending on the design. Anchors are extensions of the structural polysilicon 

layers used to affix the suspended mass to the substrate.  Dimple is used to support freely 

hanging structures made on Poly 1 layer. It also prevents stiction of hanging mass at the time 

of release etching process. Finally, a metal layer is deposited on top of the Poly 2 layer to 

modify the electrical, thermal, optical etc characteristics of the chip (Figure 5.2). Gold and 

Aluminum are commonly used metals. At the end of PolyMUMPs process, the wafer 

undergoes a release etch procedure to wash away the sacrificial materials (PSG) and leave 

freely hanging structure. 

Knowledge of the process limitations helps to modify the design such that it fits in the 

fabrication capability span. Minimum feature size and minimum feature spacing rules of 

PolyMUMPs process presented in table 5.1. These limitations exist for each layer and 

lithographic mask to prevent structure stiction or wash-off. 
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Table 5.1 MEMSCAP layer designations and minimum feature size limitations in 

microns [26] 

Mnemonic Level Name CIF level 

number 

GDS level 

number 

Minimum Feature Minimum  

Spacing 

POLY0 CPZ 13 2.0 2.0 

DIMPLE COS 50 2.0 Spaces 3.0 Holes 3.0 

ANCHOR1 COF 43 3.0 2.0 

POLY1 CPS 45 2.0 2.0 

POLY1_POLY2_VIA COT 47 2.0 Spaces 3.0 Holes 2.0 

ANCHOR2 COL 52 3.0 2.0 

POLY2 CPT 49 2.0 2.0 

METAL CCM 51 3.0 3.0 

HOLE0 CHZ 41 2.0 2.0 

HOLE1 CHO 0 3.0 3.0 

HOLE2 CHT 1 3.0 3.0 

HOLEM CHM 48 4.0 4.0 

5.3 WIBAND MEMS ACCELEROMETER DESIGN 

FOR MANUFACTURABILITY 

Multi-user microfabrication processes such as PolyMUMPs are planned to 

accommodate most common designs. These are not customizable to any specific part design 

out of the process scope unless we write new process layouts to reset the equipments. But 

carrying out a new process layout is costly plus time and labor intensive. Therefore, these 

processes impose the design of proposed WiBand MEMS accelerometer.  

Design analysis of the accelerometer discussed in the previous chapters is performed 

taking these PolyMUMPs fabrication limitations in to account. Both mechanism designs and 

FEA simulations are executed based on the materials, sizes and manufacturability 

constraints. All the electrical connection wirings (traces) and bump pads lie on the first 

polysilicon (Poly 0) layer. The metal layer is located at top most level in the process. Hence, 

the need for interdigitated comb fingers (sense electrodes) to be highly conductive urges to 

design the accelerometer main structure on Poly 2 layer. Thus, all the springs, proof mass and 

comb fingers (both moving and fixed) are designed on the second polysilicon (poly 2) layer 

such that a thin metal layer can be deposited on top of the fingers to increase its electrical 

properties. Anchors are extended from the ends of the springs and fixed comb fingers down 
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to the substrate to mount the suspended structure. The clamping mechanism is positioned on 

Poly 1 layer owing to dimple support requirements at the free end of cantilever beam. 

Dimples avoid stiction and electrical shortenings that could result when the beams bend 

down to the substrate due to self weight.  

The clamping mechanism incorporates guide beams created from Poly 0 and Poly 1 

layers standing on the substrate. They provide rigidity to the structure at moment of 

clamping. Furthermore, due to conformal shape features result from the fabrication process, 

the springs bend and slide on the guide beam. This helps the accelerometer to minimize the 

effect of mode coupling.  

5.4 COVENTOR LAYOUT DESIGN OF THE 

ACCELEROMETER 

The accelerometer design was completed with the help of MEMS specific CAD 

software called CoventorWare (Coventor Inc., NC). Coventorware helps to create the 

lithographic Masks of each layer making up the accelerometer according to PolyMUMPs 

fabrication process (Table 5.2). It also generates 3D model of the 2D layout designs for 

further simulation inquiries. However, all the FEA simulations of electrostatic and plain 

stress as well as eigen value frequency analysis carried out using COMSOL multi-physics 

(COMSOL Inc., MA) in Chapter 4.   
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Table 5.2 Coventor layout data of MEMS accelerometer design for PolyMUMPs 

fabrication process [26] 

Layer Name Accelerometer part Thickness (μm) Mask name 

Ground Substrate (Si wafer) Depends on wafer 

type and diameter 

GND 

Nitride Insulation layer 0.6 - 

Poly 0 Traces, bump pads, 

dicing lanes and logos 

0.5 Poly 0 

Poly 1 Clampers, guide 

beams, anchors, 

dimples 

2.0 Poly 1, dimple, 

anchor 1 

Poly 2 Springs, proof mass, 

anchors and sense 

electrodes 

1.5 Poly 2, hole 2, 

anchor 2 

Metal Sensing comb fingers 0.5 Metal, holem 

 

Layout designer module of CoventorWare package is a 2D CAD tool used to build 

the masks of individual layers. Note that conventional AutoCAD can also be used to design 

the masks of each layer for PolyMUMPs fabrication process. All the masks from the first 

most Poly 0 to the upper last metal layer are designed on a separate sub die cells (Figure 5.3). 

Then these sub cells are arrayed on a top die cell that merges them to complete mask setup of 

the accelerometer parts. Meanwhile, the 3D structures of any die cell can be generated to 

check and correct if there are errors in the layout design. Eventually, the complete Coventor 

layout design has to be modified to fit in the MEMSCAP design space. 
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Poly 0 Layer (for Traces, bump pads, anchors, dicing lanes, logos, etc) 

 

 

Dimple layer (for clamping electrodes on 

Poly 1 layer) 

 

 

 

Anchor 2 layer (supports the main 

suspended structure made on Poly 2 layer) 
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Anchor 1 Layer (for mounting features on Poly 1 layer to the substrate) 

 

 

Poly 1 Poly 2 Via layer (transition layer connecting Poly 1 and Poly 2 layers) 
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Poly 1 Layer (for clamping electrodes, guide beams, etc) 

 

 

Poly 2 layer (for the main suspended structure of the accelerometer) 
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Hole 2 layer (for etch holes through the 

seismic mass on Poly 2) 

 

 

 

Metal layer (for sense electrode toppings) 

 

Figure 5.3 2D Coventor model of individual layer/mask designs for the proposed 

WiBand MEMS accelerometers 

Design space provided by MUMPSCAP Company for the WiBand MEMS 

accelerometer was a 1cm X 1cm die cell. Which means that, the 1/8
th

 sub die portion 

becomes 1200μm X 1200μm. Accordingly, the accelerometer design has to fit with in this 

1/8
th

 space of the substrate for economical fabrication. Overall accelerometer dimension 

including traces and bump pads lies in a 1mm by 1mm area (Figure 5.4). The rest region 

(200μm) on each side of this 1/8
th

 portion is used to mark the dicing lanes between the 

neighboring cells of arrayed accelerometers. As a result, there will be a population of four 

accelerometer designs (2 X 2 array) on each 2.5mm X 2.5mm dies. The final CoventorWare 

layout of crab leg accelerometer design is arrayed with straight beam type design made by 

one of the MEMS research associates to fit in the entire 2.5mm square die cell (Figure 5.5 

(a)). Finally, dicing lanes are marked to partition the dies for future slicing of the chips 

(Figure 5.5(b)). Dicing lanes are used to cut through and separate the final individual chip 

from the total array for packaging. 
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a)  Complete 2D mask layout design of the WiBand accelerometer 

 

 

b)  Detail 2D mask layout view of the accelerometer  

 

Figure 5.4 Complete 2D Coventor model of the crab leg WiBand MEMS accelerometer 

designed at SDSU 
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a)  A 2 X 2 array of the two accelerometer designs on 5cm X 5cm sub die cell 

 

b) Population of 2 X 2 arrays of the 5cm X 5cm sub die cells on a 1cm X 1cm die 

 

Figure 5.5 Coventorware layout of the two final accelerometer designs sent to 

MEMSCAP for fabrication (arrayed on a 1cm X 1cm top die cell)  
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Originality of our MEMS accelerometer design lies primarily on the clamping 

electrode design. Here we introduced an electromechanical frequency tuning mechanism 

which utilizes mechanical actuation systems controlled by an electrical voltage supply. The 

clamping electrodes are simple cantilever beams fixed at one end and fork like structures at 

the other. Springs are also provided with meshing teeth like features at the interfacing edges 

with the electrodes. There are five such clamping electrodes at each of the four spring 

locations supporting the proof mass (Figure 5.6).  

The mechanism design also incorporates guide beams situated on Poly 1 layer 

underneath the springs. It is designed to take the advantage of PolyMUMPs fabrication 

process attributes, where materials generate a conformal layer when deposited on features at 

surface of sacrificial oxide. After the oxide layers (Sacrificial PSG layers) etched away at the 

end of the fabrication process, the springs will have folded features on top of these guide 

beams. These folding grooves on the springs guide the motion of proof mass and this will 

increase the linearity of sensitivity by reducing the lateral degree of freedom. The other merit 

of the guide beams is that it adds to the rigidity of clamping. Because, when the clamping 

electrode is actuated, it deflects and holds the spring against these fixed beams. Moreover, 

supporting dimples are provided at the free ends of each clamping electrode to avoid Stiction 

and electrical shortenings that might occur due to bending from self weight (Figure 5.7). 
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Figure 5.6 3D model of the accelerometer generated from the 2D Coventor layout 
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Quarter model of the accelerometer spring clamping electrode design   

 

Conformal shape of the springs 

 

Dimples at the bottom of each clampers 

 

Figure 5.7 Detail drawings of 3D Coventor designs for the spring and clamping 

electrode mechanism  
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           5.5 LAYOUT DESIGN MODIFICATIONS OF 

THE ACCELEROMETER FOR TESTING  

The crab leg design of our WiBand accelerometer is made very compact to meet the 

required specifications. Furthermore, addition of clamping electrodes between the springs 

gaps somehow complicated for final characterization and testing. Therefore, it is required to 

modify the design for laboratory testing and performance characterization. Consequently, we 

substituted actuation electrodes with some of the clamping electrodes to externally move the 

accelerometer by applying electricity (Figure 5.8). When AC current is applied to these 

actuation electrodes through the traces, the proof mass will be expected to oscillate as a result 

of the electric field. And this helps us in characterizing the accelerometer design and 

facilitates to accomplish the performance tests which will be discussed in Chapter 6. 
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Figure 5.8 Layout design modified with actuation electrodes for testing purpose only 
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CHAPTER 6 

CHARACTERIZATION AND TESTING OF 

WIBAND ACCELEROMETER 

The complete design of MEMS accelerometer with clamping electrodes was 

presented in the previous chapters. All the mask layout designs prepared using special 

MEMS CAD software called Coventorware and then sent to MEMSCAP Inc (Durham, NC) 

for microfabrication. The complete micromachining process took the company about three 

months to deliver the final released accelerometer chips. The next step is characterization and 

testing of WiBand accelerometer chip to verify its design performance and determine 

whether it meets the desired product specifications.  

6.1 SCANNING ELECTRON MICROSCOPE 

CHARACTERIZATION  

In this section, the SEM imaging works performed to characterize the final fabricated 

accelerometer chip are presented. The Signatone probe station (Gilroy, CA) in SDSU MEMS 

Lab and scanning electron microscope (SEM) facility of Biology department used to carry 

out the complete imaging process.   

6.1.1 DIMENSIONS OF THE ACCELEROMETER 

The accelerometer features are well generated as shown in the SEM images (Figure 

6.1). The proof mass with fingers and four supporting springs are located on the third 

polysilicon layer (Poly 2) which is only 1.5μm thick. Additional 0.5μm metal layer deposited 

on top of these comb drive electrodes (sense fingers) to increase the electrical properties. The 

clamping electrodes and guide beams are generated on the 2μm thick polysilicon (Poly 1) 

structural layer for the electrical actuation. The rest of traces and bump pads are created on 

the first polysilicon layer (Poly 0) of 0.5μm thick for electrical wiring with the external 

circuits. The general dimensions of micromachined WiBand accelerometer chip parts with 

their layer thickness are summarized in Table 6.1. 
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Table 6.1 Dimensions of the final micromachined accelerometer parts [26]   

Accelerometer 

Parts 

 

Size (μm) 

 

Thickness (μm) 

 

Layer Name 

Proof mass 120 x 120 1.5 Poly 2 

Etch holes 10 by 10 array of 6μm dia.  1.5 Poly 2 

Springs (6 x 408) at 4 corners 1.5 Poly 2 

Clamping 

electrodes  

 4 x 100 at four locations and 

C2 = 4 x 24 extra size 

C3 = 4 x 32 extra size 

 

2.0 

 

Poly 1  

Dimples 4μm diameter at each 

clamping electrode 

1.0 Oxide 1 

Guide beams 4 x 100 at 8 locations 2.0 Poly 1 

Sense fingers 4 x 24, total of 15 at either 

side of proof mass 

2.0 Poly 2 & metal  

Spring anchors  12 x 12 at four spring 

locations 

6.25 Poly 0 to Poly 

2 

Fixed electrode 

anchors 

6 x 120 on either side of 

proof mass 

6.25 Poly 0 to Poly 

2 

Clamping 

electrode anchors 

4 x 6 at each electrode 4 Poly 1 

Bump pads 200 x 200 0.5 Poly 0 

Traces 4 – 6 wide with varying 

anchor to bump pad length 

0.5  Poly 0 

C2 and C3 are second and third clamping electrodes at each of the four spring locations. 
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a) SEM micrograph of the micromachined chip 

 

 

b) Complete view of the accelerometer with traces and bump pads through SEM 

 

Figure 6.1 SEM micrograph of the micromachined accelerometer chip under SEM 
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6.1.2 INVESTIGATION OF ACCELEROMETER FEATURES 

All the structural components of the accelerometer are posted to the substrate at the 

anchors. Consequently, the proof mass with springs and sense fingers are floating in air 

(Figure 6.2).  This means that there is no stiction of the suspended mass to the substrate due 

to self weight or vibration. As can be inferred from the SEM images, all the proof mass with 

comb type sense fingers and cantilever type clamping electrodes, positioned perfectly as 

predicted by the 3D CAD simulation software.  

MEMS microfabrication processes generate a conformal layer when materials 

subsequently deposited on top of another layer. It means that when a material layer stacks up 

on a sacrificial oxide layer, which eventually gets etched away at the release stage leaves a 

deformed conformal layer. As shown in the micromachined accelerometer chip detail (Figure 

6.3 (a)) the fixed sense electrode anchor has a deformed shape instead of flat rectangular top 

as sketched in the previous chapters. Similarly, all the clamping electrode and spring anchors 

including the guide beams have dent like conformal features (Figure 6.3 (b)).  This is for the 

reason that the two PSG (phosphosilicate glass) oxide layers temporarily stacked in between 

the three polysilican layers. Removal of these sacrificial materials creates freely suspended 

polsilicon layers hanging on the posts.  Shape of the crag leg springs is also good example to 

describe this conformality phenomenon in MEMS microfabrication processes. The spring 

guide beam is made up of the first two polysilicon layers (Poly 0 and Poly 1) while the 

springs are on Poly 2. As shown in the SEM micrograph (Figure 6.3 (b)), the shapes of 

springs above these guide beams acquired a wavy feature due to this conformal 

characteristic. This conformality of the springs on guide beams is expected to prevent lateral 

modes of the accelerometer keeping the proof mass oscillation in longitudinal direction only. 

The SEM micrographs demonstrated that subsequent etching processes are very good 

in providing perfect shapes to the feature. The etch holes cut sharp and straight precisely with 

6μm diameters as designed in Chapter 4. Provision of these etch holes on the proof mass 

avoided the stiction problem that could result due to self weight at the stage of sacrificial 

material etching.  
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a) All the accelerometer structural parts are suspended on the anchors   

 

 

b) SEM micrograph of freely hanging accelerometer chip parts  

 

Figure 6.2 SEM micrographs show that there is no stiction of the chip to the substrate 
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a) Part of proof mass, each holes and sense fingers suspended on their anchors  

 

 

b) Details of clamping electrodes and springs with conformal structures 

 

Figure 6.3 Details of accelerometer parts through SEM under different magnification 
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Scanning microscope images also confirmed that the micromachining process 

resulted in the same 3D features as predicted by the Coventorware (Figure 6.4). Clamping 

electrodes arrayed straight hanging over the substrate at their anchors. There are dimples 

provided at the free ends of each clamping electrode to prevent electrical shortening with the 

substrate that could result from bending. Moreover, there are teeth like features created at the 

interface of clamping electrodes and springs to provide the required rigidity at the time of 

clamping. The final chip came out good because these all detail features of the accelerometer 

are designed as per the MEMSCAP design rule. The minimum feature size in this WiBand 

accelerometer design is 4μm, which is greater than 2 - 3μm of PolyMUMPs limitation. As a 

result of this, most of the micromachined features of the accelerometer parts appeared on the 

chip with good quality. 

On the other hand, there are a few fabrication defects seen while characterizing some 

of the accelerometer chips through the microscope (Figure 6.5). Flying debris and sheared off 

feature parts noticed being scattered on the chip which may resulted from the final release 

etching process. The bending and distortion of clamping electrodes could be overcome by 

modifying the length with respect to its width. Because, the shorter the length of the 

cantilever beam is the stronger it will be against bending, but requires more energy to actuate 

it and vice versa. Therefore, it needs some more optimization works in order to prevail over 

these mechanical distortion problems. Moreover, there are broken and dangling features on 

the substrate which could be a result of vibrations from poor shipping and handling process. 

Other reason that could be mentioned is lack of enough stiffness on the freely suspended 

structures from loads due to self weight and vibration at the intermediate stages of the 

fabrication process.  
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a) The fabricated quarter model accelerometer chip through the microscope  

 

 

b) The 3D Coventor layout model of portion of the accelerometer   

 

                               

c) Dimple of the clamping electrode on the chip as compared to the CAD  

 

Figure 6.4 Comparison of Coventorware CAD layout model with the SEM micrograph   
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a) Freely suspended structures with some micromachining defects 

 

 

b) Some parts also broken during the fabrication and releasing process 

 

Figure 6.5 Some of the micromachining defects observed on the chip through the SEM  
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6.2 ELECTROSTATIC AND VIBRATION TESTING   

This section presents electrostatic testing of the accelerometer performed at SDSU 

MEMS and Materials laboratories. Further detailed vibration tests involving i) Scanning 

Laser-Doppler Vibrometry for out-of-plane vibration measurement and ii) Stroboscopic 

Video Microscopy for in-plane motion detection carried out on the MSA-400 Micro System 

Analyzer at PolyTec Inc (Tustin, CA) facility. These vibration and electrostatic 

characterization of the WiBand accelerometer including the equipment setup procedures are 

presented below.  

6.2.1 WIRE BONDING  

For the electrostatic testing, first the accelerometer chip is packaged using the wire 

bonding machine (MEI - Marpet enterprises Inc. Danvers, MA) at SDSU Nanomechatronic 

Lab (Figure 6.6 (a)). Here thin copper wires are bonded to the bump pads of spring and 

clamping electrodes using conductive epoxy. The wire bonder has a steel sample holder plate 

where the chip kept in place under high temperature throughout the bonding process (Figure 

(b)). The copper wire is attached to a probe needle holder with 3D micro manipulation 

capabilities for positioning on the bump pad. Then, each of the wires are dipped in to the 

epoxy solution and accurately placed on to the bump pads. Finally, the complete wiring setup 

kept on the steel plate at 90ºC for about three hours. The wire bonded accelerometer is then 

packaged using a chip mount to make it easy for testing (Figure (c)).  
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a) Wire bonding of the chip  

 

 

b) Equipment setup  

 

c) Final packaged accelerometer chip ready for testing  

Figure 6.6 Wire bonding of the accelerometer chip for packaging  
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6.2.2 VIBRATION TESTING OF THE ACCELEROMETER 

The vibration tests are carried out jointly with the collaboration of PolyTec Inc 

(Tustin, CA) in order to determine the natural frequency bode plots of the accelerometer. 

MSA-500 Micro system analyzer equipment utilized for the accelerometer testing. This 

equipment combines Laser-Doppler Vibrometry and Stroboscopic video microscope with 

high performance image resolution capabilities easy to mount on a probe station (Figure 

6.7(a)). 

6.2.2.1 VIBRATION TESTING WITH LASER-DOPPLER 

VIBROMETRY 

The Laser-Doppler Vibrometer (LDV) is a very precise optical transducer for velocity 

and displacement measurements of out-of-plane motions of micro devices at a given point. It 

works by sensing the frequency shift of back scattered light from a moving surface. LDV can 

measure displacements up to picometer resolutions and captures frequency responses as high 

as 20MHz.  

In the experimental setup, first the chip is mounted to the probe station sample holder 

stage with a tape or epoxy. The high magnification imaging system integrated with the 

device and computer helps to align the chip accurately for the complete testing process. The 

probe needles are connected to the bump pads with the aid of x-, y- and z-axis manipulator 

knobs (Figure 6.7(b)). Then, a potential difference is applied between the spring and 

clamping electrodes in order to actuate it electrostatically.  

The vibration test results performed at a given point on the accelerometer show that 

there are frequency signal picks for an applied potential difference (Figure 6.7(c)). With the 

laser beam setup at selected points on the proof mass, it was determined an out-of-plane 

resonant frequency of 35 kHz. However, due to the micromachining imperfections we could 

not get the design resonance frequency values.  
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a) Micro System Analyzer setup with computer and control units 

         

b) Chip mounting on the probe station for Laser Vibrometry setting  

 

c) Out-of-plane vibration test results of the accelerometer through Laser Vibrometry 

Figure 6.7 Laser-Doppler Vibrometry setup for out-of-plane vibration testing 
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6.2.2.2 VIBRATION TESTING WITH STROBOSCOPIC 

VIDEO MICROSCOPY 

Stroboscopic video microscopy is used to precisely measure the high frequency in-

plane motions of a device under a test. With stroboscopic illumination and digital imaging, 

motions of fast moving objects can be sharply frozen in time to capture the object’s exact 

position. 

Alternatively, a small piezoresistive actuating element is attached to the side of the 

accelerometer to create a vibration motion in the direction of acceleration (Figure 6.8(a)). 

Then the equipment is calibrated to measure the frequency responses as a result of this 

vibration. A rectangular box made at the corner of the proof mass creates a clear visualization 

for the motion. It helps to interpolate the frequency and displacement signals of the moving 

accelerometer part relative to the stationary points on the chip to estimate the resonance picks 

of vibration. With the laser beam setup and equipment calibration shown, a frequency 

response signal of 173 kHz is obtained (Figure 6.8(b)). 

However, the vibration test results demonstrated that flexural springs of the 

accelerometer are bonded to the guide beams running underneath. The problem resulted from 

lack of enough space for etchant fluid flow through the gap between the spring and guide 

beams or absence of etch holes on the springs such that the sacrificial oxide gets washed 

away at the final fabrication stages. Consequently, the springs supporting the proof mass 

bonded to the guide beams through the sacrificial oxide (PSG) layer. This condition hinders 

the back and forth oscillation of the proof mass to change the capacitance between sense 

fingers. There are some frequency responses and displacement values which are measured 

through the testing process. But, the accelerometer still needs some modification and refining 

works in order to minimize these design and microfabrication process flaws in the future.  
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a) Vibration testing setup  of the chip with a piezoresistive actuator  

 

     

b) Bode plot of the frequency response   

 

Figure 6.8 In-plane vibration test results of the accelerometer chip 
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6.2.3 ELECTROSTATIC CLAMPING TESTS 

Electrostatic actuation test of the accelerometer performed at SDSU MEMS, 

materials and Nanomechatronics laboratories. The final packaged accelerometer chip is taken 

to a Micromaster microscope, Fisher scientific Inc (Pittsburgh, PA) which is equipped with a 

digital camera for image and video capturing. The whole setup is connected to a computer for 

detail image and video characterization of the chip. DC power supply, digital multimeter and 

external light source are some of the accessories used for the complete experimental setup 

(Figure 6.9). 

In the experiment, a potential difference is applied to the spring and clamping 

electrodes through the wires bonded to each bump pads. The clamping electrodes are 

expected to deflect towards the spring as a result of the electric field built in between the gap.  

The tests performed on all of the clamping electrodes through the wires demonstrated 

that the beam structure is too stiff to deflect and hold the spring electrostatically for a given 

potential difference. Because of PolyMUMPs process limitations, the clamping electrodes 

were designed with 2 microns thickness, 4 microns width and 100 microns length. 

Consequently, the 2D computational analysis results presented in Chapter 4 could not 

address the 3D effects of higher stiffness at the width side relative to the thickness. 

Therefore, future works in the refining process of this tunable WiBand MEMS accelerometer 

design should include this issue in to consideration.  
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a) Complete equipment setup for electrostatic testing  

 

   

b) Mounting the packaged accelerometer under the microscope for electrostatic testing  

 

Figure 6.9 Equipment setup for electrostatic testing  
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 

Investigation of MEMS accelerometers is one of ongoing researches under inertia 

measuring units (IMU) at Kassegne’s MEMS Research Group. The study started from a 2-

axis and dual axis tunable MEMS accelerometer design work of Zaid [3]. In the 2-axis 

embedded design, the accelerometers intended to measures two frequencies. The inside 

(small) accelerometer picks high frequency and the outer one senses lower resonant 

frequency. However this tunable accelerometer design has flaws to measure the frequency 

signals in between the two frequency modes due to the large gap. This means that any 

acceleration signal from vibrations above the lower and below the higher mode frequencies 

cannot be detected unless the gap is closer. 

The proposed accelerometer in this thesis addresses design deficiency of the 2-axis 

accelerometer. Moreover, unlike the 2-axis design with only two modes, this is aimed to 

detect multiple resonant frequency modes with narrow gaps in between, which makes it 

capable of sensing more signals. The electrostatically actuated mechanical clamping 

electrodes make the accelerometer sensible for all frequency signals within the range keeping 

track of the external acceleration where it is attached to.   

Based on the design specifications, the crab leg accelerometer presented in this thesis 

has only three spring loops. However depending on the specific application or tunability 

range requirements and micromachining process flexibilities we can increase the spring 

length as well as number of clamping electrodes. This in turn will increase the tunability 

range and also refines measurable frequency ranges. But due to micromaching process 

limitations, some of the clamping electrodes are removed from the final design as discussed 

in Chapter 5. 
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The frequency increase shows some linearity for the first few modes (Table 4.5). 

Thus, these frequency mode overlaps make the accelerometer sensitive for all signals in the 

range. On the other hand, the frequency changes exponentially for the last mode obtained by 

actuating all of the clamping electrodes at the same time (i.e. it is offset from the useful 

range). Therefore, clamping electrode design for the last mode is omitted in the final 

microfabricated accelerometer. Alternatively, the accelerometer springs could be designed to 

varying cross sectional areas such that the stiffness increase becomes uniform. This prevents 

the last modes from jumping too high relative to the others.  

Mask design of the WiBand MEMS accelerometer carried out taking the general 

PolyMUMPs microfabrication process limitations in to consideration. It had to meet the 

minimum feature size and spacing limitations, three polysilicon structural layers and so on to 

be fabricated as per the specifications. Moreover, the metal deposition in the process takes 

place only on the Poly 2 layer, which limits possible design alternatives to choose from. As 

shown on the Coventor model drawings, it was very difficult to extend wire traces from each 

point of anchors to the bump pads (Figure 5.4). Because of this, few clamping electrodes are 

removed to avoid design complexity. Generally, it is possible to design a better performance 

accelerometer with wider tuning capabilities if we change the fabrication process with a 

customized one. Therefore, use of other micromaching process which accommodates our 

specific design could help to increase the working range and add to the accelerometer 

performance. 

Future work on Coventor mask layout designs can bring significant increase to the 

accelerometer tunability as well as its sensitivity. As the number of clamping electrodes 

increase, there will be more frequency modes and hence wider bandwidth. Therefore, proper 

mask design of the accelerometer with its spring clamping mechanism for fabrication can 

further increase its operational frequency range.  
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There is also a need for further integration works on the electronics and control 

systems of the accelerometer to make it a complete product. All the electrical component 

designs involving computations of power consumption, signal amplification, pull-in voltage 

analysis etc are beyond the scope of this thesis and therefore recommended for future work. 

Despite its critical process limitations, with PolyMUMPs we achieved at a nice 

accelerometer structural features suspended on the anchors. There are some micromachining 

defects as reported in Chapter 6 which may be arose from the final releasing process or 

shipping and handling. It is possible to minimize these defects by modifying the process and 

handling the final chip with care. We can have cleaner features with less debris and flying 

metals on the chip.  
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