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This research delves into the design, simulation, and evaluation of a high-sensitivity, swift-

response single-axis Micro-Electro-Mechanical Systems (MEMS) accelerometer, inspired 

by the intricate design of a spider web. The accelerometer, characterized by a circular 

silicon structure of 1 mm radius, embraces a proof mass with a radius and thickness of 60 

µm and 2 µm, respectively. A comprehensive study was undertaken to scrutinize the 

electrical properties, notably the time response, and mechanical properties, specifically the 

stress effects on the device. An outstanding sensitivity of 0.047 µm/g and a brisk rise time 

of 0.1 ms within the acceleration range of -50 to 50 g were observed. A signal conditioning 

and processing circuit, composed of a bridge circuit, two operational amplifiers 

functioning as a difference amplifier, and a filter, was meticulously designed using 

MATLAB and integrated with the accelerometer sensor, facilitating the derivation of a DC 

output voltage representative of the sensed acceleration. The simplicity, ease of 

modification, swift response, and high sensitivity of the proposed MEMS accelerometer 

underscore its promising application potential. 
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1. INTRODUCTION

Recent years have seen significant strides in the realm of 

MEMS technology, along with micro and nanotechnology [1-

17]. The surge in research interest can be attributed to the 

compact size and minimal energy consumption of these 

systems [18]. Further bolstering their popularity, they find 

prolific applications, notably in sensor technology and 

communication devices [19-22]. 

A MEMS accelerometer, a device that detects acceleration 

with remarkable sensitivity and precision, exemplifies this 

technological advancement. Its capability to sense movement 

along one or multiple axes depending on its application is 

particularly noteworthy. Contemporary usage of MEMS 

accelerometers extends to cellphones, where they detect 

angular displacement to adjust screen orientation based on 

device positioning [23]. Other applications span the aerospace 

and military sectors, where the need for precise and reliable 

measurement tools is paramount [24, 25]. 

Various MEMS accelerometer designs have been reported, 

with moving finger structures being the most prevalent [26, 

27]. The fundamental principle of acceleration sensing in these 

structures is the fluctuation of capacitance value between the 

fingers. Yet, alternative techniques have been developed that 

primarily rely on piezoelectric [28, 29] and piezoresistive [30, 

31] variations within the accelerometer. An optical-based

MEMS accelerometer has also been proposed, aimed at

achieving heightened sensing resolution [32].

In this study, a novel spider web-like accelerometer of 

microscale dimensions was designed, simulated, and 

evaluated. The device specifications were deliberately chosen 

to showcase its robustness in terms of size, sensitivity, and 

response time. Notably, compared to other designs reported in 

the literature, this accelerometer is straightforward in its 

structure and can be altered with ease, further underscoring its 

potential for a variety of applications. 

2. MATHEMATICAL MODEL OF THE DEVICE

2.1 Proof mass 

The proof mass was designed to be has a circular shape. The 

volume of the proof mass can be calculated by: 

V=r2*π*h (1) 

where, 

r is the radius of the proof mass, 

h is the thickness of the proof mass, and 

V is the volume of the proof mass, which is determined as, 

V=22.608*10-15 m3. 

m=ρ.V (2) 

where, 

m is the mass of proof-mass, and 

ρ is the density of Si, which is determined as, m=52.451*10-

9 g. 

2.2 The initial force acts on the proof mass 

F=m*a (3) 

which is determined as, F=0.513*10-9 N. While the force 

subjected to each beam is, Fbeam=F/8=0.064*10-9 N. 
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2.3 Beams deflection 

 

The theoretical value of the beam deflection (spider thread) 

is, 

 

𝛿 =
F𝑏𝑒𝑎𝑚∗𝐿𝑏𝑒𝑎𝑚

3

12𝐸𝐼
  (4) 

 

where, 

W is the width of the beam. Then, δ=0.047 µm at the 

acceleration of 1 g. 

 

 

3. STRUCTURAL DESIGN AND OPERATION 

 

As in Figure 1(a), the MEMS accelerometer has 8 sectors, 

each sector consists of two beams with five spider threads 

suspending on them. The device has a diameter of 500 µm. 

The spider threads are in a curvature shape, which is like the 

spider home so that they can vibrate easily leading to 

increasing the device sensitivity. Specifically, as the structure 

dimension increased (beams and threads), which is easy to 

achieve, the sensitivity to the external acceleration would be 

increased. Of course, there is a limitation for that, first, 

because the device needs to be in the microscale dimension, 

and second, probably the overall device mass would elevate 

causing a decline in sensitivity or even structural collapse. The 

structure of the device is made of gold layer on the top of the 

surface of a Si substrate, as in Figure 1(b). Two capacitors then 

constructed (C1 and C2). As an external vibration is applied, 

the device starts vibration in up and down directions. This 

vibration leads to a variation in the capacitor’s values. These 

variations in the capacitors are proportional to the acceleration 

values, which can be measured and converted to a DC output, 

as will be explained in the next sections. 

 

 
(a) The device structure 

 
(b) The concept of measurement 

 

Figure 1. The spider web-like design 

4. RESULTS AND DISCUSSION 

 

4.1 Acceleration vs. capacitance 

 

Based on our design, the air gap between movable finger 

and fixed finger was made to be 1 µm. The measured 

capacitance at 0 g is equal to ΔC=0. When the applied 

acceleration elevates from 0 g to 50 g step 5 g, the capacitance 

changes from 0 to 90 Ff (Table 1). Specifically, the variations 

in the air gap causes increasing in capacitance in one side 

whereas decreasing in capacitance in the other side and then 

ΔC will be generated. Figure 2(a) shows the capacitance 

difference versus applied acceleration. While Figure 2(b) 

displays the displacement versus capacitance difference. The 

relationship is approximately linear, which means that there is 

no need for linearization or lookup table to obtain the 

measurement and then the measurement error is negligible. 

Basically, Linearity is one of the significant factors that must 

be taken into account when designing a sensor. The sensitivity 

of the device was also obtained by measuring the difference 

between the two capacitors of the device divided by the 

acceleration difference. The device sensitivity was measured 

to be around 2 Ff. 

 

 
(a) Acceleration vs. capacitance variation’s 

 
(b) Displacement vs. capacitance 

 

Figure 2. The device characteristic 
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Table1. Acceleration vs. capacitance difference 

 
Acceleration 

(g) 

Displacement 

(µm) 
C2 (Ff) C1(Ff) ΔC(Ff) 

0 0 50.1 50.1 0 

5 0.218 56.235 45.171 11.063 

10 0.405 62.836 41.656 21.179 

15 0.558 69.497 39.167 30.329 

20 0.684 76.183 37.321 38.861 

25 0.792 82.968 35.884 47.083 

30 0.885 89.945 34.719 55.226 

35 0.969 97.207 33.746 63.461 

40 1.044 104.843 32.914 71.929 

45 1.112 112.946 32.189 80.757 

50 1.176 121.614 31.548 90.066 

 

4.2 Bending stress 

 

 
(a) The bending stress at the terminal of the beams vs. 

acceleration 

 
(b) Bending stress at midpoint of the turns vs. acceleration 

 
(c) The stress profile 

 

Figure 3. The bending stress 

 

Stress in the beams occurs when acceleration is applied to 

the accelerometer. Basically, the stress is distributed 

irregularly. In a certain area, the stress is relatively high while 

it is relatively low in others, which is according to the shape 

of the beams and the direction of acceleration. Calculating the 

maximum stress and stress profile is important to avoid device 

collapse. Each part of the device has a certain level of stress. 

The model must be designed so that the maximum stress due 

to acceleration is less than the maximum stress that the 

material can withstand (UTS). For silicon material UTS is 

7000 MPa. At acceleration of 50 g, the stress is about 2.45 

MPa at the point of contact of the beam with the proof mass, 

while it is about 2.1 MPa at the point of contact of the beam 

with the anchor (Figure 3(a)). The Bending Stress at midpoint 

of the turns (1 to 5) versus the acceleration is shown in Figure 

3(b). Additionally, the bending profile is displayed in Figure 

3(c). The maximum stress was observed at the beam to proof 

mass contact. 

 

4.3 Time response 

 

 
(a) Time response of the device at radius r=60 

211



 

 
(b) Time response of the device at r=50 

 
(c) Time response of the low acceleration range (0g-1g) 

 

Figure 4. Time response of the device for two different 

radius and high/low acceleration ranges 

 

The time response of the device was determine to find the 

dynamic characteristic of the device. The results show that the 

maximum achieved overshoot was 1.55 µm at 40 g and the 

corresponding damping ratio was 0.86. While at 20 g, the 

overshoot was 1.2 µm and the damping ratio was 0.9. 

Moreover, it was observed that the rise time, which is the best 

indicator parameter for speed of the response, decreases with 

acceleration, as in Figure 4. For instant, it was 0.09 ms at 20 g, 

while it was 0.06 ms at 50 g. A slice change in overshoot and 

rise time were achieved when R increased from 50 to 60, 

which is resnable. Furthermore, the device was also tested at 

low acceleration range (0 g to 1 g), as shown in Figure 5. 

Therefore, the measuring range of the device was calculated 

as -50 g to 50 g and the device resolution was 0.05 g. 

 

4.4 Electric circuit design 

 

Building on the fact that the amplitude of the sensed signal 

is depending on the amount of the acceleration input, a signal 

conditioning and processing circuits was designed. The sensed 

signal was considered as an amplitude modulating signal. To 

obtain an output dc voltage, an amplifier and coherent detector 

was used. The equivalent electrical circuit of the sensor and 

the functional block diagram of the circuit is shown in Figure 

5. 

 

 
 

Figure 5. The functional diagram of the electric circuit that 

converts the capacitance variation into voltage variations 

 

The schematic diagram was designed by MATLAB 

Simulink for the circuit (Figure 6). It consists of two voltage 

amplifiers. First amplifier gets the input voltage, which is 

proportional to the capacitance difference (ΔC), from the ac 

bridge circuit. The second stage amplifier further increases the 

voltage level. The output of the second amplifier is connected 

to a diode, functions as a rectifier which clips the negative part 

of the sinusoidal signal. Then, diode passes the signal to the 

RC circuit works as a low pass filter. The filter output is a dc 

voltage measured by a voltmeter of the MATLAB Simulink, 

which is represent applied acceleration. 

 

 
 

Figure 6. Schematic diagram of the electric circuit which includes signal conditioning and signal processing components
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The plot of the output DC voltage versus acceleration is 

depicted in Figure 7. The linear property of the device 

indicates that the device can be used as a practical sensor. 

 

 
 

Figure 7. Output DC voltage vs. acceleration 

 

To observe the device output voltage before and after the 

filter circuit, a 50 g acceleration was applied as an input to the 

device and then the device output before the filter was 

measured. The device output was a waveform similar to the 

amplitude modulation signal, as shown in Figure 8(a). Also, 

the output voltage in the output of the filter, which is a DC 

voltage was determined as in Figure 8(b). 

 

 

 
 

Figure 8. The AC sensing voltage at 50 g 

5. CONCLUSIONS 

 

This paper presents a design and simulation of a micro-

sensor to measure acceleration. The spider-web architecture 

was used in the designing of this sensor. The designed and 

simulated were implemented using Comsol simulator. To 

study the performance of the device, the properties of its time 

response was studied for low and high acceleration inputs. 

Moreover, the stress distribution on the device structure was 

studied as a function of the applied acceleration, the results 

showed the maximum stress is in the beam-proofmass 

connection point. In addition, an electronic circuit was 

designed to convert the acceleration into DC voltage to 

facilitate reading the acceleration values. The achieved 

sensitivity for our design is 0.047 µm/g and the rise time is 0.1 

ms for the range of -50 to 50 g. The linear property shown by 

the device will make it candidate for future practical 

applications. 
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