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Abstract  

Accelerometers are electromechanical devices used to sense the acceleration, orientation, 

vibration and shock of a body. Their use in defence, medical and consumer electronics has 

increase very rapidly in recent times and is expected to grow in the same manner. Piezoelectric 

base MEMS accelerometer has got great attention in the recent years, due to its self-generating 

properties such as long-term stability and higher band width, although the use of Lead (Pb) 

containing hazardous materials is still a problem. The advancement in MEMS technology 

transformed the accelerometers use as it can be manufactured at much smaller scale more like 

a microelectronics. 

The objective of the thesis is to design a MEMS accelerometer using AlN (Aluminium Nitride) 

piezoelectric material to achieve better overall efficiency and an environmentally friendly 

solution. One single axis and one tri-axial accelerometer was designed, total of 23 geometrical 

structures were designed of which 15 were for the single axis design and rest of 8 were for the 

tri-axial design. MATLAB were used for the mathematical analysis and COMSOL 

Multiphysics were used to perform FEM model simulations. Design parameters were 

optimized for both accelerometers and from the design of optimized parameter of single axis 

accelerometer the voltage sensitivity on sensing axis was 1.04mv, deflection in beam was 

10.44nm and 586Hz eigenfrequency was recorded with acceleration of 1g. And for three axis 

accelerometer deflection for x, y, z axis with acceleration of 1g was 38.01nm, 5.39nm, 4.46nm, 

as the voltage signal for the x, y axis acceleration is only on their respective sensing beams so 

it was recorded to be 1.09mv for x and 1.01mv for y and for z axis acceleration both directional 

beams collect a signal hence we got 6.11 mv at x-directional and 7.4 mv at y-directional beams, 

while the eigenfrequency was recorded to be 2.5 KHz.  

This thesis is written in English and is 86 pages long, including 6 chapters, 74 figures and 28 

tables. 
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List of abbreviations and terms 

DETF Double-ended tuning- fork 

TBTFs Triple beam tuning forks 

FEM Finite element modelling 

AlN Aluminium nitride 

PZT Lead zirconate titanate 

MEMS Microelectromechanical system 

MST Microsystem technology 
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IBM International Business Machines Corporation 

DC Direct Current 

CPR Cardiopulmonary resuscitation 
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Si Silicon 
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1 Introduction 

MEMS or microelectromechanical system is field of research [1], where mechanical elements 

like membranes or cantilevers had been manufactured at a scale more alike the microelectronics 

circuits than to the standard machining mechanisms. Terms like micromachining and 

microsystem technology (MST) are used in the Japan and Europe respectively to describe the 

same technology. Although microelectronics and MEMS had some similarities, but they are 

two completely different field. MEMS structures have cavities, cantilevers, holes, membranes, 

channels, etc, while electronics circuits are solid structures in its nature. Size of these devices 

are below 100µm, to machine all these features inside such as small size the machining 

technique called micro-fabrication technology is used instead of standard machining. Some 

very popular components in market utilizing the MEMS technology are inertial and pressure 

sensors, MEMS accelerometers, bio-MEMS, optical MEMS, RF MEMS etc[2][3].  

Accelerometers are electronics devices that can sense and measure the acceleration and 

orientation of an object. They are basically transducers which convert mechanical acceleration 

into an electrical signal. These sensors can measure different types of acceleration such a 

vibratory acceleration (variation with time), linear acceleration, constant acceleration, 

(gravitational, quasi static(tilt)). It can be classified by their sensing capabilities, such as single 

axis and multiple axis accelerometers. Single-axis accelerometer can sense the acceleration in 

just one direction and is the most used accelerometer. Similarly, as the named indicates 

multiple axis accelerometer is capable of sensing acceleration in multiple directions. 

Accelerometer with multiple axis acceleration sensing capabilities take more footprint and 

costs more. 

Different transducing techniques such capacitive, piezoresistive, piezoelectric, thermal, optical 

and many other are used to design an accelerometer. Among all the different transduction 

techniques mentioned, piezoelectric transducers because of its advantages such as self-

generating, wide frequency range, good linearity, low output noise, and easy to integrate in 

electronic circuits, is the most promising and hence more popular in the researchers in recent 

times[4][5]. 

Market of accelerometer and gyroscope is forecasted to reach USD 3.50 Billion by 2022. High 

end market is expected to increase at a Compound annual growth rate of 3.8% between 2016 

and 2022, to increase from USD 1.59 Billion in 2015 to USD 2.07 Billion by year 2022. Market 
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is driven by the increasing defence budgets globally and a huge demand for the use of these 

inertial sensors in the consumer electronics industries, strict regulations on the automotive 

industries, advancement and cheapness of MEMS technology, trend of automations in homes 

and industries, figure 1.1 shows the market trend. 

In this thesis we had design and optimized a single and three axis accelerometers based on the 

piezoelectric transduction technique, using a Lead (Pb) free material AlN (aluminium nitride) 

for the piezoelectric transduction. 

 

Figure 1. 1. Shows the trend of market till 2022 (source: marketsandmarkets) 

1.1 Motivation behind the thesis 

Market forecasting of accelerometers is very promising, Its used in defence, medical and 

consumer electronics increase very rapidly and is expected to continue in the same manner. 

Accelerometer can be design using different techniques such as optical technique, Thermal 

technique, piezoelectric technique, piezoresistive technique, capacitive technique, all these 

methods are discussed in detail in next chapter. 

 Among all these different available methods Piezoelectric base MEMS accelerometer has got 

great attention in the recent years, so we decided to base our work on this technique. The 

reasons for the acceptance of piezoelectric based accelerometers are its properties; self-
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generating and no need for external power source to function, has a wide frequency range, good 

linearity, low output noise and is can be easily integrated in electronic circuits.  

As the previous research are mostly done on PZT material, but because of its hazards natural 

as it contains elements like Lead, according to the European union ‘’ Restriction of Hazardous 

Substances Directive’’ which is also known as ‘’ lead free directive’’ Union member states are 

directed to not used a list of ten substances and lead is one of them. It is expected that a 

governmental regulation on PZT usage maybe introduced in next 8 to 10 years, which will pose 

a significant threat to piezoelectric industries which is mostly PZT. Hence this will create an 

opportunity or need for more research in preparing alternative piezoceramics for the 

piezoelectric device market. 

AlN (aluminium nitride) is consider for this research to have an environmentally friendly 

solution to minimize the use of material which contains the Lead (Pb).   

 

1.2 Problem statement 

Accelerometer are electromechanical device used to sense the acceleration, orientation, 

vibration and shock in a body. Piezoelectric base MEMS accelerometer has got great attention 

in the recent years, due to its self-generating properties such as long-term stability and higher 

band width. Although Improvement in the overall efficiency of the device while using the 

environment friendly (lead free) materials is needed. 

In this research we will design a MEMS accelerometer using AlN (Aluminium Nitride) 

piezoelectric material to achieve better overall efficiency and an environmentally friendly 

solution. 
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Structure of thesis 

Chapter 1: Introduction 

This chapter is about the general introduction of the topic, problem statement, motivation 

behind this research and market forecast.  

Chapter 2: State of the art review 

In this chapter a details study about the accelerometer’s different types, its transduction 

methods and MEMS technology, with piezoelectric materials and piezoelectric based 

accelerometers with its different bending structure of Unimorph and bimorph and its mode d31 

and d33 with its application are described. Research papers review is reported after ward with 

discussion about the common trends in the market and it end of the chapter materials properties 

of aluminium nitride (AlN) and its comparison with PZT is reported.  

Chapter 3: Static analysis 

Concept design was chosen for single axis accelerometers and static analysis were performed 

for that designs using MATLAB to get the optimal design parameters. 

Chapter 4: Finite element modelling (FEM) 

Both 1-axis and 3-axis accelerometers were design using COMSOL Multiphysics. 

Accelerometer were design initially with the preliminary parameter we selected from literature 

study and FEM analysis were performed on those design and optimized design parameters were 

chosen. 

Chapter 5: Discussions of the mathematical and FEM modelling 

Data we got from mathematical modelling and FEM model’s simulations were examined and 

final design parameters were derived from those data based on the best performance of the 

accelerometers. 

Chapter 6: Conclusion and future work 

This chapter includes conclusion of the thesis and recommends the future works which can be 

performed in this research. 
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2 State of the art review 

This chapter represents the research conducted in the field MEMS and accelerometers and 

advancement or progress made over time. The advantage and the possibilities that make it 

useful and its large number of applications, different method and techniques used by researcher 

in the past and the benefits and challenges those techniques carry along with them. The 

comparison of the different techniques used and their advantages and disadvantages. 

2.1 MEMS technology advantages 

It is understood that the development cost of MEMS components is way more compare to 

conventional electronics or its other competitors and cannot be ignored, but the technology is 

capable to offer some unique benefits. The motivating factors to use the MEMS can be 

classified into three big classes[6]. 

1. Miniaturization of the existing devices: For example, the gyroscope which weighted 

in several kg’s and volume of 1000cm2 is reduced into a chip of few grams with volume 

of 0.5cm3 after its silicon production. 

2. Using physical principles that do not work at larger scale: A typical example is 

given by the biochips where electric field are used to pump the reactant around the chip. 

This so called electro-osmotic effect based on the presence of a drag force in the fluid 

works only in channels with dimension of a fraction of one mm, that is, at micro-scale 

[1]. 

3. Developing tools for operation in the micro-world: In 1986 H. Rohrer and G. Binnig 

at IBM were awarded the Nobel prize in physics for their work on scanning tunnelling 

microscope. This work heralded the development of a new class of microscopes (atomic 

force microscope, scanning near-field optical microscope...) that shares the presence of 

micromachined sharp microtips with radius below 50 nm. This micro-tool was used to 

position atoms in complex arrangement, writing Chinese character or helping verify 

some prediction of quantum mechanics [1]. 

It is certain that miniaturization is a very important driver behind the MEMS development. 

Normally miniaturization is considered good in term of cost reduction as by decreasing the use 

of materials and batch fabrication, but even more important is the increase in the applicability. 
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As the reduction in mass and volume of the MEMS device make is possible to place it in many 

places where due to size constraint the traditional components are not possible to used. 

Apart from the importance of miniaturization and benefits its offers, it is not enough to justify 

the development of MEMS. Microfabrication process cannot compete with other conventional 

production methods. If the traditional bulky components are cheap and reliable and small 

enough to be used, then there is no need to make it small. 

MEMS technology enables something different and more important, at the time you make 

things small you can also make it smarter. For example, some non-MEMS airbag crash sensor 

are based on a spring or a magnetic field retaining a metal ball, with the rapid deacceleration 

the ball moves and connects two point inside the sensor. The method is simple and cheap, but 

connection can be contaminated, or the ball may have been blocked, it is not easy to find out 

that the sensor will work on not. While on the other hand the MEMS device can be design in 

way to have a build-in self-testing mechanism, so the system can check its functionality every 

you start the engine.  

Another advantage of the MEMS is the integration of the system. Instead of having a series of 

external components (sensor, inductor...) connected by wire or soldered to a printed circuit 

board, the MEMS on silicon can be integrated directly with the electronics. Whether it is on 

the same chip or in the same package it results in increased reliability and decreased assembly 

cost, opening new application opportunities. MEMS technology not only makes things smaller 

but often makes them better[1].The rapid advancement of the microelectromechanical systems 

(MEMS) technology in the past decades or so, enables the researchers/engineers to design 

different sensors with a low footprint which consume low power. 

2.2 Different transduction technics used for accelerometers 

Different methods which are used to convert the displacement of the body due to acceleration 

into a signal which is measurable, transducing technics such capacitive, piezoresistive, 

piezoelectric, thermal, optical and many other are used to design an accelerometer. More 

common of those technics are described here. 
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2.2.1 Capacitive technique   

Capacitor can be used both as sensors and actuators, capacitive transduction technic is the one 

more research has been done upon, because of its advantages like high sensitivity, low 

temperature sensitivity, low noise, linearity and small footprint. In this technique the sensing 

relies on the change of capacitance produced by the change in geometry of the plates when a 

system had change in the velocity and is independent of the on base material used[7]. Figure 

2.1 shows the Implementation of the band change accelerometer with its equivalent circuit 

diagram. 

Because of its outstanding overall sensitivity and low sensitivity to the temperature made it one 

of favourite choice of the researchers [8][9]. 

 

Figure 2. 1. Gap-change capacitive accelerometer and its equivalent circuit. 

2.2.2 Piezoresistive technique 

This technique uses the effect exhibited by various materials, which under the applied pressure 

exhibit a change in its resistivity [10]. Contrary to the capacitance change sensing technique in 

the seismic mass, piezoresistive accelerometer use the properties of the resistance change of 

the piezoresistive materials to convert the mechanical strain into the DC output power. Figure 

2.2 shows a design of piezoresistive technique deployment [11][12][13]. 
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Figure 2. 2  A typical piezoresistive accelerometer using cantilever design 

2.2.3 Piezoelectric technique 

This actuation technique is based upon the piezoelectric effect of the piezoelectric materials. A 

common structure of the piezoelectric based accelerometer is shown in figure 2.3 A cantilever 

beam is fixed at the one end and having a proof mass attached at the free. A piezoelectric active 

material is located on the surface of the fixed end of the beam. When the structure experience 

pressure or acceleration, it will cause a displacement in the proof mass which will eventually 

produce a deformation in beam. Thus, the piezoelectric film located on surface of the beam 

will experience tensile or compressive stress which will lead to generation of the electric 

charges on its surface due to its unique piezoelectric effect[14][15].  

 

Figure 2. 3. Principle schematic of piezoelectric accelerometer 
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2.2.4 Thermal accelerometer technique 

This is a comparatively new technique, which is based on the principle of convection of the 

heated gas molecules within as sealed cavity. A general structure of single axis thermal 

accelerometer is shown figure 2.4(a). A symmetrically placed temperature sensor read the same 

temperature under no acceleration condition, when it experience an acceleration in one 

direction it causes the temperature to skew as shown in figure 2.4(b). As the temperature starts 

to increase on one side and decrease on other, sensors begin to read different temperature as 

shown in figure 2.4(c). The difference in the reading of the both sensor(ΔT) is then used to 

measure the acceleration of the object [16][17][18]. 

 

Figure 2. 4. (a) Schematic view of thermal accelerometer, (b) cross-sectional view along AAʹ line, and (c) 

temperature profile along AAʹ. 

2.2.5 Optical accelerometer 

In the technique an optical signal is passed through a waveguide from one end and is detected 

through a photodetector at the other side. In between the light source and the photodetector, a 

graphene (mostly used) finger is place connect to seismic mass[19]. When acceleration in the 
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direction of the waveguide is applied the seismic push the finger into the waveguide which 

absorb the light and the photodetector detect less light as shown in figure 2.5 The reading of 

the photodetector is used for the acceleration measurement, in the same manner when the 

acceleration in from the opposite direction the waveguide is freer and photodetector detect 

more light which shows the direction of the opposite acceleration [20][21][22]. 

 

 

Figure 2. 5.  Structure of optical microelectromechanical systems accelerometer 

 

2.3 Piezoelectricity 

The electric charge produces from the piezoelectric materials in response to the applied stress 

is known as piezoelectricity. 

2.3.1 Physics of Piezoelectricity 

It is a phenomenon which occurs in materials when they come under an external pressure and 

experience an induced strain, they generate electric charge or voltage on their surface due the 

change in its polarization produced by externally applied strain, the phenomenon is known as 

piezoelectric effect. Similarly, if an external field is applied across the material will disturb the 
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electric charges polarization and will eventually result in an elastic strain, this property of 

material is known as inverse piezoelectric effect. 

The piezoelectric effect is exhibit in those materials which have no centre of symmetry in its 

structure. When such type of crystals is applied with a stress (compression or expansion) its 

separation between the opposite charges get disrupted in each elementary cell and form a new 

polarization at the crystal surface (lead to piezoelectric effect). Likewise, if such crystal is 

applied with an electric potential across its surface, will lead to a change in the polarization of 

positive and negative charges and it will cause an increase or decrease its length according to 

the orientation of the applied electric field (Converse piezoelectric effect). Both effects are 

demonstrated in following Figure 2.6. 

 

Figure 2. 6. Demonstrate the piezoelectric effects. Figure from[23]. 

2.3.2 Piezoelectric effect (Basic mathematic formulation) 

As explained previously when a piezoelectric material is mechanically strained, it became 

polarized and the induced charge can be collected if electrodes are attached on the surface. The 

density of the generated charge 𝑬 directly depends on the piezoelectric coefficient 𝒅 and 

external stress it is experiencing 𝑻. 

𝑬 = 𝒅 × 𝑻       (2.1) 
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In reverse affect when a potential is applied across piezo material, it induces a strain 𝑺 in the 

material which is directly proportional to the applied potential 𝑬 and material piezo-electric 

coefficient 𝒅. 

S= 𝑬 × 𝒅      (2.2) 

2.3.3 History of piezoelectric materials 

Two brothers Jacques Curie (1856-1941) and Pierre Curie (1859-1906) discovered a unique 

property of certain materials as tourmaline, quartz, topaz, cane sugar and Rochelle salt. It was 

realised that some materials generate electric charge of electric potential on their surface when 

they experience tension or compression from an external source, which is proportional to the 

applied load [24]. 

Piezoelectricity is a Greek word which mean the electricity produced by the pressure (Greek 

word piezo means pressure). After the discovery of the direct piezoelectric effect the Gabriel 

Lippman predicted that there must be converse effect to this on the basses of the 

thermodynamics principles. In 1881 the brothers Curies confirmed the converse effect 

experimentally, by demonstrating that through exposing these materials which shows direct 

piezoelectric effect to an electric field and found them changing its dimensions according to 

the orientation of the electric field applied.  

Piezoelectric was introduced to global market in 1945 with the discovery of the mixed oxide 

compound barium titanate BaTiO3. Today piezoelectric transducers are used in a high range 

of application, Consumer electronics, military application, aeronautics, automobile industries, 

robotics, and many other industrial applications [24]. 

2.4 Piezoelectric base accelerometer 

 

In piezoelectric based accelerometer the actuation technique is based upon the phenomena 

discovered by Pierre and Jacques Curie at the end of 18th century. They found that some specific 

materials are having a unique property that they produce electrical charges on their surface 

whenever they come under an external pressure, which is commonly known as piezoelectric 

effect. And similarly, when they are applied with an electric field the materials expand or 

contracts, also known as inverse piezoelectric effect. The materials work as a natural transducer 
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between mechanical and electrical and are commonly known as piezoelectric materials. Thus, 

they have been used in many different types of mechanical sensors and actuators, and because 

of their high-power density and relatively large force for small volume they get more attention 

for use in the micro-scale actuation [1]. 

2.4.1 Different bending structures of piezoelectric transducers 

Unimorph and bimorph benders are piezoelectric bending mode elements, and both can be used 

for sensing and actuation in many different applications. When used as actuators these devices 

convert the applied electric field into a mechanical output. When used as sensing element they 

convert external mechanical energy into electrical signal or electrical charge.    

Unimorph Structure 

Unimorph is the most common structure and simple structure of the piezoelectric bending 

transducer, also known as monomorph. The structure is consisting two layers bonded together, 

one layer is called active layer (which is consist of the piezoelectric material i.e. AlN, PZT, 

Quartz) and other one is known as passive layer which is made of a material which don’t 

possess the piezoelectric properties usually made of: Silicon, steel, aluminium etc. The side 

view of the Unimorph structure is shown in Figure 2.7. when an electric potential is applied to 

the electrode of the active layer, the piezoelectric material shows reaction according due its 

unique properties and result in deflection of bending of the beam. Similarly, when an external 

pressure is applied on the structure which cause it to bend, the active layer generates an electric 

energy. 

 

Figure 2. 7. Side view of Unimorph structure of piezoelectric actuator [24]. 
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Bimorph structure 

Bimorph structure consists of two active layers (two piezoelectric layer), bonded together or 

by a separation of a passive layer. The basic working principle of Bimorph is same as Unimorph 

structure transducers. The side of this type of structure is shown in Figure 2.8 (a)(b). 

 

Figure 2. 8. Side view of bimorph structure: (a) with centre passive layer (b) just active layers [24]. 

In case of a single non-attached piezoelectric elements, the contraction and expansion are free 

in any direction. But when two elements are joined along one surface, where one is in 

contraction form while other is in expansion form, this is the case of bimorph. When a 

piezoelectric bimorph is joined together in a way that when an electric potential is applied one 

layer expands and the other one contracts, hence the motion restriction along the one side 

generate moment which produce the curling of bimorph [24]. 

2.4.2 Comparison of d33 and d31 modes 

In MEMS transducers, the configuration of piezoelectric transductions is mostly applied in two 

different types and are called d31 and d33. In case of d31 mode arrangement when a horizontal 

strain is applied to the piezoelectric film, it creates a vertical electrical field Fig. 2.9. The 

electrical potential resulted from the electric field can be detected through the upper and lower 
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metallic electrode. As shown in Fig. 2.10 is a device in its typical d33 mode configuration, the 

this an electric field is generated in horizontal direction when a stain is applied in the horizontal 

direction[25][26][27]. 

In this arrangement a set of ITD electrodes were used to detect the generated charges. 

 

Figure 2. 9. d31: horizontal strain produced electric field in vertical direction. 

 

Figure 2. 10. d33: horizontal strain produced electric field in horizontal direction. 

 

2.4.3 Piezoelectric based accelerometers advantages 

• Self-generating and need no external power to perform its functions 

• Has wide frequency range 

• Good linearity 

• Output noise is low 

• Can easily integrated in circuits  
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2.5 Equivalent electronic circuit model for 1-axis and 3-axis piezoelectric 

accelerometers 

This section describes the basic theory of the piezoelectric accelerometer and present a general 

equivalent electronic circuit of the sensor. As basic design block of both our single and three 

axis accelerometers is same, the equivalent circuit described here represent a general equivalent 

circuit for both single and three axis accelerometers. 

The base of the piezoelectric accelerometer is piezoelectricity, the property of some materials 

which converts stress into voltage whenever they come under an external pressure, the 

phenomena is also called piezoelectric transduction and is the main block element of a 

piezoelectric accelerometer. The amount of charge generated is directly related to applied 

mechanical stress and piezoelectric charge constant “d” [28]. 

To design an equivalent circuit for the accelerometer sensor, we need to represent a charge 

source in our circuit, which we cannot in standard circuit diagrams, but we can use a current 

source for that purpose because the charge generated by the piezoelectric transducer is when 

connected to a circuit is mover and became current. As current (Amperes) is the amount of 

electric charge (Coulombs) that pass through a specific point in one second [29]. Or the rate of 

change of the charges over the time is called current, which mathematically is the derivative of 

charge and can be express as: 

 

The charge generated by the piezoelectric material which in our case is the AlN (Aluminium 

nitride) is pass to the circuit which the help of two electrode (top electrode and bottom 

electrode) which is a sandwich along AlN in between the two electrodes shown in figure 2.11. 
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Figure 2. 11. Basic design of piezoelectric transducer (www.allaboutcircuits.com) 

From the design shown in figure 2.11 we can see that these electrodes together with the 

piezoelectric material in the middle form a capacitor, from here we can incorporate capacitance 

into our electronic equivalent circuit of accelerometer. 

 

Figure 2. 12. Electronic equivalent circuit of the basic piezoelectric accelerometer design 

(www.allaboutcircuits.com) 

To calculate the output of the equivalent circuit Vout, we can use the relationship of current 

and voltage for capacitive circuits. The integral of current with respect to time divided by 

capacitor is equal to voltage: 

𝑉𝑜𝑢𝑡 =
1

𝐶
∫ 𝐼 𝑑𝑡      (2.3) 

 

As we can replace the current with the derivate of charge with respect to time, we get the 

equation  
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𝑉𝑜𝑢𝑡 =
1

𝐶
∫

𝑑𝑄

𝑑𝑡
 𝑑𝑡 =

𝑄

𝐶
      (2.4) 

Here C is value of the capacitor in parallel. 

 

2.6 Applications of accelerometers 

Accelerometers are inertial sensor which senses the acceleration in an object and is used for 

many different applications in several industries and products. Application based on different 

domains are mention here. 

Engineering 

Accelerometers are used to measure acceleration in vehicles, are used to find the inclination, 

machine vibrations, vibrations in trucks, processes control systems, safety installations. 

Also used in the scientific research projects of earthquakes. 

Biology 

Scientist are using accelerometer to track the record of the animal’s behaviours when they are 

out of the visible range, the approach is mostly used to study the marine animals because of its 

difficulty of the visible analysis[30]. 

Industrial machines 

Accelerometer are used in the many industrial machines to watch over the fitness of the 

machine to schedule the maintenances and calibrations of the machines to avoid bad quality 

product and breakdown of the systems. 

Medical applications 

Accelerometers are used in many medical applications such as, monitoring blood pressure, to 

measure the CPR chest compressions, sports watches to measure the footsteps, speed, distance 

travelled and time of activity of runners. 
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Navigation systems 

Accelerometers are used in inertial navigations systems which is consist of a computer and 

accelerometers to monitor a moving object continuous, tracking its speed, orientations, position 

and do not need any external reference for that. 

Automobiles 

Most common used of accelerometer in automobiles are the MEMS accelerometers use in 

airbags which offer several advantages over the previously used technologies, other 

applications are monitoring of noise, harshness and vibration that can be an indicator of a 

mechanical fault. 

Consumer electronics 

It is used to detect the orientation of the screen in many smart devices, also used as free fall 

sensor which protect the device to against the hard crash from memory loss, also used to 

calculate the distance from which the device is dropped and is useful in monitoring the handling 

operation in shipping of containers. 

Military application 

Accelerometer is used in several different military equipment like the guided missiles, drone, 

Helicopters, submarines and on the soldiers. 
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2.7 Papers review of different materials and designed based piezoelectric 

accelerometers 

Table 2. 1.  Compiled key information from the different piezoelectric based accelerometer 

Accelerometer 

type 

Charge 

Sensitivity 

Theoretical and 

measured 

Resonant 

frequency 

theoretical 

and 

measured 

Fabrication 

process 

& Active 

material 

Design parameters Referen

ces 

 

 

Simple Cantilever 

Sensor (1 axis) 

Theoretical= 0.95 

fC/g 

Measured = 0.21 fC/g 

(mV/g) 

Theoretical

= 

3.9KHz 

Measured = 

3.3 KHz 

Sacrificial 

oxide 

process: 

Zinc oxide 

(ZnO) 

L(length)= 1000um 

B(width)= 50um 

tsi = 2.1 um 

tzno = 0.5 um 

d31= 2.3 pC/N 

 

 

 

 

 

 

[31] 
Cantilever Sensor 

with Integrated 

Proof Mass (1 

axis) 

Design#1 

Theoretical= 12.8fC/g 

 

Measured = 13.3fC/g 

(mV/g) 

Theoretical

= 

1.95 KHz 

 

Measured = 

2.23 KHz 

Sacrificial 

oxide 

process: 

Zinc oxide 

(ZnO) 

Design# 1 

L = 500 um 

b= 30 um 

Lm= 500um 

bm= 500 um 

te = 2.0 um 

Tp= 0.7 um 

Cantilever Sensor 

with Integrated 

Proof Mass (1 

axis) 

Design#2 

Theoretical= 39.8 

fC/g 

Measured = 44.7fC/g 

(mv/g) 

Theoretical

= 

0.78 KHz 

 

Measured = 

1.03KHz 

sacrificial 

oxide 

process: 

Zinc oxide 

(ZnO) 

Design # 2 

L = 1000 um 

b= 30 um 

Lm= 500um 

bm= 500 um 

te = 2.0 um 

Tp= 0.7 um 

Single-Axis 

Piezoelectric 

Bimorph 

accelerometer 

with a proof mass 

Theoretical 

Voltage sensitivity = 

8.3 mV/g 

Charge Sensitivity on 

one electrode = 231 

fC/g 

 

Measured 

Voltage sensitivity = 

7 mV/g 

 

Charge Sensitivity on 

one electrode = 

unknown 

 

 

 

Theoretical

= 

131 Hz 

 

Measured = 

98 Hz 

 

 

 

Bulk-

micromachi

ned 

 

 

Zinc oxide 

(ZnO) 

Beam length(um) = 140 

Beam width(um) = 1000 

Al thickness(um) = 0.4 

Al elctrde lngth(um) = 40 

 Al electrode width(um) = 

1000 

Zno thickness(um) = 0.3 

PECVD SixNy 

thicknees(um) = 0.1 

Parylene thickness(um) = 

3.7 

Proof mass 

length(um)=2150 

Proof mass width(um) = 

1200 

Proof mass thickness(um) = 

330 
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Tri-Axis 

Piezoelectric 

Bimorph 

accelerometer 

with a proof mass 

Theoretical 

Sensitivity at x-axis  

voltage = 1.59mV/g 

Charge = 38.5fC/g 

At Y-axis 

voltage = 1.59mV/g 

Charge = 38.5fC/g 

At z-axis 

voltage = 10.89mV/g 

Charge = 111.7fC/g 

Measured 

Sensitivity at x-axis  

voltage = 0.93mV/g 

Y-axis 

voltage = 1.13mV/g 

z-axis 

voltage = 0.88mV/g 

 

 

 

 

 

 

 

Theoretical 

= Unknown 

 

Measured = 

Unknow 

 

 

 

 

 

 

 

 

Bulk-

micromachi

ned 

 

Zinc oxide 

(ZnO) 

Beam length(um) = 340 

Beam width(um) = 300 

Al thickness(um) = 0.4 

Al elctrde lngth(um) = 130 

 Al electrode width(um) = 

250 

Zno thickness(um) = 0.3 

PECVD SixNy 

thicknees(um) = 0.1 

Parylene thickness(um) = 

2.1 

Proof mass 

length(um)=1700 

Proof mass width(um) = 

1700 

Proof mass thickness(um) = 

400 
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Accelerometer 

type 

Charge 

Sensitivity 

Theoretical and 

measured 

Resonant 

frequency 

theoretical 

and 

measured 

Fabrication 

process 

& Active 

material 

Design parameters Referen

ces 

 

Single-axis simple 

cantilever 

accelerometer 

Design#1 with 

L=100um 

Theoretical 

Voltage sensitivity = 

0.884 mV 

 

Measured 

Voltage sensitivity = 

1.93 mV 

Theoretical 

= Unknown 

 

Measured = 

Unknow 

Bulk 

micromachi

ning 

technique 

 

Lead 

zirconate 

titanate 

(PZT) 

Length of beam=L= 100um 

Thickness of beam = 

t=0.9um 

Platinum thickness = 0.2um 

ZnO thickness(active) 

=0.5um 

Width of beam= W= 20um 

Acceleration=g= 9.8m/s2 
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Single-axis simple 

cantilever 

accelerometer 

Design#2 with 

L=150um 

Theoretical 

Voltage sensitivity = 

2.21 mV 

 

Measured 

Voltage sensitivity = 

8.05 mV 

 

Theoretical 

= Unknown 

 

Measured = 

Unknow 

Bulk 

micromachi

ning 

technique 

 

Lead 

zirconate 

titanate 

(PZT) 

Length of beam=L= 150um 

Thickness of beam = 

t=0.9um 

Platinum thickness = 0.2um 

ZnO thickness(active) 

=0.5um 

Width of beam= W= 20um 

Acceleration=g= 9.8m/s2 

 

Single-axis simple 

cantilever 

accelerometer 

Design#2 with 

L=200um 

Theoretical 

Voltage sensitivity = 

3.930 mV 

 

Measured 

Voltage sensitivity = 

19.51 mV 

 

 

Theoretical 

= Unknown 

 

Measured = 

Unknow 

Bulk 

micromachi

ning 

technique 

 

Lead 

zirconate 

titanate 

(PZT) 

Length of beam=L= 200um 

Thickness of beam = 

t=0.9um 

Platinum thickness = 0.2um 

ZnO thickness(active) 

=0.5um 

Width of beam= W= 20um 

Acceleration=g= 9.8m/s2 

 

 

 

 

 

Single-axis T-

shape resonant 

accelerometer 

Theoretical 

Unknow 

 

Measured 

1.11 Hz/g (i.e., 68.9 

ppm/g) 

 

 

Theoretical

= 

Unknow 

 

Measured = 

16.10925 

kHz 

 

Bulk 

micromachi

ning 

Technique 

 

Aluminium 

Nitride 

(Active 

material) 

 

Length of beam (AB) = 

450um 

Width of beam (AB) = 

20um 

Length of beam (CD) = 

528um 

Width of beam (CD) = 

14um 

Length of electrode = 

300um 

Width of electrode = 4.5 um 

Width of proof mass = 

350um 

The sides of releasing hole 

= 50um 

Thickness of structure = 

2.05um 

 

 

 

 

 

 

 

 

[34] 

 

 

Triaxial 

accelerometer 

based on d33 mode 

Measured 

4.55mV/g (Vertical 

acceleration) 

 

0.497 mV/g 

(horizontal 

acceleration) 

 

Theoretical

= 

Unknow 

 

Measured = 

13485Hz 

 

 

PZT 

(Active 

material) 

Thickness of cantilever 

beam = 55um 

Thickness of PZT = 2.1um 

Beam width = 500um 

Length of cantilever beam = 

500um – 2500um 

d33 = 168pC/N 

 

 

 

[35] 

 

In-plane Resonant 

accelerometer 

(2D) with DETF 

beam 

Theoretical 

Unknow 

 

Measured 

201ppm/g 

Theoretical

= Unknow 

Measured = 

141KHz 

 

AlN (active 

material) 

Size of proof mass = 

1000x1000um2 

Size of DETF beam = 

1330x32 um2 

L1, power arm of first stage 

leverage = 1050um 

l1, resisting arm of first 

stage leverage = 100um 

L2, power arm of first stage 

leverage = 90um 
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Accelerometer 

type 

Charge 

Sensitivity 

Theoretical and 

measured 

Resonant 

frequency 

theoretical 

and 

measured 

Fabrication 

process 

& Active 

material 

Design parameters Referen

ces 

Size of input beam = 

135x10um2 

Size of pivot beam 1 = 

155x5um2 

Size of connection beam = 

135x5um2 

Size of pivot beam 2 = 

135x20um2 

With of leverage = 150um 

Thickness of the structure = 

10um 

 

[36] 

 

 

 

DETF Aluminium 

Nitride 

Resonating 

Accelerometer 

(In-plane) 

Theoretical 

Unknow 

 

FEM analysis 

Sensitivity = 89ppm/g 

Experimental 

Sensitivity = 

54.5ppm/g 

FEM 

analysis 

Base 

frequency = 

348.6KHz 

 

Experiment

al based 

frequency = 

332.1KHz 

 

AlN 

(active 

material) 

Design Parameters 

 

Beam dimensions = 

6 µm x 300 µm 

Thickness of AlN = 2um 

Thickness of platinum = 

100nm 

Proof mass dimensions = 

800 µm x 800 µm 
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ALUMINUM 

NITRIDE ON 

SILICON 

RESONANT 

MEMS 

ACCELEROMET

ER 

(TBTF) 

Theoretical 

Unknow 

 

Experimental 

Sensitivity = 

387 ppm/g 

 

Theoretical

= 

Unknow 

 

Simulated 

frequency = 

137.6 kHz 

 

 

 

 

 

 

AlN 

(active 

material) 

Design Parameters 

 

Length of each tine (Lt) = 

760um 

Width of each tine (Wt) = 

40um 

Thickness of silicon layer 

(tsi) = 10um 

Thickness of piezoelectric-

AlN layer (tAlN) = 0.5 um 

Thickness of metal (Al) 

layer (tAl) = 1 um 

Mass of each tine (mt) = 

0.7ugm 

Seismic mass (ms) = 

81.59ugm 

Resonant frequency (fo-

simulated) = 136.3 Khz 
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TRI-AXIAL 

MICRO 

PIEZOELECTRI

C 

ACCELEROMET

ER 

(single proof 

mass) 

Theoretical 

Z-axis= 22.12pC/g, 

 

FEM Analysis 

Z-axis= 23.85 pC/g 

X-axis = 4.62 pC/g 

Y-axis = 4.62 pC/g 

Calculated 

Natural 

frequency = 

207.47Hz. 

 

FEM 

Analysis 

Natural 

frequency = 

230.46 Hz. 

 

PZT 

(active 

material) 

Design Parameters 

 

Length of cantilever beam = 

1700um 

Width of cantilever beam 

=250um 

Thickness of cantilever 

beam = 3.2um 

Thickness of PZT film = 

0.9um 

 

 

 

 

 

 

[39] 
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Accelerometer 

type 

Charge 

Sensitivity 

Theoretical and 

measured 

Resonant 

frequency 

theoretical 

and 

measured 

Fabrication 

process 

& Active 

material 

Design parameters Referen

ces 

 

 

 

PZT Thick-Film 

Triaxial 

Accelerometer 

(single proof 

mass) 

Theoretical 

 

Design # 1 

Svv= 2.75 mV/g 

Svh= 2.75 mV/g 

SQv= 0.0275 mC/g 

SQh= 0.0275 mC/g 

 

Design # 2 

Svv= 0.927 mV/g 

Svh= 0.927 mV/g 

SQv= 0.0463 mC/g 

SQh= 0.0463 mC/g 

 

 

FEM Analysis 

Design # 1 

Svv= 2.85 mV/g 

Svh= 2.87 mV/g 

SQv= 0.0285 mC/g 

SQh= 0.0287 mC/g 

Design # 2 

Svv= 0.950 mV/g 

Svh= 0.930 mV/g 

SQv= 0.0475 mC/g 

SQh= 0.0465 mC/g 

 

Calculated 

 

Design # 1 

fv = 25khz 

 

Design # 2 

fv = 25khz 

 

 

FEM 

Analysis 

 

Design # 1 

fv = 

23.65khz 

fh = 22.2 

khz 

 

Design # 2 

fv = 24.58 

khz 

fh =22.7 khz 

 

 

 

 

 

PZT 

(active 

material) 

Design Parameters 

 

Design # 1 

 

H = 10um 

Hp = 14.2um 

Hm = 1000um 

Wm = 1872um 

W = 261 um 

L = 193um 

 

Design # 2 

H = 10um 

Hp = 14.2um 

Hm = 1000um 

Wm = 1413um 

W = 758um 

L = 331um 
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A High 

Sensitivity 

Piezoelectric 

MEMS 

Accelerometer 

Based on 

Aerosol 

Deposition 

Method 

(single axis) 

Experimental 

Design 1: 

SQ1 = 25.6 pc/g 

Sv1 = 5.43 mv/g 

Design 2: 

SQ2 = 25.5 pc/g 

Sv2 = 7.30mv/g 

Design 3: 

SQ3 = 41.4 pc/g 

Sv3 = 9.32 mv/g 

Design 4: 

SQ4 = 23.9 pc/g 

Sv4 = 7.54 mv/g 

Experiment

al 

Resonant 

frequencies 

 

Design 1= 

769.01 Hz 

Design 2= 

572.25 Hz 

Design 3= 

573.59 Hz 

Design 4= 

723.25 

 

 

 

PZT 

(active 

material) 

Design Parameters 

 

These parameters are same 

for all 4 designs: 

Te = 0.22um 

Tp = 11um 

Tb = 0.1mm 

Tm = 1mm 

lb = 2.5mm 

lm = 2mm 

 

width of mass 1,2,4 = 4.2mm 

width of mass 3 = 6.2 mm 

(heavy mass) 

 

 

 

 

 

 

 

 

 

 

 

[41] 

 

 

 

 

 

 

 

 

High-Sensitivity 

Piezoelectric 

Microelectromech

anical Systems 

Accelerometers 

(One axis good 

sensitivity) 

Theoretical 

Design 1: 

SQ1 = 7.60 pc/g 

Design 2: 

SQ2 = 1.45 pc/g 

Design 3: 

SQ3 = 1.06 pc/g 

Design 4: 

SQ4 = 0.77pc/g 

 

FEM analysis 

Design 1: 

SQ1 = 7.45 pc/g 

Design 2: 

SQ2 = 2.10 pc/g 

Design 3: 

SQ3 = 1.18 pc/g 

Design 4: 

SQ4 = 0.84pc/g 

Theoretical 

 

Resonant 

frequencies 

 

Design 1= 

3.7 KHz 

 

Design 2= 

17.4 KHz 

 

Design 3= 

27.5 KHz 

 

Design 4= 

35.3 KHz 

 

 

 

 

 

 

 

 

 

 

 

PZT 

(active 

material) 

Design Parameters 

Parameters are not recorded 

in detail, but they were all 

same except the thickness 

of Silicon membrane 

 

Design 1: 6.1 um 

 

Design 2: 21.2 um 

 

Design 3: 36.8 um 

 

Design 4: 44.4 um 

 

 

 

 

 

 

 

 

 

 

 

[42] 
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2.7.1 Review of different design approaches and its affects 

Literature study shows that different designs approaches are used by researchers for both 

single-axis and three-axis accelerometers and every design showed its own advantages and 

disadvantage. Some researches preferred simple cantilever beam for designing mostly single-

axis accelerometers [33], where other researcher come up with a different design by making a 

slight change to design by adding a proof mass on the tip of the cantilever beam, and using 

multiple cantilever beam instead of a single cantilever beam [31], this approach showed 

improved sensitivity and resonant frequency. A similar kind of design approach is used by 

some researchers with proof mass and a single cantilever beam with larger width [43]. Other 

designs mainly used are DETF (double-ended tuning- fork) [44], TBTFs (triple beam tuning 

forks) [38], T-shape designs with two proof mass attached [34], some design had a proof mass 

while others doesn’t. 

For three-axis accelerometer most commonly used design is a single proof mass suspended by 

four symmetric beam which are connected to an outer frame [39][40][35][45][46][32]. A 

trampoline type design is also reported having a suspended proof mass at the junction of 

crossed beam and beams are connected to a circular mounting frame [42], Similar types four 

of designs are reported in this paper with different beam for all the four designs [47]. 

Unimorph or Bimorph types of beam design methods are used in all the design for both single-

axis or tri-axial accelerometer, with different piezoelectric materials used as active materials 

(mostly PZT, ZnO, and AlN). Transductions configuration of piezoelectric can mostly applied 

in d31 mode. It is observed that the deployment of piezoelectric (active material) at places where 

the structure experience is important during the design process of the accelerometers.  

2.8 Piezoelectric material properties review: 

Material properties of different piezoelectric materials commonly used by researchers for 

designing accelerometers, such as PZT (Lead zirconate titanate), ZnO (Zinc oxide), AlN 

(Aluminium nitride). 
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Table 2. 2. Material properties of commonly used piezoelectric materials [48]. 

Property PZT LiNbO3 AlN ZnO 

Piezoelectric 

constant(C/m2) 

e31= -6.5 

e33= 23.33 

e31= 0.23 

e33= 1.33 

e31= -0.58 

e33= 1.55 

e31= -0.57 

e33= 1.32 

Piezoelectric 

coefficient (pm/V) 

d31 = -120 

d31 = -170 

d33 = 60–130 

d31 = -7.4 d31 = -2.0 

d33 = 3.9 

d31 = -5.0 

d33 = 5.9 

Electromechanical 

coupling 

coefficient k2 

 

0.57–0.69 

 

5.5 

 

0.24 

 

0.33 

Elastic modulus 

(GPa) 

68 203 308 201 

Hardness (GPa) 8.0 – 17 5.0 

Resistivity (Ω cm) 1 x 109 2x1010 1x1011 1x107 

Thermal 

expansion (/˚C) 

2 x 10-6 

 

1.5 x 10-5 4.3 x 10-6 6.5 x 10-6 

Acoustic velocity 

(m/s) 

3900 3980 10127 5700 

Dielectric loss 

angle tan δ  

(105 V/m) 

 

0.01–0.03 

 

– 

 

0.003 

 

0.01–0.1 

 

2.8.1 Comparison between the PZT and AlN 

PZT is widely used in inertial sensors application because of its high piezoelectric constant 

compare to other materials such as LiNbO3, AlN, ZnO, and low manufacturing cost [24][41]. 

The high piezoelectric constant result in high charge sensitivity compare to other materials 

[49], but due to its low bang gap 3.2–3.7 eV the suitability for high temperature application 

decreases [50]. PZT contains lead and which pose a threat to environment because of its toxic 

properties. 
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While on the other hand the AlN a high band gap of 6eV which makes it a good choice for the 

high temperature application, and can maintain its piezoelectric properties at a temperature 

exceeding 1000◦C [51]. It has also gained an increasing importance because of its properties 

such as High Signal to Noise Ratio (SNR), post-CMOS compatibility [37], Small dielectric 

loss, and an environment friendly material which contain no lead [52].  
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3 Analytical analysis of accelerometer  

This chapter is dealing with analytical analysis of the single cantilever beam 1-axis 

accelerometers design parameters, with the help of MATLAB the mathematical equations are 

simulated to get the optimized parameters of the single axis accelerometer.  

For tri-axial accelerometer the mathematical analysis is not possible because of the complexity 

of the design and the limitation of the coordinates. So, in this chapter we will only simulate the 

single axis accelerometer design parameters. 

Single cantilever beam with proof mass as shown in figure 3.1 is the base of this mathematical 

equation derivation. 

As we know 

𝑚 =  𝑉𝑚𝜌𝑠𝑖       (3.1) 

𝐹𝑧 =  𝑚𝑎𝑧       (3.2) 

Where Vm is the volume and ρSi is density of the seismic mass (proof mass). 

ρSi = 2330 kg/m3 

Curvature of the cantilever:  

𝐾 =
1

𝜔𝑐
=  

𝑑∅

𝑑𝑠
≈  

𝑑2𝑣

𝑑𝑥2      (3.3) 

ωc is the radius of curvature and θ is the angle of rotation of the curve that is detected.  
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Figure 3. 1. Simple cantilever beam design of transducer 

Design parameters are represented as 𝑙𝑐 Length of the cantilever , 𝑡𝑐 Thickness of the 

cantilever, 𝑤𝑐 Width of the cantilever,  𝑙𝑝 Length of the AlN, active layer,  𝑤𝑝 Width of AlN, 

active layer,  𝑡𝑝 Thickness of AlN (active layer), 𝑡𝑚 Thickness of Si mass (proof mass),  𝑤𝑚 

Width of Si mass (proof mass), 𝑙𝑚 Length of Si mass (proof mass), 𝑚 Mass , and 𝑎𝑧 

acceleration. 

Area moment of inertia Iy is given by 

𝐼𝑦 =  ∫ 𝑍2 𝑑𝐴
𝐴

      (3.4) 

The bending moment M(x) in the beam at point x is given by, 

𝑀(𝑥) =  𝑀1 + 𝑅1𝑥  0 ≤ 𝑥 ≤ 𝑙𝑐      (3.5) 

where M1 is the reaction moment and R1 is the reaction force at x = lc. 

𝑑2𝑣(𝑥)

𝑑𝑥2 =  − 
𝑀1+𝑅1𝑥

𝑌𝐼𝑦
       (3.6) 

For the uniaxial accelerometer the cantilever fixed at one end as V (0) = V‘0(0) = 0, the general 

deflection curve is derived 
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𝑣(𝑥) =  −
𝑀1

2𝑌𝐼𝑦
 𝑥2 −  

𝑅1

6𝑌𝐼𝑦
 𝑥3  0 ≤ 𝑥 ≤ 𝑙𝑐      (3.7) 

In the case of static deflection, the reaction force R1 is equal to the applied force. 

𝑅1 = 𝐹𝑧 = 𝑚𝑎𝑧      (3.8) 

And the reaction moment equals to the sum of all moments. 

𝑀1 = −𝐹𝑧(𝑙𝑐 +
𝑙𝑚

2
)      (3.9) 

Hence deflection is given as below 

𝑣(𝑥) =  
3(𝑙𝑐+𝑙𝑚 2⁄ )𝑥2−𝑥3

6𝑌𝐼𝑦
(𝑚𝑎𝑧)    (3.10) 

 

The voltage generated “V” per acceleration is given by  

𝑉 =  −2.404 × 102 𝑉𝑚

𝑁
∗

𝑚𝑎𝑧

8𝐼𝑦𝑙𝑝𝑡𝑝
(𝑡𝑝

2𝑙𝑐
2 + 2𝑡𝑐𝑡𝑝𝑙𝑐

2) ∗ 𝑡𝑝  (3.11) 

The output voltage V per acceleration or charge Q generated per acceleration is 

the sensitivity. 

Voltage sensitivity is given by 

𝑆𝑧𝑉 =  
𝑉

𝑎𝑧
      (3.12) 

 Charge sensitivity is given by 

𝑆𝑧𝑄 =  𝐶𝑎𝑙𝑛 ∗
𝑉

𝑎𝑧
=

𝑄

𝑎𝑧
      (3.13) 

Capacitance Caln of the AlN layer is given as, 

𝐶𝑎𝑙𝑛 =  
𝜔𝑝𝑙𝑝

𝑡𝑝
∗

𝑑31

𝑔31
     (3.14) 

And the Resonant frequency is given by the equation below 
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𝑓° =
1

2𝜋
√

𝑌𝑆𝑖𝐼𝑦

𝑚𝑙𝑐
3 √

6𝑧2+6𝑧+2

8𝑧4+14𝑧3+(21 2⁄ ) 𝑧2+4𝑧+2 3⁄⁄
     (3.15) 

 

Where 𝑧 = 𝑐 = 𝑙𝑐 and c is half the length of the mass 𝑙𝑚. 

3.1 Preliminary design parameters of single axis accelerometer 

MATLAB is used in finding the optimum design parameters for single axis accelerometer. 

Some initial values of parameters were selected based on the research done in past from the 

literature review. To find out the optimum design parameters, I follow as simple analysis 

technique using the above-mentioned equations for deflection, sensitivity and frequency. 

We keep one parameter as variable, the one which we want to optimize and fixed the rest of 

the parameters. Then we change that selected parameter over a range of values and check its 

results according to the changed values. Three parameters or optimization cases are selected to 

be optimized for different values, and deflection, voltage sensitivity and resonant frequency is 

calculated accordingly at each different value. 

Case 1: Changing only 𝑙𝑐  length of cantilever substrate layer (silicon layer). 

Case 2: Changing beam length or both the cantilever substrate layer (silicon layer) 𝑙𝑐  and 

piezoelectric layer (active layer) 𝑙𝑝. 

Case 3: Changing the width of the piezoelectric layer (active layer) 𝑤𝑝. 
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Table 3. 1. Initial literature-based design parameters 

Letter Representation description Values 

𝑙𝑐 Length of the cantilever (Silicon layer) 200 𝜇𝑚 

𝑡𝑐 Thickness of the cantilever (Silicon layer) 20 𝜇𝑚 

𝑤𝑐 Width of the cantilever (Silicon layer) 3000 𝜇𝑚 

𝑙𝑝 Length of the AlN (active layer) 200 𝜇𝑚 

𝑤𝑝 Width of AlN (active layer) 2500 𝜇𝑚 

𝑡𝑝 Thickness of AlN (active layer) 0.6 𝜇𝑚 

𝑙𝑚 Thickness of Si mass (proof mass) 570 𝜇𝑚 

𝑤𝑚 Width of Si mass (proof mass) 3000 𝜇𝑚 

𝑙𝑚 Length of Si mass (proof mass) 5000 𝜇𝑚 

𝑚 Mass 20 𝑚𝑔 

𝑎𝑧 Acceleration 9.8 𝑚 𝑠2⁄  

 

3.2 Simulation results:  

MATLAB is used to calculate the optimized parameters, equations mentioned above was used 

to calculate the results for all three selected cases of critical parameters and are reported in 

tables and plotted in form of line charts respectively here in section. 

Case 1: Changing only 𝑙𝑐   length of cantilever substrate layer (silicon layer). 

Table 3.2 shows the recorded corresponding results of deflection of beam, voltage sensitivity 

and resonant frequency for different lengths of 𝑙𝑐 cantilever layer (silicon layer), while all other 

parameters were kept unchanged. Calculated results for the deflection, voltage sensitivity and 

resonant frequency are plotted in figure 3.2, 3.3, 3.4, respectively. 
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Table 3. 2. Result of analysis of different length of 𝑙𝑐 substrate layer (silicon layer). 

No. 𝒍𝒄 length of beam 

substrate in 𝝁𝒎 

𝐟° Resonant 

frequency in Hz 

Deflection in 𝐧𝐦 Voltage 

sensitivity 𝐒𝐳𝐯 in 

𝐦𝐕 

1 150 781.90 14.9 -1.10 

2 200 677.22 26.8 -1.90 

3 250 605.77 42.3 -3.00 

4 300 553.03 61.1 -4.30 

5 350 512.04 84.4 -5.90 

 

 

Figure 3. 2. Change in deflection with change in length of base substrate 
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Figure 3. 3. Change in voltage sensitivity with change in length of base substrate 

 

Figure 3. 4. Change in resonant frequency with change in length of base substrate 
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Case 2: Changing beam length or both the cantilever substrate layer (silicon layer) 𝑙𝑐  and 

piezoelectric layer (active layer) 𝑙𝑝. 

Result of the second case where the 𝑙𝑐 substrate layer (Silicon layer) and 𝑙𝑝 piezoelectric layer 

(active layer) are both changing and are having same values, while all other parameters were 

kept unchanged. Table 3.3 shows the recorded corresponding results of deflection of beam, 

voltage sensitivity and resonant frequency for this case and are plotted in figure 3.5, 3.6, 3.7, 

respectively. 

Table 3. 3. Result of analysis at different lengths of both 𝑙𝑐  substrate layer (silicon layer) and 𝑙𝑝  piezoelectric 

(active layer). 

No. 𝒍𝒄 = 𝒍𝒑 length of 

both parameters 

in 𝝁𝒎 

𝐟° Resonant 

frequency in Hz 

Deflection in 𝐧𝐦 Voltage 

sensitivity 𝐒𝐳𝐯 in 

𝐦𝐕 

1 150 781.90 14.9 -1.10 

2 200 677.22 26.8 -1.40 

3 250 605.77 42.3 -1.80 

4 300 553.03 61.1 -2.20 

5 350 512.04 84.4 -2.50 
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Figure 3. 5. Change in deflection with change in length of beam 

 

Figure 3. 6. Change in voltage sensitivity with change in length of beam 
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Figure 3. 7. Change in resonant frequency with change in length of beam 

Case 3: Changing the width of the piezoelectric layer (active layer) 𝑤𝑝. 

Changing the parameter 𝑤𝑝 width of the piezoelectric layer (active) is the third case of the 

optimization. Calculated results for deflection of beam, voltage sensitivity and resonant 

frequency are recorded in the table 3.4 and are plotted in figure 3.8, 3.9, 3.10. 
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Table 3. 4. Result of analysis of different width of 𝑤𝑝 width of piezoelectric (active layer). 

No. 𝒘𝒑  width of 

piezoelectric layer 

in  𝝁𝒎 

𝐟° Resonant 

frequency in Hz 

Deflection in 𝐧𝐦 Voltage 

sensitivity 𝐒𝐳𝐯 in 

𝐦𝐕 

1 1000 781.90 14.9 -1.10 

2 1500 677.22 14.9 -1.10 

3 2000 605.77 14.9 -1.10 

4 2500 553.03 14.9 -1.10 

5 2980 512.04 14.9 -1.10 

 

Plots of result is followed. 

 

Figure 3. 8. Change in deflection with change in width of piezo layer 
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Figure 3. 9. Change in voltage sensitivity with change in width of piezo layer 

 

Figure 3. 10. Change in resonant frequency with change in width of piezo layer   
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4 Finite element model analysis 

This chapter is about finite element model analysis of the of the both single and tri-axial 

accelerometers, COMSOL Multiphysics is used in this analysis. Three cases are considered for 

the analysis to verify and compare the result of FEM analysis with the analytical analysis done 

previous chapter for the single axis accelerometer design. While for the 3-axis accelerometer 

two cases are considered for the simulation and its analysis is performed in this chapter.  

4.1 Single axis FEM analysis 

Case 1: Changing only 𝑙𝑐  length of cantilever substrate layer (silicon layer). 

Case 2: Changing beam length or both the cantilever substrate layer (silicon layer) 𝑙𝑐  and 

piezoelectric layer (active layer) 𝑙𝑝. 

Case 3: Changing the width of the piezoelectric layer (active layer) 𝑤𝑝. 

These are the same cases used in the analytical analysis and analysis are done for deflection, 

resonant frequency, and voltage sensitivity. 

4.1.1 Geometrical structure designing and Meshing single axis accelerometer in 

COMSOL 

Geometry of Single axis accelerometers were designed as shown in figure 4.1 in accordance 

with the optimum design parameters given in table 3.1. where the blue colour highlights the 

composite beam of Silicon (Si) as base substrate, Silicon dioxide (SiO2) as buffer layer and 

Aluminium nitride (AlN) as active piezoelectric layer. Beam is attached to an anchor (support 

from one) and fixed from this side, while a seismic mass (proof mass) compose of Silicon (Si) 

is attached to other side of the beam which is free to move. For simulations the anchor (support) 

is neglected to avoid the complexities during the meshing process and the beam is selected to 

be fixed from one side instead of attaching it to an anchor and selecting the anchor as fixed 

object (which is the real-life design scenario). 
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Figure 4. 1. Shows the design of single axis accelerometer 

After finishing the geometory of the accelerometer, the process of add materials to its 

respective section begins with adding Silicon (Si) to the base substract of the beam and seismic 

mass, Silicon diaoxide (SiO2) to buffer layer between the base substract and active layer 

(piezoelectric layer) and then Aluminum nidtride(AlN) to top layer of the beam. 

Next step was to do the meshing of the geometory as shown in the figure 4.2. For mehsing user 

controlled mesh sequence type was selected with fine meshing size.  

 

Figure 4. 2. Mesh of the single axis accelerometer in FEM analysis 



54 

 

4.1.2 Simulation’s and its Results 

FEM analysis are performed in three different cases of design parameters mentioned earlier 

and its effect on deflection, resonant frequency and voltage sensitivity is recorded for analysis 

purposes.  

Case 1: Changing only 𝑙𝑐   length of cantilever substrate layer (silicon layer) 

Simulations are performed with acceleration of g (9.8 m/s2) in all three-axis.  And results are 

reported here for all three axes with its tables 3D plots and graph chart. 

Deflection 

Deflection is simulated with changing length of cantilever substrate 𝑙𝑐 (Silicon layer). 

 Table 4.1 shows the results for deflection, figure 4.4 shows 3D plotted and figure 4.3 shows 

the line chart of the values for deflection with respect to change in only 𝑙𝑐   length of cantilever 

substrate layer (silicon layer). 

Table 4. 1. Deflection recorded during simulation in all three axes (with acceleration g) of the changing lc 

No. 𝒍𝒄 length of beam 

substrate in 𝝁𝒎 

Deflection in 𝐧𝐦  in 

Z-axis acceleration 

Deflection in 𝐧𝐦 

in X-axis 

acceleration 

Deflection in 𝐧𝐦 

in Y-axis 

acceleration 

1 150 8.895 0.0015 0.96 

2 200 12.566 0.0019 1.33 

3 250 16.093 0.0034 1.67 

4 300 19.568 0.0050 2.05 

5 350 23.559 0.0089 2.39 
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Figure 4. 3. Graph of deflection in diferent axes acceleration with changing lc . 

 

Figure 4. 4. Displacement to different direction acceleration (a) X-axis (b) Z-axis (c) Y-axis 



56 

 

Resonant frequency 

In frequency analysis it is found that the direction of the acceleration applied had no effect on 

the resonant frequency and is same in all three directions. Table 4.2 shows the results for 

Resonant frequency, figure 4.6 shows all mentioned resonant frequencies plotted in 3D and 

figure 4.5 shows the line chart of the resonant frequencies with respect to change in only 𝑙𝑐   

length of cantilever substrate layer (silicon layer). 

Table 4. 2. Resonant frequency recorded during simulation in all three axes acceleration g with changing lc 

No. 𝒍𝒄 length of beam 

substrate in 𝝁𝒎 

Resonant frequency 

in 𝐇𝐳  in Z-axis 

acceleration 

Resonant 

frequency in 𝐇𝐳  

in X-axis 

acceleration 

Resonant 

frequency in 𝐇𝐳  

in Y-axis 

acceleration 

1 150 619.55 619.55 619.55 

2 200 525.98 525.98 525.98 

3 250 463.48 463.48 463.48 

4 300 417.59 417.59 417.59 

5 350 382.27 382.27 382.27 
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Figure 4. 5. Resonant frequency of in all three-direction acceleration with changing lc. 

 

Figure 4. 6. 3D plots of resonant frequencies all mentioned lengths 
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Voltage sensitivity 

Voltage sensitivity of accelerometer design is simulated with changing length of cantilever 

substrate 𝑙𝑐 (Silicon layer). Table 4.3 shows the results for deflection, figure 4.7 ,4.8, 4.9 shows 

3D plotted and figure 4.10 shows the line chart of the values for deflection with respect to 

change in only 𝑙𝑐   length of cantilever substrate layer (silicon layer). 

Table 4. 3.  Generated voltage recorded during simulation in all three axes (with acceleration g) of the changing 

lc 

No. 𝒍𝒄 length of beam 

substrate in 𝝁𝒎 

Voltage generated in 

(mv) by Z-axis 

acceleration 

Voltage generated 

in (mv) by X-axis 

acceleration 

Voltage generated 

in (mv) by Y-axis 

acceleration 

1 150 -0.892 -3.70E-07 -9.41E-02 

2 200 -0.904 1.80E-06 -9.35E-02 

3 250 -0.918 5.70E-06 -9.28E-02 

4 300 -0.923 4.22E-06 -9.20E-02 

5 350 -0.938 -1.25E-06 -9.15E-02 
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Figure 4. 7. Sensitivity at different length in z-axis acceleration 

 

 

Figure 4. 8. Sensitivity at different length in y-axis acceleration 
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Figure 4. 9. Sensitivity at different length in x-axis acceleration 

 

Figure 4. 10. Voltage generated in all three-direction acceleration with changing lc. 
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Case 2: Changing beam length or both the cantilever substrate layer (silicon layer) 𝑙𝑐  and 

piezoelectric layer (active layer) 𝑙𝑝. 

Simulations are performed with acceleration of g (9.8 m/s2) and in all three-directions. And 

results of deflection, frequency and voltage sensitivity are reported here for all three axes with 

its 3D plots and graph chart. 

Deflection 

Deflection is simulated with changing length of cantilever substrate 𝑙𝑐 (Silicon layer) and 

piezoelectric layer (active layer) 𝑙𝑝. Table 4.4 shows the results for deflection, figure 4.12 

(a)(b)(c) shows 3D plotted and figure 4.11 shows the line chart of the values for deflection 

while changing beam length or 𝑙𝑐  length of cantilever substrate layer (silicon layer) and 

piezoelectric layer (active layer) 𝑙𝑝. 

Table 4. 4. Deflection recorded during simulation in all three axes acceleration g with changing lc =lp together or 

(beam length) 

No. 𝒍𝒄 = 𝒍𝒑 in 𝝁𝒎 

Changing both 

Deflection in 𝐧𝐦  in 

Z-axis acceleration 

Deflection in 𝐧𝐦 in 

X-axis acceleration 

Deflection in 𝐧𝐦 

in Y-axis 

acceleration 

1 150 9.22 0.0012 0.987 

2 200 12.09 0.0020 1.28 

3 250 14.78 0.0030 1.55 

4 300 17.50 0.0053 1.81 

5 350 20.54 0.0078 2.09 
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Figure 4. 11. Graph of deflection in diferent axes acceleration with changing 𝑙𝑐 = 𝑙𝑝  

(beam length) 

 

Figure 4. 12. Displacement to different direction acceleration (a) X-axis (b) Z-axis (c) Y-axis 
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Resonant frequency 

In frequency analysis it is found that the direction of the acceleration applied had no effect on 

the resonant frequency and is same in all three directions. Table 4.5 shows the results for 

Resonant frequency, figure 4.13 shows 3D plotted of geometry at every frequency and figure 

4.14 shows the line chart of the resonant frequencies with changing beam length or 

(𝑙𝑐=𝑙𝑝changing together). 

Table 4. 5. Resonant frequency recorded during simulation in all three axes acceleration g with changing lc =lp 

together or (beam length) 

No. 𝒍𝒄 = 𝒍𝒑 in 𝝁𝒎 

Changing both 

Resonant frequency 

in 𝐇𝐳  in Z-axis 

acceleration 

Resonant 

frequency in 𝐇𝐳  

in X-axis 

acceleration 

Resonant 

frequency in 𝐇𝐳  

in Y-axis 

acceleration 

1 150 619.55 619.55 619.55 

2 200 537.48 537.48 537.48 

3 250 479.96 479.96 479.96 

4 300 436.46 436.46 436.46 

5 350 402 402 402 

 

 

Figure 4. 13. Eigenfrequency at every length for z-axis acceleration 
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Figure 4. 14. Resonant in diferent axes acceleration with changing 𝑙𝑐 = 𝑙𝑝 (beam length) 
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Voltage sensitivity 

Design is simulated with changing length of cantilever substrate 𝑙𝑐 (Silicon layer) and 

piezoelectric layer (active layer) 𝑙𝑝. Table 4.6 shows the results for deflection, figure 4.15 

,4.16,4.17 shows 3D plotted and figure 4.18 shows the line chart of the values for Voltage 

generated while changing beam length or 𝑙𝑐  length of cantilever substrate layer (silicon layer) 

and piezoelectric layer (active layer) 𝑙𝑝. 

Table 4. 6. Generated voltage recorded during simulation in all three axes acceleration g with changing lc =lp 

together or (beam length) 

No. 𝒍𝒄 = 𝒍𝒑 in 𝝁𝒎 

Changing both 

Voltage generated in 

(mv) by Z-axis 

acceleration 

Voltage generated 

in (mv) by X-axis 

acceleration 

Voltage generated 

in (mv) by Y-axis 

acceleration 

1 150 -0.892 3.70E-07 -0.094 

2 200 -0.885 6.73E-07 -0.093 

3 250 -0.883 2.79E-06 -0.091 

4 300 -0.882 1.54E-06 -0.096 

5 350 -0.881 -3.01E-07 -0.089 
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Figure 4. 15. Sensitivity at different length in z-axis acceleration 

 

Figure 4. 16. Sensitivity at different length in Y-axis acceleration 
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Figure 4. 17. Sensitivity at different length in X-axis acceleration 

 

 

Figure 4. 18. Voltage generated in all three-direction acceleration with changing 𝑙𝑐 = 𝑙𝑝 (beam length) 
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Case 3: Changing the width of the piezoelectric layer (active layer) 𝑤𝑝 

Simulations are performed with acceleration of g (9.8 m/s2) and in all three-directions. And 

results of deflection, frequency and voltage sensitivity are reported here for all three axes with 

its 3D plots and graph chart. 

Deflection 

Accelerometer is simulated with changing the width of the piezoelectric layer (active layer) 

𝑤𝑝. Table 4.7 shows the results for deflection, figure 4.20 shows 3D plotted and figure 4.19 

shows the line chart of the values for deflection while changing the width of the piezoelectric 

layer (active layer) 𝑤𝑝. 

Table 4. 7. Deflection recorded during simulation in all three axes acceleration g with changing wp (Width of 

active layer) 

No. 𝒘𝒑 in 𝝁𝒎 Deflection in 𝐧𝐦  in 

Z-axis acceleration 

Deflection in 𝐧𝐦 in 

X-axis acceleration 

Deflection in 𝐧𝐦 

in Y-axis 

acceleration 

1 1000 10.44 0.00135 1.12 

2 1500 10.09 0.00132 1.08 

3 2000 9.78 0.00132 1.04 

4 2500 9.49 0.00130 1.01 

5 2980 9.22 0.00124 0.98 
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Figure 4. 19. Graph of deflection in diferent axes acceleration with changing wp. 

 

Figure 4. 20. Displacement to different direction acceleration (a) X-axis (b) Z-axis (c) Y-axis 



70 

 

Resonant frequency 

In frequency analysis it is found that the direction of the acceleration applied had no effect on 

the resonant frequency and is same in all three directions. Table 4.8 shows the results for 

Resonant frequency, figure 4.21 shows 3D plotted geometry at all mentioned frequencies and 

figure 4.22 shows the line chart of the resonant frequencies with Changing the width of the 

piezoelectric layer (active layer) 𝑤𝑝. 

Table 4. 8. Resonant frequency recorded during simulation in all three axes with acceleration g while changing 

wp (Width of active layer) 

No. 𝒘𝒑 in 𝝁𝒎 Resonant frequency 

in 𝐇𝐳  in Z-axis 

acceleration 

Resonant frequency 

in 𝐇𝐳  in X-axis 

acceleration 

Resonant 

frequency in 𝐇𝐳  

in Y-axis 

acceleration 

1 1000 586.66 586.66 586.66 

2 1500 595.62 595.62 595.62 

3 2000 603.83 603.83 603.83 

4 2500 611.97 611.97 611.97 

5 2980 619.55 619.55 619.55 

 

 

Figure 4. 21. Eigenfrequency at every length for z-axis acceleration 
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Figure 4. 22. Resonant frequency in diferent axes with acceleration of g while changing wp. 

Voltage sensitivity:  

Accelerometer is simulated with changing the width of the piezoelectric layer (active layer) 

𝑤𝑝. Table 4.9 shows the results for generated voltage, figure 4.23, 4.24, 4.25 shows 3D plotted 

and figure 4.26 shows the line chart of the values for generated voltage while changing the 

width of the piezoelectric layer (active layer) 𝑤𝑝. 
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Table 4. 9. Generated voltage recorded during simulation in all three axes with acceleration g while changing wp 

(Width of active layer) 

No. 𝒘𝒑 in 𝝁𝒎 Voltage generated 

in (mv) by Z-axis 

acceleration 

Voltage generated 

in (mv) by X-axis 

acceleration 

Voltage generated 

in (mv) by Y-axis 

acceleration 

1 1000 -1.04 2.63E-06 -0.1086 

2 1500 -0.992 9.10E-07 -0.1047 

3 2000 -0.959 9.10E-07 -0.101 

4 2500 -0.925 -1.25E-06 -0.0975 

5 2980 -0.892 -3.79E-07 -0.094 

 

 

Figure 4. 23. Sensitivity at different piezo width in Z-axis acceleration 
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Figure 4. 24. Sensitivity at different piezo width in Y-axis acceleration 

 

 

Figure 4. 25. Sensitivity at different piezo width in X-axis acceleration 
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Figure 4. 26. Voltage generated in all three-direction with acceleration of g while changing wp. 

4.2 3-axis accelerometer FEM analysis 

FEM analysis of 3- axis accelerometer was performed with the same COMSOL Multiphysics 

tool used for the single axis accelerometers FEM analysis. The approach of the simulation here 

was also the same. Some initial design parameter (table 4.10) was selected on the base of 

literature reviews and knowledge of the design parameters of the single axis accelerometer to 

be the base of the first geometrical design of our 3-axis accelerometer. 

Two cases or scenario was selected for three-axis accelerometer to simulation on, with an 

acceleration of 1-g for X, Y, Z directions, respectively. 

Case 1: Changing the length piezoelectric layer (active layer) 𝑙𝑝. 

Case 2: Changing the width of the piezoelectric layer (active layer) 𝑤𝑝. 
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Table 4. 10. Initial selected parameters value for the 3-axis accelerometer based on the base of literature and 

knowledge of single axis accelerometer value. 

Letter Representation description Values 

𝑙𝑐 Length of the cantilever (Silicon layer) 1000 𝜇𝑚 

𝑡𝑐 Thickness of the cantilever (Silicon layer) 15 𝜇𝑚 

𝑤𝑐 Width of the cantilever (Silicon layer) 2000 𝜇𝑚 

𝑙𝑝 Length of the AlN (active layer) 1000 𝜇𝑚 

𝑤𝑝 Width of AlN (active layer) 1980 𝜇𝑚 

𝑡𝑝 Thickness of AlN (active layer) 0.6 𝜇𝑚 

𝑙𝑚 Thickness of Si mass (proof mass) 570 𝜇𝑚 

𝑤𝑚 Width of Si mass (proof mass) 3000 𝜇𝑚 

𝑙𝑚 Length of Si mass (proof mass) 5000 𝜇𝑚 

𝑚 Mass 24 𝑚𝑔 

𝑎𝑧 Acceleration 9.8 𝑚 𝑠2⁄  

  

4.2.1 Geometrical structure designing and Meshing tri-axial accelerometer in 

COMSOL 

Three axis accelerometer design shown in figure 4.27, 4.28,4.29 the composition of the beams 

and seismic mass are same materials with same layers approach as per the single axis 

accelerometer, but with different dimensions and is design according to the initially selected 

parameters value as per table 4.10. Although one major change is the number of beams, now 

we are having four beams attached to all four sides of the seismic mass to be able to get the 

signal for 3-direction movement and which was only one in the case of the single axis 

accelerometer.  

The figure 4.27 shows the design of the 3-axis accelerometer. where the blue colour highlights 

the composite beam with Silicon (Si) as base substrate, Silicon dioxide (SiO2) as buffer layer 

and Aluminium nitride (AlN) as active piezoelectric layer. 
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Figure 4. 27. 3-axis accelerometer design with composite beams highlighted in blue 

 

Figure 4. 28. 3-axis accelerometer design view top with and angle 
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Figure 4. 29. 3-axis accelerometer design view from bottom with an angle 

 

Once the geometry design stage of the 3-axis accelerometer was achieved, next step was to do 

the meshing of the geometry to perform the simulation and compute the response of our design. 

We need to perform the meshing every time we make change in any of the parameters in our 

design to simulate the changes and compute the respective results. For mehsing user controlled 

mesh sequence type was selected with fine meshing size.  Figure 4.30(a), (b) shows a sample 

of meshing done for a particular design during our simulations of many different scenarios. 
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Figure 4. 30. (a)(b) Shows the geometry after meshing from two different angles 

4.2.2 Simulation’s and its Results 

FEM analysis are performed in two different cases of design parameters mention earlier and 

its effect on deflection, resonant frequency and voltage sensitivity is recorded for analysis 

purposes, both cases are reported here. 
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Case 1: Changing the length piezoelectric layer (active layer) 𝑙𝑝. 

Simulation were performed with changing the length active-layer only and acceleration of g 

applied from either X, Y, Z-direction (from one direction at time), the response of deflection, 

frequency and sensitivity to the change in beam length is measured and reported. 

Deflection 

Deflection in the beams were analysed after every change in the length of beams, with an 

applied acceleration of g from X, Y, Z directions, respectively. Table 4.11 shows the results 

for deflection, figure 4.31 shows 3D plotted and figure 4.32 shows line grape plot from the 

values reported in table. 

 

Table 4. 11. Deflection against different beam lengths at different direction acceleration g applied. 

No. Length of 

piezo layer in 

um 

Deflection in 𝐧𝐦  

in Z-axis 

acceleration 

Deflection in 𝐧𝐦 

in X-axis 

acceleration 

Deflection in 

𝐧𝐦 in Y-axis 

acceleration 

1 500 21.215 2.38 2.30 

2 700 25.218 3.01 2.6469 

3 900 18.34 2.17 2.1676 

4 1000 3.408 0.1670 0.1326 
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Figure 4. 31. (a)(b)(c): Shows deflection in X-axis Y-axis and Z-axis respectively 

 

Figure 4. 32. Length of piezo-layer vs deflection in all 3-directions 
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Frequency 

In frequency analysis it is found that the direction of the acceleration applied had no effect on 

the resonant frequency and is same in all three directions. Table 4.12 shows the results for 

Resonant frequency, figure 4.33 and figure 4.34 shows the line chart presentation of these and 

3D plots of designs respectively with Changing the length piezoelectric layer (active layer) 𝑙𝑝. 

Table 4. 12. Resonant frequency recorded during simulation in all three axes with acceleration of “g” while 

changing 𝑙𝑝 (length of active layer) 

No. Length of 

piezo layer in 

um 

Resonant 

frequency in 𝐊𝐇𝐳  

in Z-axis 

acceleration 

Resonant 

frequency in 𝐊𝐇𝐳  

in X-axis 

acceleration 

Resonant 

frequency in 

𝐊𝐇𝐳   in Y-axis 

acceleration 

1 500 3.2165 Same Same 

2 700 4.1800 Same Same 

3 900 8.8530 Same Same 

4 1000 7.8427 Same Same 

 

 

Figure 4. 33. 3D plots of the geometry at different eigenfrequencies 
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Figure 4. 34. Line chart of resonant frequency at different length of piezo layer 

 

Voltage sensitivity 

Accelerometer is simulated with Changing the length piezoelectric layer (active layer) 𝑙𝑝. To 

simulate the sensitivity of the 3-axis accelerometer we need to get the generated voltage signal 

from all 4 cantilever beams connected to seismic mass, Hence we named all 4 beams as 

X,X’,Y,Y’ as shown in figure 4.35 to be used as refence in further readings and kept the 

orientation of the geometry same throughout all sensitivity simulation phase. 

Table 4.13, 4.14, 4.15 shows the results for generated voltage at all 4 sensing beams with 

varying widths and different directional(x, y, z) acceleration of 1-g respectively . figure 4.36, 

4.37, 4.38 shows 3D Electric potential plots for x, y, z direction acceleration respectively, and 

figure 4.39, 4.40, 4.41 shows the line chart for generated voltage while changing the length 

piezoelectric layer (active layer) 𝑙𝑝. 
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Figure 4. 35. Reference snap for sensing axis 

 

Table 4. 13. Sensitivity recorded at all beams for x’ axis acceleration of 1-g 

𝒍𝒑 in um X'-axis acceleration of 1 g applied (all voltages are in mV) 

 x-beam 

sensitivity 

x’-beam 

sensitivity 

y-beam 

sensitivity 

y’-beam 

sensitivity 

500 -0.6699 0.66784 -0.0042 0.00352 

700 -0.4188 0.42525 -0.0027 -0.01202 

900 -0.1711 0.18413 -0.0012 -0.00674 

1000 -0.0437 0.04274 1.00e-4 -5.82e-4 
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Table 4. 14. Sensitivity recorded at all beams for y’ axis acceleration of 1-g 

𝒍𝒑 in um Y'-axis acceleration of 1 g applied (all voltages are in mV) 

 x-beam 

sensitivity 

x’-beam 

sensitivity 

y-beam 

sensitivity 

y’-beam 

sensitivity 

500 -0.0053 -0.0085 -0.6774 0.6560 

700 -0.0022 -0.0022 -0.4430 0.4347 

900 -7.29e-4 0.0031 -0.1834 0.1817 

1000 -4.51e-4 -3.78e-4 -6.21e-2 6.20e-2 

 

Table 4. 15. Sensitivity recorded at all beams for z’ axis acceleration of 1-g 

𝒍𝒑 in um Z'-axis acceleration of 1 g applied (all voltages are in mV) 

 x-beam 

sensitivity 

x’-beam 

sensitivity 

y-beam 

sensitivity 

y’-beam 

sensitivity 

500 -4.137 -4.1144 -5.2100 -4.9905 

700 -2.6933 -2.07233 -3.3777 -3.3067 

900 -1.0049 -1.0889 -1.1625 -1.1512 

1000 -0.0287 -0.04325 -0.04567 -0.0691 
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Figure 4. 36. 3D Electric potential plots for the x-direction acceleration applied 

 

Figure 4. 37. 3D Electric potential plots for the y-direction acceleration applied 
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Figure 4. 38. 3D Electric potential plots for the Z-direction acceleration applied 

 

 

Figure 4. 39. Plot of Sensitivity recorded at all beams for x’ axis acceleration of 1-g 
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Figure 4. 40. Plot of Sensitivity recorded at all beams for y’ axis acceleration of 1-g 

 

Figure 4. 41. Plot of Sensitivity recorded at all beams for Z’ axis acceleration of 1-g 
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Case 2: Changing the width of the piezoelectric layer (active layer) 𝑤𝑝. 

Simulation were performed with changing the width of the piezoelectric layer (active layer) 𝑤𝑝 

and an acceleration of g applied from either X, Y, Z-direction (from one direction at time), the 

response of deflection, frequency and sensitivity to the change in beam length is measured and 

reported. 

Deflection 

Deflection in the beams were analysed after every change in the width of 𝑤𝑝 piezoelectric 

layer with an applied acceleration of g from X, Y, Z directions, respectively. Table 4.16 shows 

the results for deflection, figure 4.42 (a)(b)(c) shows 3D plots of design and figure 4.43 shows 

line grape plot for the deflection in all three directional accelerations. 

Table 4. 16. Deflection against different piezo layer width at different direction acceleration g applied. 

No. Width of 

piezo layer in 

um 

Deflection in 𝐧𝐦  

in Z-axis 

acceleration 

Deflection in 𝐧𝐦 

in X-axis 

acceleration 

Deflection in 

𝐧𝐦 in Y-axis 

acceleration 

1 500 38.01 5.39 4.46 

2 1000 34.18 4.31 3.57 

3 1500 31.34 4.30 3.68 

4 1980 21.21 2.38 2.30 
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Figure 4. 42. (a)(b)(c): Shows deflection in x-axis, y-axis and z-axis respectively 
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Figure 4. 43. Deflection at different piezo layer width with different direction acceleration 

1-g applied. 

Frequency 

In frequency analysis it is found that the direction of the acceleration applied had no effect on 

the resonant frequency and is same in all three directions. Table 4.17 shows the results for 

Resonant frequency, figure 4.44 shows the 3D plots of design at different frequency and figure 

4.45 shows the line chart of the resonant frequencies with Changing the width of the 

piezoelectric layer (active layer) 𝑤𝑝. 
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Table 4. 17. Resonant frequency recorded during simulation in all three axes with acceleration g while changing 

wp (Width of active layer) 

No. Width of 

piezo layer in 

um 

Resonant 

frequency in 𝐊𝐇𝐳  

in Z-axis 

acceleration 

Resonant 

frequency in 𝐊𝐇𝐳  

in X-axis 

acceleration 

Resonant 

frequency in 

𝐊𝐇𝐳   in Y-axis 

acceleration 

1 500 2.5592 Same Same 

2 1000 2.6491 Same Same 

3 1500 2.731 Same Same 

4 1980 2.8512 Same Same 

 

 

Figure 4. 44. 3D plots of the geometry at different eigenfrequencies 
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Figure 4. 45. Resonant frequency plot at all three axes acceleration of 1-g with changing width of the piezo layer 

Voltage sensitivity 

Accelerometer is simulated with changing the width of the piezoelectric layer (active layer) 

𝑤𝑝.We will follow the same orientation that is discussed in voltage sensitivity analysis for the 

first case of the 3-axis accelerometer. Table 4.18, 4.19, 4.20 shows the results for generated 

voltage at all 4 sensing beams with varying widths and different directional (x, y, z) 

acceleration of 1-g respectively. figure 4.46, 4.47, 4.48.3 shows 3D plotted and figure 4.49, 

4.50, 4.51 shows the line chart of the generated voltage while changing the width of the 

piezoelectric layer (active layer) 𝑤𝑝. 
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Table 4. 18. Sensitivity recorded at all beams for x’ axis acceleration of 1-g 

𝒘𝒑 in um X'-axis acceleration of 1 g applied (all voltages are in mV) 

 x-beam 

sensitivity 

x’-beam 

sensitivity 

y-beam 

sensitivity 

y’-beam 

sensitivity 

500 -1.0945 1.0945 -0.00129 -0.00399 

1000 -1.007 1.0493 0.00325 0.0068 

1500 -0.90251 0.864411 -0.01509 -0.01099 

1980 -0.66999 0.66784 -4.25e-3 3.52e-3 

 

Table 4. 19. Sensitivity recorded at all beams for y’ axis acceleration of 1-g 

𝒘𝒑 in um Y'-axis acceleration of 1 g applied (all voltages are in mV) 

 x-beam 

sensitivity 

x’-beam 

sensitivity 

y-beam 

sensitivity 

y’-beam 

sensitivity 

500 -0.00271 -6.83e-4 -1.0172 1.0145 

1000 0.00676 -0.00113 -0.96849 0.95829 

1500 1.41e-3 -0.00426 -0.85825 0.83458 

1980 -5.33e-3 -8.56e-3 -6.77e-1 6.56e-1 
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Table 4. 20. Sensitivity recorded at all beams for z’ axis acceleration of 1-g 

𝒘𝒑 in um Z'-axis acceleration of 1 g applied (all voltages are in mV) 

 x-beam 

sensitivity 

x’-beam 

sensitivity 

y-beam 

sensitivity 

y’-beam 

sensitivity 

500 -6.1112 -6.1296 -7.04756 -7.4500 

1000 -5.7395 -5.9893 -7.1685 -7.1219 

1500 -5.2718 -4.9978 -6.1921 -6.0324 

1980 -4.137 -4.1144 -5.2100 -4.9905 

 

 

 

Figure 4. 46. 3D Electric potential plots for the X-direction acceleration applied 
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Figure 4. 47. 3D Electric potential plots for the Y-direction acceleration applied 

 

 

 

Figure 4. 48. 3D Electric potential plots for the Z-direction acceleration applied 
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Figure 4. 49. Sensitivity recorded at all beams for x’ axis acceleration of 1-g with changing width of piezo layer 

 

Figure 4. 50. Sensitivity recorded at all beams for y’ axis acceleration of 1-g with changing width of piezo layer 
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Figure 4. 51. Sensitivity recorded at all beams for z’ axis acceleration of 1-g with changing width of piezo layer 
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5 Discussions of the mathematical and FEM models 

After careful analysis and compilation of the data we got during all these different designs 

mathematical and FEM models analysis, the design parameters which gives us the best 

sensitivity along the sensing axis were noted and optimized parameters were finalized. 

5.1 Single axis accelerometer optimization: 

For single axis accelerometer a simple Unimorph structure of piezoelectric beam connected 

with a mass were selected.  Analytical simulation of the design was performed with the help of 

MATLAB and finite element model analysis were performed using COMSOL Multiphysics. 

Initial design parameters shown in table 3.1 were selected based on the lecture reviews, three 

parameters which are more important for the design and play a more important role in 

performance of the accelerometers, were selected for optimization, respectively. 

These parameters were  

(1) 𝑙𝑐   length of the beam substrate layer (silicon layer only). 

(2) Length of the complete beam (substrate + isolation + active). 

(3) 𝑤𝑝 Width of the active layer (piezo layer). 

All these three selected parameters were simulated for its different lengths and widths, while 

keeping the other parameters values fixed as per the table 3.1. Results obtained from 

mathematical modelling and FEM model simulation at different values from selected interval 

were then examined for the effect it has on the deflection, sensitivity and resonance frequency 

of the accelerometer. All three cases mentioned cases are discussed simultaneous. 

Case 1 

In the first case considering the "𝑙𝑐  length of the beam substrate layer (silicon layer only)" gives 

us some improvement in deflection and sensitivity with increase in length of this parameter. 

But the improvement in the results (table 4.1, 4.2, 4.3) that we get when compared with the 

cost which we pay in term of increase in the length of the "𝑙𝑐" or in other term 50um increase 

in the size of the whole design is not significant improvement.  
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These simulations were performed for the optimization of this design at sensing axis (z-axis) 

when acceleration of "1 g" were applied in Z-axis direction. It is very important for an 

accelerometer to have good efficiency (sensitivity) across the sensing axis and zero 

(theoretically) or near zero in non-sensing axis (x-axis, y-axis). Line chart figures 4.10 and 4.3 

shows the comparison of the voltage sensitivity and deflection for all three axes, and we see 

that the sensitivity and deflection lines for the non-sensing axis (x-axis and y-axis) are zero or 

every low compare to the line representing the sensing axis(z-axis). From this analysis we 

easily conclude that the design is good this regard, and we get a single at the sensing axis only. 

Results attained from the mathematical modelling shown in table 3.2, shows a significant 

increase in deflection and voltage sensitivity with any increase in the beam substrate layer. And 

if compared with the results attained from the simulation of FEM models of the design in 

COMSOL there is a big disagreement between the results of both analysis although both are 

having same increasing pattern which is an indication of the accuracy FEM models analysis. 

This difference between the values is because of the number of the numeric equations used to 

perform the analysis in COMSOL is very high and in analytical(mathematical) analysis it is 

based on just one equation. From the mathematical analysis we cannot get any information on 

the acceleration from x and y axis and it give only on dimensional analysis. 

Because of all these mentioned lacks in mathematical analysis, the reliable, more accurate and 

complete analysis is the FEM analysis and hence our decision of the design will mostly be 

based on the FEM models simulations results. And as we do not get any persuading 

improvement in result in this case by increasing the length of Lc, we did not change the initial 

selected value as per table 3.1 and go on to study 𝑙𝑐with the 𝑙𝑝 in second scenario for simulation 

of the single axis accelerometer. 
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Case 2 

"Length of the complete beam (substrate +isolation + active)" was considered for the second 

case of the single axis accelerometer simulation where we do change the length of the whole 

beam or in other words parameter 𝑙𝑐 and 𝑙𝑝 are kept at same length. The simulations were 

performed in the same environment and with same parameter values (table 3.1), but this time 

the length of the whole composite beam is changing with the same values, so if we increase the 

length of the beam it means both the "𝑙𝑐" and "𝑙𝑝" length increase with same value. 

After studying of the results (table 4.4 4.6) we attained from the FEM models simulation 

performed for the second scenario of single axis accelerometer. It is observed that the effect of 

the increase in length of the beam had resulted in increase of the deflection of design. and 

continued an approximate 2.8um increase in deflection with every 50um increase in length of 

the beam starting from 150um (initial guess) till 350um. 

While on other side when we examined the result attained for voltage sensitivity, we observed 

an extremely small but a decrease in generated signal from 200um till 350um with every 

increase of 50um, but we noticed slight increase in signal when we decrease the length from 

200um to 150um. Acceleration from none sensing axis (x-axis and y-axis) were also simulated 

in this case, which are reported in the same table 4.4,4.6 and are also plot in line chart 4.3,4.10 

for clear demonstration and all are found to approximately zero or very low compare to the 

sensing axis(z-axis). 

From mathematical model analysis the results shown in table 3.3, if we make comparison with 

the FEM analysis this time the results for the deflections are in the same increasing pattern but 

the for the generated voltage, we noticed that the pattern is also not exactly matching. Beside 

the other reasons mentioned in the first case there are possibilities that the mathematical 

equations used for this modelling is lacking some other parameters which can cause these 

problems and with a better and more complex equation model this result might improve.  

So, from the study of the results of the second scenario based upon the FEM analysis we 

concluded that we could decrease the length of the beam from 200um to 150um and we can 

reduce the size of the device, use of material and cost also, while having a good impact on the 

performance. 
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Case 3 

"𝑤𝑝 or width of the active layer (piezo layer) was the parameter that was simulated in third 

scenario of the single axis accelerometer design optimization. All other parameters were kept 

fixed to value according to the table 3.1, but the values of "𝑙𝑝" length of piezo and "𝑙𝑐" length 

of substrate or in other words length of the beam which was 200um in table 3.1 were reduced 

to 150um as we optimized in the second case of our analysis that it promises good results. 

The design was simulated with different width of the piezo-layer and achieved results were 

reported in the table 4.7,4.9. After thorough study of the extracted results of the simulation, it 

is noticed that increase in the initial value 2500 um (from table 3.1) of the width of piezo-layer 

results in a decrease in the efficiency of the device while any decrease in the width of the piezo-

layer cause an increase in efficiency.  Hence, we get the best result at 1000um width of the 

piezo layer. 

For the non-sensing axis acceleration, the very same procedure to first two cases were followed 

and found to be zero or very less in comparison to the sensing axis signals, which can also be 

seen from the line chart figures 4.19, 4.26. Mathematical analysis for third case is not really of 

any help as we do not have any representation for 𝑤𝑝 in modelled equation and hence it has 

no effect on the results. 

From third case we get the conclusion that we need to reduce the width of the piezo layer from 

2500um to 1000um to get good efficiency and reduce the use of the piezo material and hence 

a decrease in the overall cost of the device. After all this simulations and analysis of the results 

we can now finalise our design parameters, the final optimized table of the design parameters 

would be  
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Table 5. 1. Final optimized parameters for single axis accelerometer. 

Letter Representation description Values 

𝑙𝑐 Length of the cantilever (Silicon layer) 150 𝜇𝑚 

𝑡𝑐 Thickness of the cantilever (Silicon layer) 20 𝜇𝑚 

𝑤𝑐 Width of the cantilever (Silicon layer) 3000 𝜇𝑚 

𝑙𝑝 Length of the AlN (active layer) 150 𝜇𝑚 

𝑤𝑝 Width of AlN (active layer) 1000 𝜇𝑚 

𝑡𝑝 Thickness of AlN (active layer) 0.6 𝜇𝑚 

𝑙𝑚 Thickness of Si mass (proof mass) 570 𝜇𝑚 

𝑤𝑚 Width of Si mass (proof mass) 3000 𝜇𝑚 

𝑙𝑚 Length of Si mass (proof mass) 5000 𝜇𝑚 

𝑚 Mass 20 𝑚𝑔 

𝑎𝑧 Acceleration 9.8 𝑚 𝑠2⁄  

𝑓 Frequency 586 Hz 

𝑉 Voltage sensitivity 1.04 mv 

𝑑 deflection 10.44 nm 

 

5.2 Three-axis accelerometer optimization 

For the optimization of the 3-axis accelerometer parameters two major parameters "𝑙𝑝" length 

of the piezo layer and "𝑤𝑝" width of the piezo layer were selected to be simulated at different 

value of the parameters and its impact on the efficiency of the accelerometers to be examined. 

The reliabilities and ineffectiveness of mathematical model analysis performed for the single 

axis accelerometer, and considering the complexity of the design of the 3-axis accelerometer 

is was almost impossible to model an equation for this design and which is can be used to 

perform this complex analysis, or maybe if possible it is beyond the scope of the thesis. 

So, for three axis accelerometer analysis we only relied on the FEM model-based analysis and 

no mathematical modelling is performed for this design. 
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Case 1 

Changing "𝑙𝑝" length of the piezo layer: In the first case, accelerometer was designed at 

different lengths of the piezo layer "𝑙𝑝" with all other parameter used according to the table 

4.10 and was simulated under the different directional acceleration applied. The attained result 

for the deflection in design are reported in table 4.11 and plotted as line chart in figure 4.32. 

while studying the attained results we noticed a significant increase in the deflection when we 

increase the length of piezo layer from 500um to 700um. But after that any further increase in 

the length of the ‘’𝑙𝑝’’was causing sharp decrease in the deflection efficiency of the design for 

all three-axis acceleration simulation, this sharp decrease is also very clearly visible on the line 

chart plotted in figure 4.32. 

For the sensitivity analysis we need to get signal from all four beam of the design to identify 

the direction of the acceleration. For that purpose, we named every beam with an individual 

name x, x’, y, y' as shown in the figure 4.35, and kept the same orientation of the design for 

whole analysis of sensitivity of three axis for both cases. 

While studying the effect of the change in "𝑙𝑝" on the sensitivity of the generated voltage, it is 

noticed that decrease in the initially selected length "𝑙𝑝 =1000um"(table 4.10) of the piezo layer 

had caused increase in the sensitivity of the design, the pattern is same for all three axis 

directional accelerations and we get the best sensitivity at the length of 500 um. 

For the acceleration from x'-axis, our sensing beams(terminals) are x and x' and we get strong 

signal at these two terminals which are approximately equal in magnitudes but are opposite in 

direction as reported in table 4.13 and line chart plotted figure 4.39, while we get no signal at 

the non-sensing axis(terminals) y, y'. Similarly, for the acceleration from y' direction we get 

strong signal at y, y' beams(terminals) and no signal at x, x' beams, as reported in table 4.14 

and plotted in line chart figure 4.40. But for the acceleration from Z'-axis we get a strong signal 

on all four beams(terminals) namely x, x', y, y', as reported in table 4.15 and plotted in line 

chart figure 4.41. 

So, from analysis of the first case of the three-axis accelerometer we can conclude that the 

length of the "𝑙𝑝" which was choosed to be 1000um initially should be reduced to get 500um 

to get better performance and reduce the size and cost of the device at same time. 
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Case 2 

Changing "𝑤𝑝" width of piezo layer: In the second case of the simulation for the tri-axial 

accelerometer, the geometry was design according to the table 4.10, but for the "𝑙𝑝" " length of 

the piezo layer the value was used as per the finding of the first case. Starting with the 

discussion of deflection’s results attained during the simulation while changing the width of 

the piezo layer, we notice an increase in the deflection with decrease in the width of the piezo 

layer for all three-axis directional acceleration applied as reported in table 4.16. Initial value 

for "𝑤𝑝" from table 4.10 which was the 1980um but if we decrease the width, we get better 

efficiency, smaller size and less cost. The achieved results are plotted in line chart figure 4.43 

and the 3D geometry plot for all three directions are shown in figure 4.42. 

For the study of the generated voltage sensitivity in this case, again we use figure 4.35 as 

reference for the beams(terminal) signal and use the same orientation of the geometry. 

Examining the tables 4.18,4.19,4.20 for x, y, z axis directional acceleration, yet again we see 

the same increasing pattern for the sensitivity with any decrease in the width of the piezo layer. 

We get the best efficiency for all three-axis acceleration at width of 500um. 

Figures 4.49, 4.50, 4.51 shows us the line chart of the signal we get at every terminal(beam) 

for each different acceleration, and it clearly shows a strong signal at x, x' for x-axis 

acceleration, at y, y' for y-axis acceleration and for the z-axis acceleration a strong signal at all 

four beams(terminal) x, x', y, y'. From the second simulation case we get the conclusion that 

width of the piezo layer should also be fixed at the 500um instead of the 1980um which was 

initially guess of the parameter. So, now we can have the final optimized table of the triaxial 

accelerometer. 
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Table 5. 2. Final optimized parameters for three-axis accelerometer. 

Letter Representation description Values 

𝑙𝑐 Length of the cantilever (Silicon layer) 500 𝜇𝑚 

𝑡𝑐 Thickness of the cantilever (Silicon layer) 15 𝜇𝑚 

𝑤𝑐 Width of the cantilever (Silicon layer) 2000 𝜇𝑚 

𝑙𝑝 Length of the AlN (active layer) 500 𝜇𝑚 

𝑤𝑝 Width of AlN (active layer) 500 𝜇𝑚 

𝑡𝑝 Thickness of AlN (active layer) 0.6 𝜇𝑚 

𝑙𝑚 Thickness of Si mass (proof mass) 570 𝜇𝑚 

𝑤𝑚 Width of Si mass (proof mass) 3000 𝜇𝑚 

𝑙𝑚 Length of Si mass (proof mass) 5000 𝜇𝑚 

𝑚 Mass 24 𝑚𝑔 

𝑎𝑧 Acceleration 9.8 𝑚 𝑠2⁄  

𝑓 Frequency 2.5KHz 

𝑣𝑥 Voltage sensitivity at terminal x, x’ with 

X-axis acceleration 

1.09 mv 

𝑣𝑦 Voltage sensitivity at terminal y, y’ with 

Y-axis acceleration 

1.01 mv 

𝑣𝑧 Voltage sensitivity at terminal x, x’ and y, 

y’ with Z-axis acceleration 

6.11 mv (x, x’) 

7.4 mv (y, y’) 

𝑑𝑥 Deflection with x-axis acceleration 38.01 nm 

𝑑𝑦 Deflection with y-axis acceleration 5.39 nm 

𝑑𝑧 Deflection with z-axis acceleration 4.46 nm 
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6 Conclusion and Future Work 

Accelerometers are electromechanical inertial sensors which has many useful applications in 

the field of consumer electronics, smart electronics systems, military equipment and some life 

critical applications in medical field. The main goal of this work was to design and optimise 

piezoelectric material base MEMS single and three axis accelerometers. Because the research 

was supposed to be performed on the piezoelectric materials which do not pose any harm to 

human health, the selection of the AlN (aluminium nitride) a Lead (pb) free piezoelectric was 

one of the important and critical decision of this research. 

This work can be divided into to two main categories, single axis accelerometer design and 

optimization and tri-axial accelerometer design and optimization, although both types of 

accelerometers optimizations and design process are tightly linked to each other. Three critical 

design parameters were selected for single axis and two for the tri-axial accelerometer.  

Total of 23 geometrical structures were design; 15 geometrical structures were design for single 

axis and rest of 8 were design for the 3-axis during the whole simulations process. 

For single axis accelerometer both mathematical and FEM analysis were performed, while for 

the three-axis accelerometer only the FEM analysis were performed, due to the complexity of 

geometrical design and ineffective of the mathematical analysis for the single axis it was not 

performed for case of three axis accelerometer. Chosen critical parameters were optimised with 

gravitational acceleration (gravity force), and optimised design parameters were identified with 

the help of the reported simulations. For single axis accelerometer the critical design 

parameters length of beam (substrate + active layer) 𝑙𝑐,𝑙𝑝 are 150 𝜇𝑚 and width of the beam 

active layer 𝑤𝑝 is 1000 𝜇𝑚 , voltage sensitivity on sensing axis was 1.04mv, deflection in beam 

was 10.44nm and 586Hz eigenfrequency was recorded. 

Tri-axial accelerometer critical design parameters length of each beam (substrate + active 

layer) 𝑙𝑐,𝑙𝑝 was 500 𝜇𝑚 and the width of the beam active layer 𝑤𝑝 is 500 𝜇𝑚. 

Deflection for x, y, z axis acceleration of g was 38.01 nm, 5.39 nm, 4.46nm, as the voltage 

signal for the x, y axis acceleration is only on their respective sensing beams so it was recorded 

to be 1.09 mv and 1.01 mv and for y axis acceleration both directional beams collect a signal 

hence we got 6.11 mv at x-directional and 7.40 mv at y-directional beams, while the 

eigenfrequency was recorded to be 2.5 KHz. 
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6.1 Future Work 

The research has optimized all the design parameters for the single and three axis 

accelerometers. The results from this thesis can be used in the fabrication of the test devices in 

ordered to verify the examine the outcomes. Also, as for now the 6-axis accelerometer is made 

of the integration of the 3-axis accelerometer and 3-axis gyroscope, there is a need for research 

for standalone 6-axis accelerometer, for that the 3-axis design presented in this thesis can be a 

starting point.  
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