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Abstract 

Enhanced 1-D, 2-D, and 3-D MEMS capacitive accelerometers 

were designed, simulated and characterized. COMSOL Multiphasics5.5 

was used to simulate the device operation. The work demonstrated how 

to improve the capacitive sensitivity of the accelerometer by optimizing 

the dimension of the proof-mass and the sense fingers for the designed 

structure. However, we observed that improving the capacitive sensitivity 

in this way is limited by the linearity of the accelerometer. 

 The 1-D model has a length, width, and thickness of 1200 µm, 

558 µm, and 30 µm respectively. The device has fast damping ratio of 

0.265, an undamped natural frequency of 42578.4 rad/ sec, and a rise 

time of 0.05 ms. The device has an acceptable resonance frequency of 

6500 Hz and bandwidth at -3dB of 1200 Hz. The device has a resolution 

of 0.05 g. The maximum measured acceleration before device collapse 

was 112 g. The output DC voltage sensitivity of 1-D accelerometers was 

measured to be 0.607 V/g.  

The 2-D model   has a length, width, and thickness of 1200, µm, 

1000µm, and 30 µm respectively. The device has fast a damping ratio 

of       , an undamped natural frequency of 42980.32 rad/ sec, a rise 

time of 0.05 ms. The device has an acceptable resonance frequency of 

6500 Hz and bandwidth at -3dB is1200Hz. The device has a resolution of 

0.05 g for each axis and the maximum measured acceleration before 

device collapse was 96 g. The output DC voltage sensitivity of 2-D 

accelerometers was measured to be 1.45 V/g. 

The 3-D model   has a length, width, and thickness of 1200, µm, 

1000 µm, and 30 µm respectively. The device has fast damping ratio of 

0.2251, an undamped natural frequency of 42980.32 rad/ sec a rise time 

of 0.05 ms for x and y axes and a damping ratio of 0.2, an undamped 

natural frequency of 48073.4 rad/s, a rise time of 0.035 ms for z-axis. 

The device has an acceptable resonance frequency of 6500 Hz and 

bandwidth at -3dB is1200Hz for x and y axes, and resonance frequency 

8000 Hz and bandwidth at -3dB is1000Hz for z-axis. The device has a 

resolution of 0.05 g for each axis and the maximum measured 

acceleration before device collapse was 96 g for x and y axes and while it 

was 165 g for z-axis. The output DC voltage sensitivity of 3-D 
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accelerometer was measured to be 1.45 V/g for x and y axes and 0.944 

V/g for z-axis.  
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CHAPTER ONE 

INTRODUCTION 

  
1.1 Introduction 

         A  micro-accelerometer is an electromechanical device which 

measures many modes of accelerations , Micro-accelerometers are used 

in several important applications like vibration, satellites, rockets[1-3], 

planes, trains[4], smart phone , laptop devices, and automatic braking 

systems [5-10], so it has become one of the most important to research 

for.  A  micro-accelerometers are most common currently used because 

they have the advantages of low-temperature dependence, low power 

consumption, high reliability, satisfactory accuracy[11], small 

dimensions, high sensitivity, high linearity, easy integration with 

electronics, low cost, and compatibility with Micro electromechanical 

Systems (MEMS) and Complementary Metal Oxide Semiconductor 

(CMOS) fabrication process [5, 12].  

 

1.2 MEMS accelerometer overview  

Micro-Electro-Mechanical Systems (MEMS) are small integrated 

devices which are usually fabricated on a silicon substrate and able to 

combine electrical and mechanical elements for sensing or actuating 

purposes. Examples of MEMS components include accelerometers, 

MEMS switches, microphones, and micro-resonators. Other new 

applications are rising as existing technologies are applied to miniaturize 

and integrate conventional devices [13-17].      . 

With advances made in miniaturizing electronics, sizes of physical 

sensors have also reduced significantly, all thanks to MEMS. The MEMS 
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comprises electronic and mechanical (moving) components, which 

perform different functions such as, transduction, actuation, signal 

processing. MEMS are fabricated using the same techniques used for 

CMOS electronic devices, such as etching, lithography patterning, 

material deposition [1]. Lithography is a technique used to make patterns 

of a required design for the sensor onto the semiconductor wafer, which 

then can be used as a reference to etch out some material or to deposit a 

patterned thin film. A combination of these steps is used to make a three-

dimensional structure of the MEMS device. One of the best examples is 

the formation of free suspended beams used in a MEMS accelerometer, 

which is the focus of this thesis work. Most of the mechanical structures 

in MEMS are made out of semiconductor material such as, silicon, poly-

silicon, silicon oxide. This because of the eas of fabrication due to the 

well-established fabrication technology for silicon. However, other 

materials may also be used depending on the application. 

MEMS technology is used in the production of accelerometers, 

which sense forces along three axes of motions and output this data as an 

analog or digital signal.The most application of this technology has been 

in the automotive industry, where high _ gravity sensors are used for 

airbag deployment and low gravity sensors for active suspension and 

vehicle stabilization. 

Accelerometers and gyroscopes measure angular velocities around 

the three axes of motion to obtain in situ data about the system. In theory, 

this concept can provide the users with accurate and intelligent 

compensation, for example, automated navigation and localization. 

MEMS accelerometers like other sensors suffer from various sources of 

error such us noise,  nonlinearities , bias and sensitivity that lead to large 

errors in the data output . These errors are called random walk.                                                                                                                                                                             
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          These MEMS sensor can be used in the robotic application as it 

can reduce the cost of the robot particularly if it used in the household 

task.In addition, with the increasing of the performance of the low-cost 

sensors, recent technology devices will begin to shift towards replacing 

the expensive sensors with lower-cost MEMS sensors that have the same 

performance.        

 

1.3 Design Process of MEMS 

         The design and implementation of MEMS technology is very 

challenging task due to the many systems interaction and the 

multidisciplinary nature of the system. The design of complete system 

may require the cooperation of several people with different specialties 

such as electronics, physics, mechanics, etc. With the advent of well-

established MEMS process technologies, researchers, about 15 years ago,  

were started to use several simulation design software's that enable top-

down MEMS design, such as CoventorWare, MEMSPro, IntelliSuite, 

COMSOLMmultiphysics,.. etc, which made  less time consuming for the 

design process. 

 

1.4 Silicon Material in MEMS Technology 

        Silicon is an element with very special properties, for that it is used 

for electronic devices. Silicon's electrical properties can be modified 

through a process called doping [18] because it is wide study and 

documented properties, Silicon Designs, Inc. (SDI) has been the leader in 

capacitive MEMS accelerometer technology for over 25 years. Process 

technology combines integrated circuit and bulk silicon micro machined 

capacitive MEMS technology to produce a highly trusted, exceptionally 

rugged, capacitive acceleration sensor.  
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      Single crystalline silicon (SCS) can be used as a pressure conductive 

layer or a drilling stop layer in wet drilling by doping with appropriate 

atoms. But it is especially used in displacement sensors as a structural 

material just like pressure sensors and accelerometers. According to a 

structural material, the most important mechanical factor is Young's 

modulus, which is a measure of a material's elasticity. SCS has 

mechanical anisotropy, which makes the crystallization direction of 

Young's modulus dependent.  

  

 

1.5 Literature Review 

 Wong, W.C., I.A. Azid, and B.Y.J.S.v.-J.o.M.E, 2010 [19] are 

derived and solve equations for the constant stiffness and effective mass 

of a folded and suspended beam in a small MEMS 1-D accelerometer. 

The stiffness constant is determined by Castigliano displacement theory. 

They found that the best way to find a constant for any shape of the 

beams is to use a superposition method that means calculating the effect 

of each beam separately and then summing their effects. 

 Benmessaoud, M. and M.M.J.M.t. Nasreddine, 2013 [20]  are 

explained the difference and relationship between the design 

improvement of the capacitive-folded comb 1-D accelerometer device 

and the sensitivity of the device like width of the beam, length of the 

beam, and proof-mass size. Based on their analysis, an improved design 

of the MEMS comb capacitance accelerometer was implemented. 

 

 Jun, J., et al., 2017 [21]  designed a 3-axis type acceleration system, 

which contain an interfacing circuit to the MEMS capacitance 

accelerometer. This interfacing circuit contains a capacitor to voltage 
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converter (CVC) to achieve an output voltage, which is proportional to 

the acceleration. 

 Xu, W., et al 2017 [22] fabricated a fully symmetric beam 1-D 

accelerometer which made of  all-silicon sandwich structure. Its high 

consistency is ensured by the specially developed wet etching 

technology.  Its all-silicon monolithic structure can avoid the 

shortcomings of thermal coefficient mismatch and bring a tight seal at 

the wafer scale. The fabricated prototype showed good stability and 

linearity at low bias, which experimentally demonstrates the 

effectiveness of their proposed design and fabrication techniques. 

 Mohammed, Z., I.A.M. Elfadel, and M.J.M. Rasras, 2018 [23] 

designed an innovative  single proof-mass for 3 axis acceleration 

measurement. They took advantages of its small size and low cost. 

Furthermore, they avoided the disadvantages such as undermining the 

comb fingers, and nonlinearity which leads to a lack of sensitivity and 

noise.  

 

 Alfaifi, A., et al., 2018 [17]  are proposed a three-dimensional 

accelerometer using CMOS-compatible MEMS technology. Capacitance 

gap was designed to be narrow to get a highly sensitive accelerometer to 

overcome the problem of off-vertical displacement. They figured out that 

the device symmetry was important approach to reduce the off-axis 

sensitivity. 

 

 Sarode, N., et al. 2018 [24] are proposed 3-D comb capacitance 

accelerometer design enclosed a proof-mass suspension by four beams as 

spring structures. The spring structure is chosen to get the highest 
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flexibility and obtain the proper displacement of the proof mass and 

sensing areas. 

 

 Ganji, B.A. and K.D.J.I.M. Hemmati, 2020 [25] The number of 

differential capacitance used to measure acceleration on the z-axis is two, 

while the number of differential capacitance used to measure acceleration 

on the x-axis and y-axis are four groups. The reason for using different 

capacitive combinations is that the device, in addition to measuring the 

acceleration in each axis direction, can separately and accurately assume 

the amount of acceleration for each axis. 

 Wang, Y., X. Zhao, and D.J.S. Wen, 2020  [26] In this study, a three-

axis dual-beam accelerometer was designed and fabricated using MEMS 

technology and the effects of average two-beam structure sizes on the 

sensitivity of the proposed accelerometer provide potential. To further 

improve the performance of the 3-axis accelerometers.. 

 

1.6 Aims of the thesis 

           The thesis aim is to design and characterization three-models of 

capacitive accelerometers. The first model is a one-dimensional 

capacitive accelerometer; the second model is a two-dimensional 

capacitive accelerometer; while the third model is a three-dimensional 

capacitive accelerometer. Models are characterized through the following 

points 

1- Acceleration vs. displacement  

2- Acceleration vs. difference of capacitance  

3- Maximum Stress  

4-Time response of the models 

5- Frequency responses of 1-D model 
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6-The sense voltage vs. acceleration of the models 

7- Maximum acceleration before models collapse 

8- Minimum resolution 

9- Output dc voltages vs. acceleration of the models 

 

1.7 Thesis outline: 

Chapter 1: This chapter provides an introduction of the thesis 

Chapter 2: This chapter explains the requirements and theories of 

                    Accelerometer. 

Chapter 3: This chapter explains the designing accelerometers                                                                                                           

                   for three models. 

Chapter 4: This chapter provides the simulation and results for three         

                   designed models using  COMSOLmultiphisices software. 

Chapter 5: This chapter contains conclusions and future works of this  

                    thesis. 
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CHAPTER TWO 

THEORY OF ACCELEROMETERS 

2.1 Introduction 

         An accelerometer is a device that can measure the physical 

acceleration to which an object is subjected due to inertial forces 

or mechanical excitation. 

   In this chapter, we will discuss the most common types of 

accelerometers, depending on their principle of operation. Having 

presented the advantages and disadvantages of each type, we will 

choose the one that will be the subject of this letter. Then present 

the theory of the chosen type with analysis. 

         . 

2.2 Types of Accelerometer 

      There are several types of accelerometers that are classified according 

to their principle of operation [23]: 

1- Piezoresistive accelerometer. 

2- Piezoelectric accelerometer. 

3- Tunneling accelerometer. 

4- Optical accelerometer. 

5- Capacitive accelerometer. 

 

2.2.1 Piezoresistive accelerometer 

       The principle of operation is a resistant materials varying according 

to the pressure with a resistor. The pressure applied on the resistant 

materials is proportional with acceleration. The Illustration of 

piezoresistive accelerometer is shown in figure 2.1  [27, 28]. 
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Figure 2.1 The Illustration of piezoresistive accelerometer [27] 

 

[ΔR/R] = (1 + 2 ν) (ΔL/L) +Δ ρ/ρ                           (2.1)  

Where, 

ΔR: variation resistor according to acceleration value, 

R is the resistor at a=0, 

ΔL is the variation in length of resistor, 

 ν: is Poisson ratio, 

 L is the length of resistor at a=0 

Δρ is the resistivity variation and ρ is the resistivity of resistor. 

 

2.2.2 Piezoelectric accelerometer 

The principle operation of piezoelectric accelerometer is when applying 

acceleration on the device; the proof-mass will be moved with a certain 

displacement causes a stress occurs in the beam.  The beam is made from 

piezoelectric material as shown in figure 2.2. The stress causes a 

difference potential occurs between electrodes on each sides of the beam 

as equation 1.2   [29, 30]. 
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                      (2.2) 

Where VPE is the PE transducer’s voltage sensitivity ( mv/g), 

CPE is the PE transducer’s electrical capacitance, 

 QPE is the PE transducer’s charge sensitivity. 

 

Figure 2.3 The Illustration of piezoelectric accelerometer [29] 

 

2.2.3 Tunneling accelerometer 

        The principle operation of the tunneling accelerometer is when 

applying acceleration on the device, the proof-mass will be move with a 

certain displacement, causing the tunneling current to change suddenly.  

The Tunneling accelerometer contains proof-mass, beams, and electrodes 

placed on the anchor plan as shown in figure 2.3. The tunneling current 

accelerometer is  proportional exponentially on the distance d and is 

defined by[31, 32]: 
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 Figure 2.3 The Illustration of tunneling accelerometer [31]  

  

𝐼 = 𝑉 (−∝√Φ𝑑)                                (2.3) 

Where, 

𝑉 the tunnel sensor voltage, 

∝ = 1.024 𝑒𝑉-0.5
Å

−1
, 

Φ is the effective barrier height 

 d: is the distance between the tunneling tips at the point when the 

tunneling current appears 

 

2.2.4 Optical accelerometer 

        The principle operation of the optical accelerometer is that when 

applying acceleration on the device, the proof-mass will be move with a 

certain displacement up and down, causing shift the projected light spot.  

The optical accelerometer contains proof-mass, beams, light spot, 

mirrors, and four-quadrant photo detector QPD [33, 34] as shown in 

figure 2.4. 
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   Figure 2.4 The Illustration of an optical accelerometer [33] 

2.2.5 Capacitive accelerometer 

     Mechanical movement causes changes in distance between 

electrodes causes changes induces capacitance that can be 

measured by capacitance to voltage converter. 

        Capacitive accelerometer consists of four parts spring, proof 

mass, sense electrodes, and anchor as shown in figure 2.5. When 

an acceleration is applied the proof-mass is move with a certain 

displacement, this displacement causes varying in capacitance this 

varying depend on acceleration, by using capacitive to voltage 

convertor we can find the amount of acceleration[35, 36] . 

 

               Figure 2.5 Schematic of the capacitive accelerometer [35] 
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2.3 Comparison of the different types of accelerometers  

 Table 2.1  Comparison of the many types of accelerometers in terms of 

advantages and disadvantages. 

Accelerometer type advantages disadvantages 

 

 

Piezoresistive accelerometer 

-Simple design, 

-Simple Fabrication, 

-Simple readout circuit 

-Low sensitivity 

-Large temperature 

sensitivity 

-Large and bulky 

designs 

 

Piezoelectric accelerometer. 

-Self-powered 

-Digital output 

-Simple interference 

circuit 

-Bad DC response 

-large size 

 

 

Tunneling accelerometer. 

-High sensitivity 

-low foot print 

-large noise level 

-Highly expensive 

fabrication 

 

Optical accelerometer. 

-Highly sensitive 

-very high noise 

immunity EMI 

-Difficult integrate with  

electronic readout 

 

 

Capacitive accelerometer. 

 

-Good DC performance 

-High sensitivity            

-low temperature 

sensitivity 

-low noise-low drift 

  

-Susceptible 

electromagnetic 

interference 
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2.4 Theory of capacitive accelerometer       

Mechanical movement causes changes in distance between 

electrodes. This change in distance causes changes induces 

capacitance that can be measured by capacitance to voltage 

converter (CVC)[8, 37]. 

Capacitive accelerometer consists of four parts spring, 

proof mass, sense electrodes, and anchor as shown in figure 2.6. 

When the structure is moved the proof mass is move with 

displacement.  This displacement causes varying in capacitance. 

By using capacitive to voltage convertor we can find the amount 

of acceleration[38]. 

 

 

                    Figure 2.6 Illustration of a capacitive accelerometer    

         When an acceleration equal to zero (a=0), the proof-mass is resting 

in the middle with its fingers of the left and right fixed fingers. This 

cause C1, C2, C3 and C4 are equal. When acceleration not equal to zero 

along horizontal direction the proof-mass (m) experiences an inertial 

force = - m х a. Therefore, the spring deflects and the proof-mass with its 

fingers move with a certain displacement   along inertial force direction.  
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These causes change gaps of the left and right capacitances; causes the 

capacitances C1, C2, C3, and C4 to be varied. 

Mechanical movement causes changes in distance between 

electrodes. This change in distance causes changes induces 

capacitance that can be measured by capacitance to voltage 

converter (CVC)[8, 37]. 

2.5 Mechanical analysis 

The basic Concepts of accelerometers are based on second law of 

Newton’s of motion [39]. 

Fapplied - Fdamping- Fspring= m 
   

   
                                          (2.4) 

 Where, 

 m is the mass of the proof mass 

Thus,      

              
   

   
    

  

  
     =m a (t) 

Where,    

c = damping coefficient 

k = spring constant 

by Taking  Laplace transform: 

                     [m     +                  

                        [     + 
 

 
    

 

 
             

Therefore,  the T.F. is:    
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 =  

 

       
 

 
  

 

 

                         (2.5)   

Where,  

    + 
 

 
  

 

 
 = 0           is called characteristic equation  

By comparing the characteristic equation with general form, 

                          wn
2
   = 0      

Then,        

                         wn
2
= 

 

 
 

                      =√
 

 
                                          (2.6) 

Where,                  is   undamped frequency. 

                       =   
 

 
 

Thus,         

                 =    √                                       (2.7) 

Where,   is damping ratio 

 The mechanical sensitivity S of the accelerometer is defined by[40]:          

                  S= x/g                                   (2.8) 

Where, X is the displacement and g is the gravity.  

        

2.6     MEMS capacitive analysis 

        MEMS capacitor is a parallel plate separated by a distance d with 

overlapping area A have a Capacitance equal to[36, 41-44]: 
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                                                       (2.9) 

Where, 

  0 = 8.85 х 10
-12

  F/m   is the free space Permittivity , 

 r  is the dielectric medium relative permittivity ( r =1 for air) 

At a=0    , C1 = C2 = C3 = C4= C0 

    
       

 
                                                          (2.10) 

   
         

 
                                                       (2.11) 

For     , no. of pair finger 

        At a≠0  on x-axis then the proof mass with proof-mass fingers move 

with certain displacement x  the capacitance are change as[25]  

 

       
         

   
                                        (2.12) 

      
         

   
                                        (2.13) 

Deference Capacitive sensitivity 

 ΔC=C2- C1 

          
         

   
  

         

   
      

   
         

 
 

  

     
 

  

     
) 

      
  

     
 

  

     
)                                        (2.14) 

 

Capacitive sensitivity    = ΔC/ g                                (2.15) 
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CHAPTER THREE 

 DESIGN MODELS 

3.1 Introduction  

The three models of accelerometers were built by the required 

calculations. The dimensions of the designed accelerometers parts were 

chosen based on these calculations, as well as through the trial and error 

technique.  

 Various aspects are taken into consideration before finalizing the  

Configurations of the accelerometers. Special attention is paid to the 

available fabrication processes, signal conditioning electronic circuits, 

material selection. 

The proof-mass sizes and spring stiffness are selected in such a 

way that there shall be a capacitance change for 0.05 g (minimum 

resolution). This limitation comes from the capacitance signal that can be 

handled comfortably by the electronics scheme.  

For calculating the proof-mass to electrode gap and damping 

aspects, the micro structure is considered as working under ambient 

pressure conditions. This is due to fabrication facility limitation in chip 

level sealing under vacuum. 

 

3.2 Structure design 1-D capacitive accelerometer 

           Figure 3.1 and figure 3.2 shows a one-dimension model of the 

prototyped differential accelerometer designed using MEMS technology, 

the sensor has overall dimensions of approximately    620µm × 530µm 

with a structural thickness of 30 μ m. 
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Figure 3.1 The middle layer of structural model of the differential 

accelerometer 

 

Figure 3.2 Layers of structural model of the 1-D accelerometer 

The geometrical and physical parameters of One-dimensional 

capacitive accelerometer are shown in table 3.1. 
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        Table 3.1 Geometrical and physical parameters of 1-D model. 

Parameters Designed value 

Device length           620 µm 

Device width          530 µm 

    Device thickness       30 µm 

 Mass width W1         200 µm 

Mass length L1        500 µm 

      Mass thickness H1    6 µm 

        Beam half-length LX       150 µm 

   Beams  width W2    2 µm 

     Beams thickness h2    2 µm 

    Capacitance gap d0   1 µm 

    Right  finger length      120 µm 

Left finger length     140 µm 

              Finger width                         4 µm 

 Finger thickness h f                         6 µm 

    Finger overlap length     100 µm 

           Number of sensing fingers    40 pairs 

 Young’s Modulus E    160 GPa
 

   The density of poly-Si         2320 kg/m
3
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The model has three layers the top layer is made of  silicon dioxide 

with a thickness of 14 μ m. The middle layer, wich have the proof-mass , 

beams, and electrodes are made of  silicon matrial coated by alminum 

material with overal thickness equal to 6 μ m, and the bottom layer is 

made of silicon dioxide with thickness of 10 μ m.   

The air-gap between the moving sensor fingers and the fixed 

sensor fingers is one micrometer.   

        The capacitances air-gap between the moveable fingers and fixed 

fingers and damping aspects were calculated under ambient conditions. 

Terminal  is the output sense voltage sensing acceleration.  

          

3.3 Material selection 

        Single-crystalline silicon (100) is chosen for the beams and proof-

mass because its properties are as light as aluminum and have the same 

young's modulus as steel. Furthermore, The coefficient of thermal 

expansion is much lower than that of thermal expansion, which makes it 

dimensionally stable even at high temperatures. 

       The proof mass should be coated with aluminum material to take 

advantage of its conductive property. The upper and lower part of the 

anchor plan for the sensor fingers, and the beams are made from silicon 

dioxide in order to take its advantage of the insulating property and to 

avoid static electricity. As for the sensor fingers, they are  made of 

aluminum. 
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3.4 Analytical design of 1-D accelerometer 

3.4.1 Mass of the proof-mass (m) 

        The dimensions of the proof mass were selected to be compatible 

with the dimensions of the beams to obtain the required accuracy, 

sensitivity, frequency, and bandwidth of the sensor. The designed 

dimension of this work is shown in table 3.2. 

Table 3.2 The designed proof-mass dimension of 1-D model 

Parameter Designed 

Length of proof-mass  L1 500 µm 

Width of proof-mass   W1 200 µm 

Thickness of proof-mass H1 6 µm 

Number of finger  N 40+12 

Finger length   Lf 114 µm 

Thus,  

      V= L1хW1 х H1 + N (Lf х Wf х hf)                          (3.1) 

V=500  10
-6

  200   10
-6   6   10

-6
 + 40(114   10

-6  4  10
-6  6 10

-6
) 

           V=709.44 10
-18

m
3
 

Mass of proof-mass (m) = ρ. V                                        (3.2) 

                                   =2320   709.44   10
-18 

=1.6459   10
-9

 kg 

  

3.4.2 The initial force on the proof-mass of 1-D model 

      The Initial force that acts on the proof mass F, at applies acceleration 

1 g is: 

          F     m.a                                                        (3.3) 

Where, 
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 a is the acceleration, 

m is the mass of the proof-mass. 

 Then,  

F = 1.6459   10
-9

 kg   1   9.8 = 1.61298   10
-8

N 

This force is applied on four beams, therefore, the force applied on a 

single beam is: 

F beam =F /4 = 0.4   10
-8 

N 

 

3.4.3 Beams deflection 

       The first end of the folded beam is attached to the proof-mass. 

While, the second end is connected to the anchor plan. To calculate the 

parameters of the system, the four folded beam was considered as a 

spring, as shown in figure 3.3.  When applied acceleration, initial force c 

moves the proof mass and then a deflection on the beams. This deflection 

is depending on the spring constant, k. 

                                                 

 

                      Figure 3.3 The structure of the folded beam 

The deflection of the beam can be calculated as follows: 

L effected =158 – (4+4) =150 µm 
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                                  (3.4) 

Where, 

 E is the young's modulus for silicon E=1.6   10
11

 N/m
2
, 

  
I is the moment of inertia of the beam. 

                  I=
        

 

  
    = 1.33333   10

-24
 m

4 

The displacement x =   =0.0054 µm 

 From equation 2.8, the displacement sensitivity (S) of the accelerometer 

is: 

                  S= 
 

 
                                                

S= 0.0054 µm/g 

For maximum deflection, a=60 g, the Maximum displacement is 

0.0053µm/g х 60g and the maximum displacement   0.324 µm  

 

3.4.4 Bending stress of the beam 

To calculating the bending stress (σ) under simple bending on a beam, 

the following derivation was used: 

       

                
  

 
                              (3.5) 

Where,  

M is the moment acting on the beam, 

  is the deflection distance. 

At 60 g acceleration on x-axis:  

M = F beam * L х 60  
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M = 0.4   10
-8

   150 10
-6   60 

M = 0.36   10
-10

 Nm 

To find the maximum bending stress, which is at maximum 

displacement, y=0.324 µm, Thus: 

   
             

            
             

            

At acceleration of 60 g 

 

3.4.5 Safety Factor  

Safety Factor = ultimate strength / maximum stress              (3.6) 

      From calculation the maximum stress when acceleration maximum at 

60 g, and ultimate strength for silicon = 7000MPa 

Thus 

Safety Factor = ultimate strength / maximum stress (  )          

 

Safety Factor = 7000/8.75 

                      = 800 

3.4.6 Natural frequency 

 From equation 2.6 

                       =√
 

 
                                           

                       =
 

  
√

 

 
       

                   K= 
 

  
                           (3.7) 



   

- 26 - 

 

       

  
 

   
 

            

        
    2.987 N/m 

Thus 

                    =
 

  
√

     

              
      = 6.78 kHz 

 

 

3.4.7 Capacitance Sensitivity 

      Accelerometer Sensitivity for capacitive accelerometer is obtained 

from difference between tow sided capacitance. The air gap between 

movable finger and fixed finger is 1 µm. The capacitance for tow sided 

are equal and ΔC= 0.  When applied 1 g acceleration The air gap was 

varied causes the capacitance in one side is increase and capacitance in 

other side is decrease. 

From equation 2.11 for x-axis and y-axis 

 

   
         

 
      

A Lf   h f 105   10
-6

  6 10
-6

 

A 630 * 10
-12

 m
2 

    
                                    

      
     223.02 f F  

From equation 2.14                                                                                                         

      
  

  
 
𝑑

 
  

  
 
𝑑
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X is the displacement      at 1g             µm 

           
  

         
 

  

         
  

   2.4087 f F 

Capacitance sensitivity     g                             

Capacitance sensitivity  2.4087 f F/g 

 

3.5 Structure design of 2-D capacitive accelerometer 

Figure 3.4 shows a 2-dimension model of the prototyped differential 

accelerometer. It was designed using MEMS technology. The 

sensordimension is 1.2 mm × 1 mm with thickness of 30µm. 

  

Figure 3.4 Structural model of the differential 2-D accelerometer 

         The model has three layers the top layer is from silicon dioxide 

with thickness of 10 μ m and the middle layer it wich have proof-mass , 

beams, and electrodes from silicon matrial coated by alminum material 
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with overal thickness of 10 μ m , and the bottom layer is from silicon 

dioxide with thickness of 10 μ m. The layers are shown in figure 3.5. 

 

Figure 3.5 Layers of structural model of the 2-D accelerometer 

     Four operating electrodes are located on the proof-mass four sides. 

The number of fingers is compatible with the size of the proof-mass.  The 

proof mass should be coated with aluminum material .To take advantage 

of the conductive property. But it is coated in a special way .Where all 

the fingers of the x-axis sensing which installed on the proof-mass are 

connected to each other as well as the y-axis. The proof mass connection 

of 2-Daccelerometer are shown in figure 3.6. 

 

Figure 3.6 Proof mass connection of  2-D accelerometer 
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       Thickness of aluminum is 100 nm. Terminal 1 is the output sense 

voltage sensing acceleration on x-axis. While terminal 2  is the output 

sense voltage sensing acceleration on y-axis. The geometrical and 

physical parameters of the 2-D model are shown in table 3.3. 

Table 3.3 Geometrical and physical parameters of the 2-D model. 

Parameters Design 

Device length             1100 µm 

Device width             1000 µm 

     Device thickness          30 µm 

   Mass width W1           500 µm 

  Mass length L1            500 µm 

       Mass thickness H1        10 µm 

    Beam length LX          200 µm 

    Beam length LY          200 µm 

      Beams  width W2     3 µm 

         Beams thickness h2     8 µm 

        Capacitance gap d0     1 µm 

         Right  finger length         120 µm 

      Left finger length        140 µm 

                 Finger width    4 µm 

       Finger thickness h f      10 µm 

           Finger overlap length        100 µm 

       Number of fingers       80 pair
 

         Young’s Modulus E         160GPa 

            The density of poly-Si                2320 kg/m
3
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3.6 Analytical design 

3.6.1 Mass of proof-mass (m) 

        The dimensions of the proof mass were selected with the 

dimensions of the beams to obtain the required accuracy, sensitivity, 

frequency and bandwidth of the sensor for two dimensions(x, and y) 

axes. The designed dimension of this work is shown in table 3.4. 

Table 3.4 the designed dimension of this work 

Parameter Designed 

Length of proof-mass   L1 500 µm 

Width 0f proof-mass   W1 500 µm 

Thickness proof-mass H1 10 µm 

Number of finger  N 80 

Finger length   Lf 114 µm 

 

From equation (3.1) 

          V= L1 х W1 х H1 + N (Lf х W f х hf)                           

           V=500 х 10
-6

 х 500 х 10
-6 х 10 х 10

-6
 + 80(114 х 4 х 10) 

           V=2.8648 х 10
-12

m
3
 

From equation (3.2) 

Mass of proof-mass (m) = ρ. V                                         

                                       =2320 kg/m
3 х 2.8648 х 10

-12
 m

3
= 6.646 х 10

-9
kg 
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3.6.2 The initial force on the proof-mass of 2-D model 

     The initial force act on the proof-mass F, at apply acceleration 1 g is: 

                         

                  F = 6.646   10
-9

kg   1   9.8 

                     =             10
-8

N 

This force divided on four beams then the force per beam 

F beam =F /4 = 1.6283   10
-8 

N 

 

3.6.3 The beams deflection 

       The beam attached with proof mass and another side fixed with 

anchor plan.  When applied acceleration on x-axis or y-axis, the initial 

force was moved the proof mass, causes deflection the beams. This 

deflection depends on spring coefficient k. Because of equal length of 

beams Lx=Ly, then equal coefficient k x=k y and equal deflection δ x=δ y. 

 

         
           

 

    
                                  (3.9) 

                  I=
        

 

  
    = 18  10

-24
 m

4 

         0.0053µm 

 From equation 2.8 the mechanical sensitivity S of the accelerometer is  

                  S= 
 

 
                                                   

S y   = S x   =  
 

 
 =0.0053µm/g 
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For maximum deflection g =60 on x-axis or y-axis then 

Maximum g     =0.0053µm/g   60 g 

Maximum     0.318 µm   Maximum     

        

3.6.4 Bending stress of the beam 

       To calculating the bending stress under simple bending in a beam is 

given using equation (3.5): 

       

                
  

 
      y                              

                   
  

  
 Х y 

M = F beam   Lx   60  

M = 1.6283   10
-8

   200   10
-6 

  60 

M = 1.954   10
-10

 Nm 

For maximum bending stress y = maximum displacement
 

Thus 

    
              

         
                     

 

3.6.5 Safety Factor  

From equation (3.6) 

Safety Factor =ultimate strength / maximum stress               

      From calculation the maximum stress when acceleration maximum 

on z-axis at 60 g and ultimate strength for silicon = 7000MPa 

Thus 
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Safety Factor = 7000/      = 644.152 

3.6.6 Natural frequency 

 From equation 2.6 

                       =√
 

 
                                           

                       =
 

  
√

 

 
       

                   K= 
 

  
                            

      From calculation δ x=δ y then k x=k y and same natural frequency. 

    
 

   
 

           

        
    12.2894 N/m 

Thus 

                    =
 

  
√

       

        
      = 6.844 kHz 

 

3.6.7 Accelerometer capacitance Sensitivity 

From equation 2.11 for x-axis and y-axis 

 

   
         

 
      

A Lf   h f 100   10
-6

   10 10
-6

 

A 1000 * 10
-12

 m
2 

    
                          

           354 f F  

From equation 2.14                                                                                                         
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𝑑

 
  

  
 
𝑑

  

X is the displacement       at 1g            µm 

Thus 

           
  

        
 

  

        
  

   3.8 f F 

Capacitance sensitivity     g                             

Capacitance sensitivity for x-axis and y-axis 3.8 f F/g 

 

3.7 Three-dimensional capacitive accelerometer 

       Figure 3.7 shows a three dimension model of the prototyped 

differential accelerometer designed using MEMS technology, the sensor 

has overall dimensions of approximately    1.1 mm × 1mm with a 

structural thickness of approximately 30 μ m. 

 

Figure 3.7 Structural of the 3-D differential accelerometer 
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       The model has three layers the top layer is from silicon dioxide with 

thickness of 10 μ m and the middle layer it wich have proof-mass , 

beams, and electrodes from silicon matrial coated by alminum material 

with overal thickness of 10 μ m , and the bottom layer is from silicon 

dioxide with thickness of 10 μ m. The layers are shown in figure 3.8. 

 

Figure 3.8 Layers of structural model of the 3-D accelerometer 

     Six operating electrodes are located on the four sides of the proof 

mass, and up and down of the proof mass. The number of fingers is 

compatible with by the size of the proof mass.  The proof mass should be 

coated with aluminum material .To take advantage of the conductive 

property. But it is coated in a special way .Where all the fingers of the x-

axis sensing which installed on the proof-mass are connected to each 

other as well as the y and z axes. The proof mass connection of 3-D 

accelerometer is shown in figure 3.9. 
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Figure 3.9 Proof mass connection of  2-D accelerometer 

       Thickness of aluminum is 100 nm. Terminal 1 is the output sense 

voltage sensing acceleration on x-axis. Terminal 2 is the output sense 

voltage sensing acceleration on y-axis. Terminal 3 is the output sense 

voltage sensing acceleration on z-axis.  

3.7.1 Specifications of the accelerometer  

     The accelerometer is designed to sense the acceleration in three 

dimensions, the x and y dimensions, sensed by the sense fingers that are 

perpendicular to the direction of movement. The third dimension must be 

sensed by the upper two electrodes and the lower two electrodes. The 

sensing ranges -60g - 60g for three dimensions. 

          The proof mass is suspended in the center in a way that allows it to 

move when any acceleration and in all directions are applied to the 

structure. The motion of the proof mass causes a change in the distance 

between the electrodes, causing a change in the capacitance through 

which we can find the amount of acceleration. 

The geometrical and physical parameters of the 3-D model are 

shown in table 3.5. 
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Table 3.5 Geometrical and physical parameters of the 3-D model 

Parameters Design 

Device length 1100 µm 

Device width 1000 µm 

Device thickness 30 µm 

Mass width W1 500 µm 

Mass length L1  500 µm 

Mass thickness H1 10 µm 

Beam length LX 200 µm 

Beam length LY 200 µm 

Beams  width W2 3 µm 

Beams thickness h2 8 µm 

Capacitance gap d0 1 µm 

Right  finger length 120 µm 

 Left finger length 140 µm 

Finger width 4 µm 

finger thickness h f 10  µm 

Finger overlap length 100 µm 

Number of sensing fingers 80 pair
 

Young’s Modulus E 160GPa 

Spring constant K x= K y 16.3  N/m 

Spring constant K z total 19.17  N/m 

The density of poly-Si  2320 kg/m
3
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3.8 Material selection for 3-D model 

        Single-crystalline silicon (100) is chosen for the beams and proof-

mass because its properties are as light as aluminum and have the same 

young's modulus as steel and the thermal expansion coefficient is much 

lower than that of steel making it dimensionally stable even at high 

temperatures 

       The proof mass should be coated with aluminum material .To take 

advantage of the conductive property. But it is coated in a special way 

.Where all the fingers of the x-axis sensing which installed on the proof-

mass are connected to each other as well as the y-axis. while the 

electrodes of the z-axis, which are aluminum coating areas that connect 

with each other without prejudice to other connections. And the upper 

and lower part of the anchor plan for the sensor fingers and for the beams 

and from the sensor consists of silicon oxide in order to take advantage 

of the insulating property and to avoid static electricity. As for the sensor 

fingers and the upper and lower electrodes, they are made of aluminum. 

 

3.9 Analytical design 

3.9.1Mass of proof-mass (m) 

The dimensions of the proof mass were selected with the dimensions of 

the beams to obtain the required accuracy, sensitivity, frequency and 

bandwidth of the sensor for three dimensions(x, y, and z).The designed 

dimension of this work is shown in table 3.6. 
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Table 3.6 the designed proof-mass dimension of 3-D model         

Parameter Designed 

Length of Proof-mass   L1 500 µm 

Width of Proof-mass    W1 500 µm 

Thickness of Proof-mass H1 10 µm 

Number of finger  N 80 

Finger length   Lf 114 µm 

 

Thus  

          V= L1 W1 H1 + N (Lf  Wf     h f)                           

           V=500 10
-6

  500 10
-6 10 10

-6
 + 80(114   4   10)  10

-18
 

           V=2.7944*10
-12

m
3
 

Mass of proof-mass (m) = ρ. V                                        (2.13) 

                                        =2320 kg/m
3   2.5 10

-12
 m

3
= 6.646 µg 

  

3.9.2 The initial force on the proof-mass of 3-D model 

     The initial force act on the proof-mass F, at apply acceleration 1 g is: 

                         

                  F = 6.646  10
-9

   1  9.8 = 6.513 10
-8

N 

This force divided on four beams then the force per beam 

F beam =F /4 = 1.628   10
-8 

N 
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3.9.3 The beams deflection 

       The beam attached with proof mass and another side fixed with 

anchor plan when applied acceleration on x-axis or y-axis the initial force 

causes move the proof mass causes deflection the beams, this deflection 

depend on spring coefficient k because of equal length of beams Lx=Ly 

then equal coefficient k x=k y and equal deflection δ x=δ y. 

From equation (3.4) 

 

        
         

 

    
                                   

                  I=
      

 

  
    = 128   10

-24
 m

4 

        0.0053µm 

 From equation 2.8 the mechanical sensitivity S of the accelerometer is  

                  S= 
 

 
                                                   

S y   = S x   = 
 

 
   =0.0053µm/g 

For maximum deflection g =50 on x-axis or y-axis then 

Maximum                   g 

Maximum   0.318 µm   Maximum    

        

          When the acceleration on z-axis the two beams are effective and 

the deflection equal to summation of deflection of the first beam plus 

deflection of second beam show figure 3.10. 
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Figure 3.10 Shape of beams at acceleration on z-axis 

The best method to calculate the deflection in this case is calculating 

constant of spring and then we can to calculate the deflection 

(displacement at 1 g acceleration on z-axis). 

 For one folded beam[19] 

       k=
 

 
      

  

  
                                                             (3.10) 

    For four folded beams  

    KZ Total=        
  

  
   

 
    

                    15.36 N/m 

    
 

 

   
  

             

      
 

   0.00424 µm 

From equation 2.8 the sensitivity s of the accelerometer for z-axis is 

                  S= 
 

 
                                                   

S z  0.00424 µm/1g    0.00424 µm/g 

  

Maximum deflection for z-axis        0.00424 µm/g   60  

       0.254 µm 
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3.9.4 Bending stress of the beam 

The bending stress under simple bending in a beam is given using 

equation (3.5): 

 

                
  

 
                                   

    
   

𝐼 
   

M x =M Y = F   Lx    60  

M x = 1.63   10
-8

   200  10
-6 

 60 

M x = 1.956   10
-10

 Nm 

For maximum bending stress y = maximum displacement=1 µm
 

Thus 

       
              

        
          

 

                  

 

At acceleration of 60 g on z-axis  

MZ  F   (Lx +LY)    60 

MZ  2 F   Lx    60  2 1.956   10
-10

 

MZ        10
-10

 

                 
  

𝐼 
   

IZ  
      

 

  
    = 128   10

-24
 m

4
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For maximum bending stress y = 1  10
-6 

 

    
            

         
        

 

                

 

3.9.5 Safety Factor  

     Safety factor is the ratio of the ultimate strength divided by the 

maximum stress that is in equation (3.6) :              

Safety Factor =ultimate strength / maximum stress               

      From calculation the maximum stress when acceleration maximum 

on x-axis at 60 g and ultimate strength for silicon = 7000MPa 

Thus 

Safety Factor = ultimate strength / maximum stress (  )          

 

Safety Factor = 7000/       

                      = 644.152 

 

3.9.6 Natural frequency 

 From equation 2.6 

                       =√
 

 
                                           

                       =
 

  
√
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From equation 3.7 

                K= 
 

  
                            

      From calculation δ x=δ y then k x=k y and same natural frequency but 

δ z was different then k z   k x and have different natural frequency. 

 

    
 

   
 

         

        
    11.8 N/m 

Thus 

        =
 

  
√

    

        
      = 6.706 kHz at acceleration on x and y axes 

At acceleration on z-axis  

       15.36 N/m 

                    =
 

  
√

      

        
      = 7.655 kHz 

 

3.9.7 Accelerometer capacitance Sensitivity 

      Accelerometer Sensitivity for capacitive accelerometer is obtained 

from difference between tow sided capacitance, The air gap between 

movable finger and fixed finger is 1 µm and the capacitance for tow 

sided are equal and ΔC= 0 when applied 1 g acceleration The air gap was 

varied causes the capacitance in one side is increase and capacitance in 

other side is decrease. 

 

From equation 2.11 for x-axis and y-axis 
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A Lf   h f 100   10
-6

   10 10
-6

 

A 1000   10
-12

 m
2 

    
                          

           354 f F  

From equation 2.14                                                                                                         

      
  

  
 
𝑑

 
  

  
 
𝑑

  

 

X is the displacement       at 1g            µm 

Thus 

         
  

        
 

  

        
  

   3.7724 f F 

Capacitance sensitivity     g                             

Capacitance sensitivity for x-axis and y-axis 3.7724 f F/g 

        At acceleration on z-axis the capacitance between movable proof 

mass with top and bottom electrodes the air gap 1µm and when applied 

acceleration on z-axis the up gap is difference from down cap causing 

difference capacitance  

Area of electrode   200  10
-6

   500   10
-6 

                                   0.1   10
-6

 m
2 

Thus 
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           885 f F  

From equation 2.14                                                                                                         

      
  

  
 
𝑑

 
  

  
 
𝑑

  

X is the displacement       at 1g           

            
  

         
 

  

         
  

   6.9 f F 
 

Capacitance sensitivity     g 

Capacitance sensitivity for z-axis  6.9 f F/g 
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CHAPTER FOUR 

SIMULATION RESULTS 

4.1 FEM modeling and simulation 

        The Finite Element Method (FEM) is a general numerical method 

for solving partial differential equations in two or three space 

variables[45, 46]. It is a widely used for solving mathematical modeling 

equations that arise in engineering and mathematical modeling as well as 

areas of interest including mass transfer, structural analysis[47, 48], fluid 

flow, heat transfer, and electromagnetic potential. 

        To solve a problem, FEM breaks the large system into smaller and 

simpler parts. This is achieved through a specific estimation of space in 

the dimensions of space, which is carried out by creating a grid of the 

object[49, 50]. The FEM formulation of the boundary value problem 

eventually leads to the algebraic equations of the system. FEM 

approaches the unknown function in the field[51, 52]. 

           Then the small equations representing these elements are 

combined into a bigger system of equations that represents the entire 

problem. Then FEM uses different methods to compute the differences to 

approximate the solution by reducing the associated error function[53-

56].         

        Several FEM tools are commercially available for MEMS modeling 

and simulation such as Intellisuite [57], MEMS Pro [58], 

CoventorWare[12, 51, 59, 60],  COMSOLMultiphysics[61], ..Etc. 

However, in this thesis COMSOLMultiphysics 5.5 was used to simulate 

three types of accelerometers, 1-D, 2-D, and 3-D. 
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4.2 Mesh convergence study 

      Mesh convergence study is determines how many elements in a 

model are required to guarantee the results of an analysis are not varied 

by changing the size of the mesh. Basically, system response will 

converge to a repeatable solution with increasing mesh density. 

      It is known that the higher the density of the mesh causes higher 

accuracy in the results. But when the density of the mesh is uniform, this 

leads to all the model points have the same density. The density of the 

mesh depends on the length of the element. This requires a large memory 

and a long time to solve a problem. But, when the mesh is distributed 

irregularly, the active places in the system will be high density and the 

size of the element is relatively small. While in the ineffective places the 

density is low and the size of the elements is relatively large. 

       The density of the mesh in the irregular distribution is depending on 

the followings: 

1- Maximum element size. 

2- Minimum element size. 

3- Maximum element Growth rate. 

4- Curvature factor. 

5- Resolution of narrow regions. 

 

4.3 Simulation of 1-D accelerometer 

4.3.1 Mesh convergence study of 1-D accelerometer 

       Mesh convergence study of the 1-D model have a mesh parameters 

as shown in table 3.1.When an acceleration of 1g is applied to the model 

with different mesh parameters, as described in the previous section, the 

proof-mass displacement was calculated for each mesh. We noticed that 
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when the density of the mesh is increases, the displacement will be 

increases too, which means increasing in measurement accuracy. 

However, at a certain limit of the number of elements, the displacement 

remains constant, as shown in Figure 4.1. 

Table 4.1 Meshes convergence for 1-D model 

Max. 

element 

(µm) 

Min. 

element 

(µm) 

Growth 

rate  

Curvature 

factor 

Resolution 

of narrow 

region 

No. of 

element 

Displacement 

(µm) 

171 36 1.7 0.8 0.3 12108 0.004046 

135 25.2 1.6 0.7 0.4 17648 0.004883 

90 16.2 1.5 0.6 0.5 24090 0.008512 

72 9 1.45 0.5 0.6 55501 0.008901 

50 3.6 1.4 0.4 0.7 94762 0.008991 

31.5 3 1.35 0.3 0.85 147045 0.00903 

18 2 1.3 0.2 1 274771 0.009067 

9 1 1.25 0.1 1 474834 0.009067 

 

 

Figure 4.1 Mesh convergence simulation result of 1-D accelerometer 
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        From figure 4.1, we can see that at a number of elements of 94762 

elements and more, for the frame structure of the accelerometer, the 

variation in the proof mass displacements are less than 1%, and then the 

convergence was achieved. 

     

Figure 4.2 Meshed model of 1-D accelerometer structure 

 

4.3.2 Acceleration vs. displacement of the 1-D accelerometer 

       To simulate the device, acceleration ranges from 0 g to 60 g with a 

step of 5 g are applied to the 1-D accelerometer. The displacements from 

0 g to 60 g on the x-axis were obtained as output. Then acceleration 

ranges from (-60 g to 0 g) with a step of 5 g are applied to the 1-D 

accelerometer. The displacements from -60 g to 0 g were obtained as 

output. The surface displacements of every point of 1-D model at 

acceleration of 60 g are shown in figure 4.3. 
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Figure 4.3 Surface displacement of 1-D model at acceleration of 60 g 

 

    Table 4.2 and figure 4.4 show the displacement as a function of 

acceleration x = f(g) and the relationships is linear between acceleration 

and proof-mass displacement. 
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Table 4.2 Acceleration vs. displacement of proof-mass of 1-D model 

 

Acceleration (g) Displacement (µm) Displacement (µm) at - g 

0 0 0 

5 0.027182269 -0.02718 

10 0.054364533 -0.05436 

15 0.081546792 -0.08155 

20 0.108729045 -0.10873 

25 0.135911291 -0.13591 

30 0.16309353 -0.16309 

35 0.190275761 -0.19028 

40 0.217457984 -0.21746 

45 0.244640198 -0.24464 

50 0.271822403 -0.27182 

55 0.299004599 -0.299004 

60 0.326186785 -0.32619 

 

       The maximum displacement equal to 0.326186785 µm at applies 

acceleration of 60 g. 

From equation 2.8 

 The mechanical sensitivity S= 0.0054 
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Figure 4.4 Acceleration vs. displacement of the 1-D accelerometer 

 

4.3.3 Acceleration vs.  ΔC of the 1-D accelerometer 

      Accelerometer Sensitivity for 1-D capacitive accelerometer is 

obtained from difference between tow sided capacitance. The air gap 

between movable finger and fixed finger is 1 µm and the capacitance for 

two sided at 0 g are equal and ΔC= 0. When applied acceleration from 0 

g to 60 g step 5g to the 1-D accelerometer. For negative acceleration, 

acceleration from -60g to 0g with step 5g is applied to the 1-D 

accelerometer. The differences between two sided capacitance ΔC are 

obtained as output. 

         The air gap was varied causes the capacitance in one side is 

increase and capacitance in other side is decrease causes ΔC increase.                                                                                                                                                                 

Table3.5 and figure3.7 below is the simulation results. 
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Table 4.3 Acceleration and difference capacitance of 1-D accelerometer 

Acceleration (g) ΔC (fF) ΔC (fF) at -g 

0 0 0 

5 12.13318 -12.1332 

10 24.32031 -24.3203 

15 36.61613 -36.6161 

20 49.07704 -49.077 

25 61.76192 -61.7619 

30 74.73312 -74.7331 

35 88.05757 -88.0576 

40 101.8079 -101.808 

45 116.0641 -116.064 

50 130.915 -130.915 

55 146.4603 -146.46 

60 162.8134 -162.813 

 

From equation 2.15 

Capacitance sensitivity      g       

Capacitance sensitivity               g         
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Figure 4.5 Acceleration vs. difference of capacitance of 1-D acceleration 

         From figure 4.5 it is clear the relationship between acceleration and 

difference of capacitance is nonlinearity but it is close to a linear 

relationship. 

 

4.3.4 Bending stress of 1-D accelerometer 

          Stress in the beams occurs when acceleration is applied to the 

accelerometer. The stress is distributed irregularly. In a certain areas the 

stress is relatively high while it is relatively low in others according to 

the shape of the beams and the direction of acceleration. Calculating the 

maximum stress is important, as each subject has a certain level of stress 

tolerance. The model must be designed so that the maximum stress due 

to acceleration is less than the maximum stress that the material can 

withstand (UTS). For silicon material UTS is 7000 MPa. 
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Figure 4.6 Surfaces and max. Stress in 1-D model 

 

     From figure 4.6 the simulation result for maximum stress is 8.088 

MPa. The maximum stress occurs at corner point of the beam as shown 

in figure 4.6.  

 

4.3.5 Time response of 1-D accelerometer 

       Time response is done to estimate the device transient analysis to the 

applied acceleration input to the model. 

 

4.3.5.1 Time response of low range acceleration input 

      Low range acceleration (0.01g-1g) is applied on the structure to 

measure rising time, damping ratio, and resolution. The displacements 
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are calculated in the time from 0 s to 1.2 ms. with step 0.025. Using time-

dependent in COMSOL Multiphasic 5.5. Figure 4.2 is the results of time 

response of the device. 

 

 
 

Figure 4.7 Time response of the 1-D device of low range acceleration 

 

 

Referring to figure 4.7 we obtained: 

          and              rad / s 

The rise time =0.05 ms 

The device has high resolution approximately    0.05 g 

 

4.3.5.2 Time response of high range acceleration input 

       High range acceleration input (96 g-118 g) is applied on the 1-D 

model. In a time from 0 s to 1.2 ms. with step of 0.025 ms by using time-

dependent in COMSOLMultiphysics 5.5.  The result is shown in  
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figure 4.3 to measure Maximum value of acceleration before the device 

gets a damaged the results are shown in figure 4.8. 

 

 
Figure 4.8 Time response of the 1-D device of high range acceleration 

 

     The highest acceleration that can be measured before the device gets 

damage is the acceleration that causes the full displacement. That causes 

short circuit between the moving fingers and the fixed fingers. From the 

figure 4.8, when the acceleration is 112 g, the excessive displacement 

equal to 1 micrometer, which causes the device to get damage and the 

capacitance equal to zero as shown in Figure 4.9. 
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Figure 4.9 Capacitance vs. time in case of very high acceleration. Inset is 

the snapshot of the 1-D device at the collapse 

 

4.3.6  Frequency response  

        Frequency response is done to estimate the device sensitivity and 

frequency to applied acceleration input. Acceleration from 0g to 50g with 

step of 10g are applied on the 1-D accelerometer with frequency by using 

frequency domain in COMSOL Multiphasics 5.5. Figure 4.5 is the results 

of frequency response. 

 
 

Figure 4.10 Frequency responses of 1-D model 
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From figure 4.10 center frequency equal to 6.5 kHz with band width 

approximately more than 1000       Hz. 

 

4.3.7 Output dc voltages vs. acceleration of 1-D accelerometer 

     Applying an alternating input voltage on the sensor fingers, for long 

fingers applied Vin, and for short fingers applied –Vin. The sensing signal 

is the proof-mass voltage. The amplitude of sensing signal depends on 

the amount of the acceleration. Therefore, the sensing signal is 

considered as amplitude modulating AM signal .To find the output dc 

voltage, coherent detector technique was used. The equivalent electrical 

circuit of the sensor is shown in figure 4.11. 

 

  
Figure 4.11 The equivalent electrical circuit of the sensor 

 

              𝑉   
  

     
 

 

     The sensing signal from COMSOL Multiphasics 5.5 of 1-D model, 

when Vin is 2 V (peak voltage) with 300 Hz is shown in figure 4.12. 
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Figure 4.12 The sense voltage vs. acceleration of 1-D model 

  To complete the simulation result of the output dc voltage, matlab 

Simulink for amplifier, coherent detector, and LPF circuits were used, as 

shown in figure 4.13.  

 
Figure 4.13 Electronic circuit of 1-D accelerometer 

1kΩ 

R 

R1 
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Where,    is the reverse bias saturation current,  

               is the thermal voltage 

 

 

V3          (
       

          
     )     

 

V4            (
       

          
     )        (

      

   
)] 

 

V4          (
       

    
        

      )   

 

V5             (
  

  
) 

 

V5              (
       

    
        

      )  

 



   

- 63 - 

 

V5 
  

     (
       

       
      ) 

 

   11mA 

 

V5 
      

     
(
 

 
 

 

 
      ) 

 

LPF is cut the AC part thus; 

 

V0  V6 
     

     
           It is DC output voltage 

 

The amplifier has overall gain 25 dB at frequency of 100 Hz. The 

frequency response with gain in (dB) is shown in figure 4.14. 

 

 
 

                 Figure 4.14 Frequency response of electronic circuit 
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The signals flows in the electronic circuit at acceleration of 60 g are 

shown in figure 4.15.  

 

 
 

 
 

     
Figure 4.15 The signals flow in the electronic circuit at acceleration of  

60 g 

V1 V2 

V3 
V4 

V5 V6=VO 
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The signals flows in the electronic circuit at acceleration of -60 g are 

shown in figure 4.16.  

 
 

    
 

      
Figure 4.16 The signals flow in the electronic circuit at acceleration 

of -60g 

V1 V2 

V6=VO 

V5 

V3 V4 
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The output dc voltage vs. acceleration is shown in figure 4.17.  

    

 
 

Figure 4.17 Output dc voltages vs. acceleration of 1-D accelerometer 

                 The output dc voltage sensitivity of 1-D accelerometer is equal 

to 0.607 V/g. 

 

4.4 Simulation design of 2-D accelerometer 

4.4.1 Mesh convergence study of 2-D accelerometer 

       Mesh convergence study of the 2-D model have a mesh parameters 

as shown in table 4.4. An acceleration of 1g is applied to the model with 

different mesh parameters, as described in the section 4.2; the proof-mass 

displacement was calculated for each mesh. 

   Mesh convergence study of the model have the parameters shown in 

table 4.4. 
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Table 4.4  Meshes convergence study for 2-D model. 

Max. 

element 

(µm) 

Min. 

element 

(µm) 

Growth 

rate 

(µm) 

Curvature 

factor 

Resolution 

of narrow 

region 

No. of 

elements 

Displacement 

(µm) 

450 63 2 1 0.1 7724 0.004264 

270 48.6 1.85 0.9 0.2 10975 0.004672 

171 36 1.7 0.8 0.3 14314 0.005082 

135 25.2 1.6 0.7 0.4 22061 0.005293 

90 16.2 1.5 0.6 0.5 29327 0.005539 

72 9 1.45 0.5 0.6 52240 0.005831 

50 3.6 1.4 0.4 0.7 113156 0.005885 

31.5 1.35 1.35 0.3 0.85 202472 0.005906 

18 0.18 1.3 0.2 1 374834 0.005922 

 

 

Figure 4.18 Mesh convergence of 2-D model 
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       From figure 4.18, we can see that at a number of elements of 202472 

elements and more, for the frame structure of the accelerometer, the 

variation in the proof mass displacements are less than 1%, and then the 

convergence was achieved. 

 

 

Figure 4.19 Meshed model of 2-D accelerometer structure 

      The shapes of the elements at mesh density of 202472 elements are 

tetrahedral elements as shown in figure 4.19. It is clear how elements are 

distributed. In the effected regions, the elements are small enough with 

high number of elements as in fingers and beams. While in the other 

ineffective regions the size of the elements are relatively bigger. 

 

4.4.2 Acceleration vs. displacement of 2-D accelerometer 

       To simulate the 2-D accelerometer device, acceleration ranges from 

(0 g to 60) g  with a step of  5 g were applied and the  displacements from 

(-60 g to 0 g) on the x-axis were obtained. The same procedures were 

used for the acceleration on the y-axis.  
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Figure 4.20 Surface displacement when acceleration on the x-axis of      

2-D model 

 

Figure 4.21 Surface displacement when acceleration on the y-axis of      

2-D model 

From figure 4.20 and 4.21 the beam causing the displacement, which the 

stress occurs in the perpendicular beam. While the other beam is stay fix 

without any stress. 
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When accelerating in the direction on Y axis, the beam causing the 

displacement and the stress occurs is the horizontal beam, and the other 

beam continuous to move with proof mass without any stress. 

        The results of the simulation are shown in figure 4.22, and table 4.5. 

Table 4.5 Acceleration on x-axis vs. displacement of proof-mass of 2-D 

model 

Acceleration 

(g) 

Displacement 

(µm) 

Displacement at -g 

(µm) 

0 0 0 

5 0.029415663 -0.029415663 

10 0.058831317 -0.058831317 

15 0.088246956 -0.088246956 

20 0.117662573 -0.117662573 

25 0.147078161 -0.147078161 

30 0.176493716 -0.176493716 

35 0.205909229 -0.205909229 

40 0.235324695 -0.235324695 

45 0.264740108 -0.264740108 

50 0.294155461 -0.294155461 

55 0.323571007 -0.323571007 

60 0.352986553 -0.352986553 
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Figure 4.22 Acceleration vs. Proof mass displacement of 2-D model 

 

         Table 4.5 and figure 4.22 show the displacement as a function of 

acceleration X= f(g) and the relationship is a  linear between acceleration 

and proof mass displacement. From equation 4.8: 

Mechanical sensitivity S= 0.005436 µm/g 

      The maximum displacement equal to 0.326186785 µm at applies 

acceleration of 60 g. 

 

4.4.2 Acceleration vs. capacitance of 2-D accelerometer 

The air gap between movable finger and fixed finger is 1 µm and the 

capacitance for two sided at 0 g are equal and ΔC= 0. When applied 

acceleration from 0 g to 60 g step 5g as input to the 2-D model. For 

negative acceleration applied from -60g to 0g with step 5g as input to the 
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2-D model. The differences between two sided capacitance ΔC are 

obtained as output. 

         The air gap was varied causes the capacitance in one side is 

increase and capacitance in the other side is decrease causes ΔC increase.                                                                                                                                                                 

Table 4.6 are the simulation results. 

Table 4.6 Acceleration on x-axis with capacitances and difference 

capacitance of 2-D model 

Acceleration (g) C1 (fF) C2  (fF) ΔC(fF) ΔC at -g (fF) 

0 353.89 353.89 0 0 

5 364.6154 343.7775552 20.83785 -20.8378 

10 376.0112 334.2269862 41.78425 -41.7843 

15 388.1424 325.1927314 62.94965 -62.9497 

20 401.0824 316.6340259 84.44836 -84.4484 

25 414.9149 308.5142861 106.4006 -106.401 

30 429.7356 300.8005868 128.9351 -128.935 

35 445.6543 293.4632155 152.1911 -152.191 

40 462.7977 286.4752897 176.3224 -176.322 

45 481.3128 279.8124277 201.5004 -201.5 

50 501.371 273.4524643 227.9186 -227.919 

55 523.1739 267.3751526 255.7988 -255.799 

60 546.9593 261.5620969 285.3972 -285.397 

 

From equation 2.15 

Capacitance sensitivity      g              g         
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4.4.3 Bending stress of 2-D accelerometer 

An acceleration of 60 g in the direction of the x-axis is applied to the 2-D 

model. The surface stress and maximum stress are shown in Figure 4.23. 

 

 

 

 

 

 

 

Figure 4.23 Bending stress for x-axis of 2-D accelerometer 

 

         From simulation, the maximum stress occurs at the point of contact 

of the beam with the proof mass, as shown in figure 4.23. The obtained 

magnitude was 10.8644 MPa, which is very low compared to UTS (7000 

MPa). This means that the safety factor is high. 

    For y-axis, an acceleration of 60 g in along the y-axis was applied to 

the model. The surface stress and maximum stress are shown in Figure 

4.24. The magnitude of maximum stress was 10.7986 MPa, which is 

equal to the maximum stress when the acceleration was applied on x-

axis. 
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Figure 4.24 Bending stress for y-axis of 2-D accelerometer 

 

       From simulation the maximum stress occurs at the point of contact 

the beam with the anchor plan, as shown in figure 4.24.  

 

4.4.5 Time response of 2-D accelerometer 

       Time response was done to estimate the 2-D accelerometer transient 

analysis to the applied acceleration input. 

 

4.4.5.1 Time response of low range acceleration input 

              Low range acceleration (0.01g-0.5g) is applied on the structure 

in times from 0 s to 1.2 ms. with step 0.025 ms for x-axis and y-axis to 

measure rising time, damping ratio, and resolution. To simulation the 

device for acceleration on x and y axes used time-dependent key in 

COMSOL Multiphasic 5.5. Because of the lengths of the two beams (Lx, 

LY) are equal, then the same results for the x and y axis. The simulation 

results are shown in figure 4.25 for acceleration on x and y axes. 
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Figure 4.25 Time response of low range acceleration input for 2-D 

accelerometer 

 

    The simulation results are: 

          

              Rad/s 

And the rise time = 0.035 ms 

Device has high resolution approximately    0.05 g 

 

4.4.5.2 Time response of high range acceleration input 

High range acceleration input (90 g-96 g) for x and y axis was 

applied on the structure to measure Maximum value of acceleration 

before the device gets a damaged. In a time from 0 s to 1.2 ms. with a 

step 0.025 ms by using time-dependent in COMSOLMultiphysics 5.5. 

Figure 4.26 and Figure 4.27 are the results of time response of high range 

acceleration input.  
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Figure 4.26 Time response of the 2-D device high range of acceleration 

 

  
Figure 4.27 Capacitance vs. time in case of very high acceleration. Inset 

is the snapshot of the 2-D device fingers at the collapse 

 

    The highest acceleration that can be measured before the device gets 

damage is the acceleration that causes the full displacement. That causes 

short circuit between the moving fingers and the fixed fingers. From the 
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figure 4.26, when the acceleration is 96 g, the excessive displacement 

equal to 1 micrometer, which causes the device to get damage and the 

capacitance equal to zero as shown in Figure 4.27. 

 

4.4.6 Frequency response of 2-D accelerometer  

             Frequency response is done to estimate the device sensitivity and 

frequency to applied acceleration input. Acceleration from 0g to 50g with 

step of 10g is applied on the 2-D accelerometer with frequency by using 

frequency domain in COMSOL Multiphasics 5.5. Because of the beams 

Lx, LY are equal lengths, then the same responses for the x and y axes. 

Figure 4.28 is the simulation results. 

  

 

Figure 4.28 Frequency response of 2-D accelerometer 

 

       From figure 4.28 the center frequency equal to 6.5 kHz with band 

width approximately 1000      Hz. 
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4.4.7 Output dc voltages vs. acceleration of 2-D accelerometer 

     Applying an alternating input voltage on the sensor fingers, for long 

fingers applied Vin, and for short fingers applied –Vin. The sensing signal 

is the proof-mass voltage terminal 1for x-axis terminal 2 for x-axis.  

       The amplitude of sensing signal depends on the amount of the 

acceleration. Therefore the sensing signal is considered as AM signal .To 

find output dc voltage using coherent detector (synchronous detector). 

The simplified equivalent circuit of the device for each axis is shown in 

figure 4.11. 

 

     The sensing signal from COMSOL Multiphasics 5.5 of 2-D model, 

when Vin is 2 V (peak voltage) is shown in figure 4.29. 

 

 

 

Figure 4.29 The sense voltage vs. acceleration of 2-D model 
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     To complete the simulation result of the output dc voltage using 

matlab Simulink for amplifier, coherent detector circuits shown in figure 

4.13. Using two circuits one for each axis. The output dc voltage vs 

acceleration for x or y axes is shown in figure 4.30. 

 

 

Figure 4.30 Output dc voltages vs. acceleration of 2-D accelerometer 

      The output dc voltage sensitivity of 2-D accelerometer is equal to 

1.45 V/g. 

 

4.5 Simulation design of the 3-D accelerometer 

4.5.1 Mesh convergence study of 3-D accelerometer 

       Mesh convergence study of the model have the parameters shown in 

table 4.7. 
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Table 4.7 Meshes convergence study for 3-D model 

Max. 

element 

(µm) 

Min. 

element 

(µm) 

Growth 

rate 

(µm) 

Curvature 

factor 

Resolution 

of narrow 

region 

No. of 

element 

Displacement 

(µm) 

450 63 2 1 0.1 8091 0.004264 

270 48.6 1.85 0.9 0.2 12321 0.004672 

171 36 1.7 0.8 0.3 16728 0.005082 

135 25.2 1.6 0.7 0.4 27190 0.005293 

90 16.2 1.5 0.6 0.5 37316 0.005539 

72 9 1.45 0.5 0.6 68130 0.005831 

50 3.6 1.4 0.4 0.7 128191 0.005885 

31.5 1.35 1.35 0.3 0.85 225938 0.005906 

18 0.18 1.3 0.2 1 420753 0.005922 

 

            When an accelerations of 1g is applied to the model for different 

mesh according to their parameters. The proof-mass displacement was 

calculated for each mesh. We noticed that when the density of the mesh 

is increases, the displacement will be increases too, which means 

increasing in measurement accuracy. However, at a certain limit of the 

number of elements, the displacement remains constant, as shown in 

Figure 4.31. 
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Figure 4.31 Mesh convergence simulation result of 3-D model  

       From figure 4.31, we can see that at a number of elements of 225938 

elements and more, for the frame structure of the accelerometer, the 

variation in the proof mass displacements are less than 1%, and then the 

convergence was achieved. 

            

                    Figure 4.32 Meshed model of 3-D accelerometer structure 
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      The shapes of the elements at mesh density of 225938 elements are 

tetrahedral elements as shown in figure 4.32. It is clear how elements are 

distributed. In the effected regions, the elements are small enough with 

high number of elements as in fingers and beams. While in the other 

ineffective regions the size of the elements are relatively bigger. 

4.5.2 Acceleration vs. displacement of 3-D model 

       To simulate the device, acceleration ranges from 0 g to 60 g with a 

step of 5 g are applied and the displacements from -60 g to 0 g on the x-

axis were obtained. The same procedure for the acceleration on the y-

axis, and z- axis at same range, was obtained.  

4.5.2.1 Acceleration on x-axis vs. displacement of 3-D model 

      Applying acceleration from 0 g to 60 g step 5 g on x direction as 

input to the model and obtain the proof- mass displacement as output, 

and for negative acceleration apply from -60g to 0g as input and obtain 

proof mass displacement as output. 

 

Figure 4.33 Surface displacement when acceleration on x-axis of 3-D 

model 
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       Figure 4.33 is screen shoot explain the displacement of every point 

of accelerometer at acceleration of 60 g on the x-axis and explain 

gradually displacement in beams and explain in which beam the 

deflection occurs, note that the blue fingers are the fixed fingers and the 

red fingers are movable fingers. Table 4.8 and figure 4.33 is the result of 

simulations. 

Table 4.8 Acceleration on x-axis Vs. displacement of proof-mass of 3-D 

model 

Acceleration 

(g) 

Displacement X 

(µm) 

Displacement X at -g 

(µm) 

0 0 0 

5 0.029415663 -0.029415663 

10 0.058831317 -0.058831317 

15 0.088246956 -0.088246956 

20 0.117662573 -0.117662573 

25 0.147078161 -0.147078161 

30 0.176493716 -0.176493716 

35 0.205909229 -0.205909229 

40 0.235324695 -0.235324695 

45 0.264740108 -0.264740108 

50 0.294155461 -0.294155461 

55 0.323571007 -0.323571007 

60 0.352986553 -0.352986553 
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          The maximum displacement equal to 0.352986553 µm at apply 

acceleration of 60 g on x-axis 

From equation 2.8 

Mechanical sensitivity S= 
 

 
                                       

Mechanical sensitivity S= 0.005882 µm/g 

 

Figure 4.34 Acceleration on x-axis Vs. Proof mass displacement of 3-D 

model 

         Table 4.8 and figure 4.34 show the displacement as a function of 

acceleration on x-axis X= f(g) and the relationships were leaner between 

acceleration and proof mass displacement. 

 

4.5.2.2 Acceleration on y-axis vs. displacement 

      For simulation y-axis using same procedure in x-axis and obtain the 

proof mass displacement. Since beams have equal lengths, the 

displacement is approximately equal than it was when calculating the 
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acceleration in the x-axis direction, but the beam causing the 

displacement is the beam perpendicular to the direction of acceleration. 

As shown in the figure 4.35. 

 

Figure 4.35 Surface displacement when acceleration on y-axis 

 

       From Figures 4.33 and 4.35 it can be seen that the beam causing the 

displacement is the beam perpendicular to the direction of acceleration 

when the direction of acceleration was in the direction of the x-axis the 

beam causing the displacement which the stress occurs is the 

perpendicular beam while the other beam stay fixed with anchor plan 

without any stress. 
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      When accelerating in the direction of the y axis, the beam causing the 

displacement with which the stress occurs is the horizontal beam, while 

the other beam continues to move with the proof mass without any stress. 

 

Table 4.9 Acceleration on y-axis vs. displacement of proof-mass of 3-D 

model 

Acceleration 

(g) 

Displacement y 

(µm) 

Displacement y at -g 

(µm) 

0 0 0 

5 0.029173089 -0.029173089 

10 0.058346172 -0.058346172 

15 0.087519243 -0.087519243 

20 0.116692294 -0.116692294 

25 0.145865321 -0.145865321 

30 0.175038316 -0.175038316 

35 0.204211274 -0.204211274 

40 0.233384189 -0.233384189 

45 0.262557053 -0.262557053 

50 0.291729862 -0.291729862 

55 0.320903979 -0.320903979 

60 0.350077068 -0.350077068 

 

The maximum displacement equal to 0.350077068µm at apply 

acceleration of 60 g on the y-axis 

From equation 2.8 
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 Mechanical sensitivity S= 
 

 
                                       

 Mechanical sensitivity S= 0.00583462 µm/g 

 

 

Figure 4.36 Acceleration on y-axis Vs. Proof mass displacement of 

 3-D model 

        Table 4.9 and figure 4.36 show the displacement as a function of 

acceleration on y-axis Y=f (g) and the relationships were linear between 

acceleration and proof-mass displacement. 

4.5.2.3 Acceleration on z-axis vs. displacement 

     Apply acceleration from 0 g to 60 g step 5 g on z direction as input to 

the model and obtain proof mass displacement as output, and for negative 

acceleration apply from -60g to 0g as input and obtain the displacement 

as output. The results are shown in a table 4.10.  
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Table 4.10 Acceleration on z-axis Vs. displacement of proof-mass of 3-D 

model. 

Acceleration 

(g) 

Displacement field Z 

(µm) 

Displacement field Z 

(µm) at -g 

0 0 0 

5 0.018918862 -0.018918862 

10 0.037837722 -0.037837722 

15 0.056756579 -0.056756579 

20 0.075675434 -0.075675434 

25 0.094594286 -0.094594286 

30 0.113513134 -0.113513134 

35 0.132431978 -0.132431978 

40 0.151350817 -0.151350817 

45 0.170269652 -0.170269652 

50 0.189188482 -0.189188482 

55 0.208107428 -0.208107428 

60 0.227026344 -0.227026344 

 

The maximum displacement equal to 0.227026344µm at apply 

acceleration of 60 g on the z-axis 

From equation 2.8 

Mechanical sensitivity S= 
 

 
                                        

Mechanical sensitivity S= 0.003783   µm/g 
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Figure 4.37 Acceleration on z-axis Vs. Proof mass displacement of 3-D 

model 

        Table 4.10 and figure 4.37 show the displacement as a function of 

acceleration on z-axis z=f (g) and the relationships were linear between 

acceleration and proof-mass displacement. 

4.5.3 Acceleration vs. capacitance of 3-D model 

      Accelerometer Sensitivity for capacitive accelerometer is obtained 

from difference between two sided capacitance. The air gap between 

movable finger and fixed finger is 1 µm and the capacitance for two 

sided are equal and ΔC= 0 when applied acceleration from 0 g to 60 g 

step 5 g on as input to the model and obtain difference between tow sided 

capacitance ΔC as output, and for negative acceleration apply from -60g 

to 0g as input and obtain ΔC as output. Use this procedure three times for 

each axis x, y, and z. 
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 4.5.3.1 Acceleration on the x-axis vs. difference of capacitance 

         The air gap was varied causes the capacitance in one side is 

increase and capacitance in other side is decrease causes ΔC increase.                                                                                                                                                                 

Table 4.11 and figure 4.38 is the simulation results. 

Table 4.11 Acceleration on x-axis with capacitances and difference 

capacitance of 3-D model. 

Acceleration (g) C1 (fF) C2  (fF) ΔC(fF) ΔC at -g (fF) 

0 353.89 353.89 0 0 

5 364.6154 343.7775552 20.83785 -20.8378 

10 376.0112 334.2269862 41.78425 -41.7843 

15 388.1424 325.1927314 62.94965 -62.9497 

20 401.0824 316.6340259 84.44836 -84.4484 

25 414.9149 308.5142861 106.4006 -106.401 

30 429.7356 300.8005868 128.9351 -128.935 

35 445.6543 293.4632155 152.1911 -152.191 

40 462.7977 286.4752897 176.3224 -176.322 

45 481.3128 279.8124277 201.5004 -201.5 

50 501.371 273.4524643 227.9186 -227.919 

55 523.1739 267.3751526 255.7988 -255.799 

60 546.9593 261.5620969 285.3972 -285.397 
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Figure 4.38 Acceleration on the x-axis vs. difference of capacitance of 

 3-D model 

       From figure 4.38 it is clear the relationship between acceleration and 

difference of capacitance is nonlinearity. But it is close to a linear 

relationship .From equation 2.15 

 Capacitance sensitivity      g       

 Capacitance sensitivity when acceleration on x-axis equal to: 

 Capacitance sensitivity                g 

            

4.5.3.2 Acceleration on the y-axis vs. difference of capacitance  

     By using same procedure of simulations when acceleration on x-axis 

to acceleration on y-axis and obtain difference of capacitance. The results 

are shown in figure 4.39 and table 4.12. 
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Table 4.12 Acceleration on y-axis with capacitances and difference 

capacitance for 3-D model 

Acceleration (g) C1 (fF) C2  (fF) ΔC(fF) ΔC at -g (fF) 

0 353.89 353.89 0 0 

5 364.5243 343.8585829 20.66572 -20.6657 

10 375.8175 334.3801955 41.43732 -41.4373 

15 387.8328 325.4103341 62.4225 -62.4225 

20 400.6418 316.9091449 83.73267 -83.7327 

25 414.3258 308.8408329 105.4849 -105.485 

30 428.9775 301.1731576 127.8043 -127.804 

35 444.7035 293.8770028 150.8265 -150.826 

40 461.6263 286.9260067 174.7003 -174.7 

45 479.888 280.2962441 199.5917 -199.592 

50 499.654 273.9659509 225.688 -225.688 

55 521.1192 267.9150079 253.2042 -253.204 

60 544.5107 262.1257767 282.3849 -282.385 

 

 

From equation 2.15 

Capacitance sensitivity      g       

Capacitance sensitivity when acceleration on y-axis equal to: 

Capacitance sensitivity               g         
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Figure 4.39 Acceleration on the y-axis vs. difference of capacitance 

 

From figure 4.39 it is clear the relationship between acceleration and 

difference of capacitance is nonlinearity but it is close to a linear 

relationship as it is at the x-axis. 

 

4.5.3.3 Acceleration on the z-axis vs. difference of capacitance 

       Repeat procedure to simulate model when acceleration direction on 

z-axis and obtain the difference of capacitance. The results are shown in 

figure 4.40 and table 4.13. 
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Table 4.13 Acceleration on z-axis with capacitances and difference 

capacitance.  

Acceleration (g) C1 (fF) C2  (fF) ΔC(fF) ΔC at -g (fF) 

0 884.7 884.7 0 0 

5 901.7603 868.2732582 33.49837526 -33.49837526 

10 919.4915 852.4454079 67.0687893 -67.0687893 

15 937.9339 837.1842839 100.783801 -100.783801 

20 957.1313 822.4599838 134.7170116 -134.7170116 

25 977.131 808.2446727 168.9436061 -168.9436061 

30 997.9843 794.512407 203.5409182 -203.5409182 

35 1019.747 781.2389773 238.5890292 -238.5890292 

40 1042.48 768.4017649 274.1714101 -274.1714101 

45 1066.25 755.9796141 310.3756179 -310.3756179 

50 1091.129 743.9527153 347.2940594 -347.2940594 

55 1117.197 732.3024257 385.025084 -385.025084 

60 1144.541 721.0114146 423.6731501 -423.6731501 

 

From equation 2.15 

Capacitance sensitivity      g       

Capacitance sensitivity when acceleration on z-axis equal to: 

Capacitance sensitivity                g     
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  Figure 4.40 Acceleration on the Z-axis vs. difference of capacitance 

 

         From figure 4.40 it is clear the relationship between acceleration 

and difference of capacitance is nonlinearity but it is close to a linear 

relationship as it is at the x-axis and y-axis. 

  

4.5.4 Bending stress of 3-D accelerometer 

 

 4.5.4.1 Bending stress for x-axis of 3-D accelerometer 

 

         An acceleration 0f 60 g in the direction of the x-axis is applied to 

the model. The stress was as shown in Figure 4.41. 
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Figure 4.41 Bending stress for x-axis of 3-D accelerometer 

         From simulation the maximum stress occurs at the point of contact 

the proof mass with the beam as shown in figure. 4.41. The magnitude of 

maximum stress is 10.8644 MPa. It is very low in relation to UTS is 

7000 MPa, which makes the safety factor high. 

4.5.4.2 Bending stress for y-axis of 3-D accelerometer 

         When an acceleration of 60 g along the y-axis was applied to the 

model, the stress was as shown in Figure 4.42. 

 
Figure 4.42 Bending stress for y-axis of 3-D accelerometer 
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       From simulation the maximum stress occurs at the point of contact 

the beam with the anchor plan as shown in Figure 4.42. It is opposite 

when simulation the acceleration on x-axis. The magnitude of maximum 

stress is 10.8586 MPa at acceleration of 60 g. It is very low in relation to 

UTS is 7000 MPa, which makes the safety factor high as when 

simulation the x-axis. 

4.5.4.3 Bending stress for z-axis of 3-D accelerometer 

        When an acceleration 0f 60 g in the direction of the z-axis is applied 

to the model. The stress was as shown in Figure 4.43. 

 
 

 
Figure 4.43 Bending stress for z-axis of 3-D accelerometer 
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From simulation the maximum stress occurs at the point of contact the 

proof mass with the beam as shown in figure 4.43. The stress is 

concentrated on the upper surface of the first beam and the lower surface 

of the second beam. The magnitude of maximum stress is 3.0549 MPa. 

4.5.5 Time response of 3-D accelerometer 

        Time response is done to estimate the device transient analysis to 

the applied acceleration input 

. 

4.5.5.1 Time response of low range acceleration input 

       Low range acceleration (0.01g-0.5g) is applied on the structure to 

measure rising time, damping ratio, and resolution. In a  time from 0 s to 

1.2 ms. with step 0.025 ms for x-axis and y-axis. A time from 0 s to 1s 

step 0.015 ms for z-axis by using time-dependent in COMSOL 

Multiphasic 5.5 the results are shown in figure 4.44 for acceleration on x 

and y axis,  and figure 4.45 for acceleration on the z-axis. 

 

Figure 4.44 Time response of low range acceleration input on x and y 

axis of 3-D accelerometer 
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Figure 4.45 Time response low range acceleration input on z-axis of  

3-D accelerometer 

From figure 4.44 obtain 

          

             rad/s 

And the rise time for x and y axes =0.035 ms  

Referring with Figure 4.45 obtain 

                

            rad/s 

And the rise time for z-axis =0.035 ms 

Device has minimum resolution approximately    0.05 g 
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4.5.5.2 Time response of high range acceleration input 

High range acceleration input (90 g-96 g) on the x and y axes are 

applied on the structure to measure Maximum value of acceleration on x 

and y axis before the device gets a damaged. High range acceleration 

input (145 g - 165 g) on the z-axis is applied on the structure to measure 

Maximum value of acceleration on the z-axis before the device gets a 

damaged. In a time from 0 s to 1.2 ms. with stage 0.025 ms by using 

time-dependent in COMSOLMultiphysics 5.5. The result is shown in 

figure 4.46 for acceleration on x and y axis and figure 4.47 for 

acceleration on the z-axis.  

 

 
 

Figure 4.46 Time response of high range acceleration input on x and y 

axis of 3-D accelerometer 
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Figure 4.47 Time response of high range acceleration input on z-axis of  

3-D accelerometer 

 

          The Maximum value of acceleration on x and y axis can be 

measured before the device gets a damaged is 96 g. The Maximum value 

of acceleration on z-axis can be measured before the device gets a 

damaged is 165 g. 

 

4.5.6 Frequency response of 3-D accelerometer  

             Frequency response is done to estimate the device sensitivity 

with frequency to applied acceleration input. Acceleration from 0g to 50g 

on x, y, and z-axes with step of 10g is applied on the 3-D accelerometer 

using frequency domain in COMSOL Multiphasics 5.5. Because of the 

beams Lx, LY are equal lengths, then the same responses for the x and y 

axis. Figure 4.48 is the simulation results for x and y axes and figure 4.49 

for z-axis.  
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Figure 4.48 Frequency response of 3-D accelerometer for x and y axes 

 

 

Figure 4.49 Frequency response of 3-D accelerometer for z-axis 
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From figure 4.48,  the center frequency equal to 6.5 kHz with band width 

approximately 1000      Hz for x and y axes. From figure 4.49, the 

center frequency equal to 8 kHz with band width approximately 1000 

     Hz for z-axis. 

 

4.5.7 Output dc voltages vs. acceleration of 3-D accelerometer 

     Applying an alternating input voltage on the sensor fingers, for long 

fingers applied Vin, and for short fingers applied –Vin. The sensing signal 

is the proof-mass voltage terminal 1for x-axis, terminal 2 for y-axis.      

Applying an alternating input voltage on the sensor electrodes, for top 

electrodes applied Vin, and for bottom electrodes applied –Vin. The 

sensing signal is the proof-mass voltage terminal 3 for z-axis. Figure 4.50 

is the simulation results of  x and y axes and figure 4.51 for z-axis. 

 

Figure 4.50 The sense voltage vs. acceleration of 3-D model for x and y 

axes 
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Figure 4.51 The sense voltage vs. acceleration of 3-D model for z-axis 

          Three electric circuits shown in figure 4.13 are used one circuit for 

each axis.  The inputs of the circuits are the sensing voltage above, by 

using Matlab simulation. Figure 4.52 is the output dc voltage for x and y 

axes, and figure 4.53 for z-axis. 

 

Figure 4.52 Output dc voltages vs. acceleration of 3-D accelerometer for 

x and y axes 
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Figure 4.53 Output dc voltages vs. acceleration of 3-D accelerometer for 

z-axis 

         The output dc voltage sensitivities of 3-D accelerometer are shown 

in table 4.14. 

Table 4.14 The output dc voltage sensitivities of 3-D accelerometer 

Axes x-axis y-axis z-axis 

Output dc voltage sensitivities 1.45 V/g 1.45 V/g 0.94444 V/g 
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Table 4.15 Comparison of present accelerometer with those reported in 

the literature of the surface accelerometer    

Ref. Year Device Size 
[mm × mm] 

Range 
X, Y, Z 
[±g] 

Sensitivity X, Y, Z 

[19] 2013 0.4×0.3 10 1.29 fF /g, 0.1555 µm/g 

[38] 2015 12 × 7 10 

10 

+12,-7 

 

[11] 2018 3.95×6.55 2.85, 
 2.94, 
 4.03  

13.15 fF/g,701 mV/g 
0.85 fF/g, 496 mV/g 
0.31 fF/g,680 mV/g 

[36] 2020 1.4 × 1.4 5 35nm/ g, 5.3mV g  
[10] 2021 0.1×0.1 Crash 

at 
4.87V, 3.14fF/g 

This study 1-D 2022 6.2 × 5.3 60  5.436nm/ g, 2.418  fF/g, 0.607 V/g   
This study 2-D   2022      1.2×1      60 

     60 
5.88nm/ g, 3.6478 fF/g, 1.45V/g 
5.88nm/ g, 3.6478 fF/g, 1.45V/g   

This study 3-D 2022 1.2×1 60 

60 

60 

5.882nm/ g, 3.612 fF/g, 1.45 V/g   
5.882nm/ g, 3.6412 fF/g, 1.45 V/g   
5.436nm/ g, 6.9458fF/g, 0.944 V/g   
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 CHAPTER FIVE 

 CONCLUSION & FUTURE WORK 

5.1 Conclusion 

   This work adopted a dimension adjustment technique to improve the 

characteristics of a proposed MEMS accelerometer. The method of 

optimizing the spacing between fingers displays a low mechanical 

sensitivity but high capacitive sensitivity. While the method of adjusting 

the overlapping area revealed high mechanical sensitivity but low 

capacitive sensitivity. This indicates that the use of the first method is 

more applicable than the second method. 

 Results demonstrated the impact of the proof mass dimension and 

fingers spacing upon the accelerometer properties, particularly its 

sensitivity. However, the improvement in the device sensitivity is limited 

by the linearity of the three models.  

  The output signal from the device is AM signal. But we cannot use 

envelop detector, because this technique is unipolar, that is the output 

voltage would be only positive acceleration value. Therefore, coherent 

technique was used to obtain both positive and negative acceleration 

outputs.   

5.2 Future work 

 Devices fabrication using microfabrication technology. 

 Constructing a practical testing setup to measure all parameters which 

obtained from fabrication and compared with the simulation results. 

 Modification of the structure of the innovative devices in this thesis to 

obtain better results. 

 Modification of the electronic circuit used in this work to obtain more 

suitable output voltage sensitivity and a smaller size. 
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 خـلاصــــــــت

خذاو ـى اعخـح . يحغُتحى حصًٍى ٔيحاكاة ٔحًٍٍضثلاد يقاٌٍظ انخغاسع انغؼٌٕت          

COMSOL Multiphasics5.5 .أظٓش انؼًم كٍفٍت ححغٍٍ انحغاعٍت  نًحاكاة حشغٍم انجٓاص

انغؼٌٕت نًقٍاط انخغاسع يٍ خلال ححغٍٍ أبؼاد كخهت الإثباث ٔاصابغ الاعخشؼاس نهٍٓكم 

اط ـت يقٍـت يقٍذ بخطٍـشٌقـزِ انطـؼٌٕت بٓـاعٍت انغـٍٍ انحغـ. ٔيغ رنك ، لاحظُا أٌ ححغانًصًى

 اسع.ـانخغ

يٍكشٔيخش ٔ  558يٍكشٔيخش ٔ   620 ًكّـّ ٔعـانًُٕرج أحادي انبؼذ ٌبهغ طٕنّ ٔػشض        

غٍش  ًــشدد طبٍؼـ، ح 0.265شٌؼت ـذ عـبت حخًٍـانجٓاص نذٌّ َغ ٕانً.ـخـهى انــخش ػـيٍكشٔي  30

انجٓاص نذٌّ حشدد سٍٍَ  يههً ثاٍَت. 0.05ثاٍَت ، ٔصيٍ انٕصٕل  \دٔسِ  42578.4ًذ ـخـي

ى ـح .g 0.05 ْشحض. انجٓاص بذقت  1200دٌغٍبم    -3ْشحض ٔػشض َطاق يٍ  6500يقبٕل 

 g\فٕنج   0.607كٌٕ ـذ نخـبؼـادي انـٕرج احـًُـٍت جٓذ انخشج بخٍاس انًغخًش نهـاعـاط حغـقٍ

   g 112 حى قٍاعّ قبم آٍَاس انجٓاص كاٌ أقصى حغاسع

يٍكشٔيخش  1000يٍكشٔيخش ٔ  1200ٌبهغ طٕل انًُٕرج ثُائً الأبؼاد ٔػشضّ ٔعًكّ          

، انخشدد انطبٍؼً  0.2251يٍكشٔيخش ػهى انخٕانً. انجٓاص نذٌّ يؼذل انخخًٍذ انغشٌغ  30ٔ 

اص نذٌّ حشدد خجٓـيههً ثاٍَت. ان 0.05ٕل ـٍ انٕصـدٔسِ / ثاٍَت ، ٔصي 42980.32ًذ ـخـانغٍش ي

ْشحض. دقت انجٓاص  1200دٌغٍبم   -3ْشحض ٔػشض انُطاق انخشددي ػُذ  6500سٍٍَ يقبٕل 

حى قٍاط حغاعٍت جٓذ   g 96 حى قٍاعّ قبم آٍَاس انجٓاص كاٌ نكم يحٕس ٔأقصى حغاسع  0.05

.g\فٕنج 1.45ؼاد نخكٌٕ انخشج نهخٍاس انًغخًش نًقاٌٍظ انخغاسع ثُائٍت الأب  

يٍكشٔيخش ٔ  1000يٍكشٔيخش ٔ  1200ٌبهغ طٕل انًُٕرج ثلاثً الأبؼاد ٔػشضّ ٔعًكّ         

ٍش ـؼً غـبٍـ، انخشدد انط 0.2251انجٓاص نذٌّ َغبت انخخًٍذ عشٌؼت  . يٍكشٔيخش ػهى انخٕانً 30

بت ـ. َغx ٔy ٍـٌٕسـيههً ثاٍَت نهًح 0.05ٕصٕل ـٍ انـثاٍَت ، ٔصي \دٔسِ  42980.32انًخًذ 

 0.035ت ، ٔصيٍ انٕصٕل ـٍـثاَ \دٔسِ 48073.4خًذ ـش انًـ، انخشدد انطبٍؼً غٍ 0.2انخخًٍذ 

 -3ض ٔػشض انُطاق انخشددي ػُذ ـْشح  6500. نهجٓاص حشدد سٍٍَ يقبٕل  z يههً ثاٍَت نهًحٕس

شددي ـاق انخـْشحض ٔػشض انُط 8000، ٔحشدد انشٍٍَ  x ٔyنهًحٕسٌٍ  ْشحض 1200بم ـدٌغٍ 

ٔكاٌ انحذ الأقصى نكم انًحأس  g 0.05.  دقت انجٓاص zْشحض نهًحٕس  1000دٌغٍبم   -3ػُذ 

حى  .zنهًحٕس  g 165بًٍُا كاٌ  x ٔyنهًحٕسٌٍ  g 96نهخغاسع انزي حى قٍاعّ قبم آٍَاس انجٓاص 

 g \ج ـفٕن  1.45كٌٕ ـخـاد نخـؼـلاثً الأبـاط انخغاسع ثـقٍاط حغاعٍت جٓذ انخشج انًغخًش نًقٍ

. zنهًحٕس  g \فٕنج  x ٔy   ٔ0.944نهًحٕسٌٍ   
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