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Abstract: In this paper, we discuss the analysis of out-of-plane characterization of a capacitive tri-axis 
accelerometer fabricated using SOI MUMPS (Silicon-on Insulator Multi user MEMS Processes) process flow and 
the results are compared with simulated results. The device is designed with wide operational 3 dB bandwidth 
suitable for measuring vibrations in industrial applications. The wide operating range is obtained by optimizing 
serpentine flexures at the four corners of the proof mass. The accelerometer structure was simulated using 
COMSOL Multiphysics and the displacement sensitivity was observed as 1.2978 nm/g along z-axis. The 
simulated resonant frequency of the device was found to be 13 kHz along z axis. The dynamic characterization of 
the fabricated tri-axis accelerometer produces the out-of-plane vibration mode frequency as 13 kHz which is same 
as the simulated result obtained in z-axis. 
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1. Introduction 
 

Accelerometers are widely used in industry for 
measuring vibration in rotating machinery, moving 
vehicles, aircraft, and in mechanical or civil structures 
[1] etc., Conventional instruments use piezoelectric 
technology to monitor the health of the machine for 
maintenance and safety. Although piezoelectric based 
device is well matured, MEMS based devices are 
gaining increased attention due to their several 
advantages [2] such as smaller size (in micro meter), 
very low mass, scope for mass production, low cost, 
robustness and reliability, repeatability, temperature 
insensitivity through suitable compensation and 
microelectronic fabrication process compatibility 
which enables ease of integration. The wide operating 
bandwidth and increased sensitivity of tri-axis 
accelerometer offer wide range of applications in 
industries for monitoring vibrations in rotating 
machines. 

The various transduction principles like 
piezoelectric, piezo resistive, thermal, resonant and 
capacitive are commonly used in MEMS 
accelerometer. Piezo-electric accelerometers are 
based on piezo materials that produce electric charge 
proportional to applied force [3-4]. The Piezo-resistive 
accelerometer uses silicon strain gauges in a bridge 
configuration [5-7]. These devices are capable of 
measuring static acceleration.  The thermal 
accelerometer measures the temperature difference 
proportional to acceleration [8]. The capacitive 
accelerometer [9-14] converts mechanical movement 
of a proof mass to proportional capacitance change. 
Capacitive accelerometers have several advantages 
like high sensitivity, capability to measure static states 
as well as dynamic changes, low power consumption 
and temperature stability through suitable 
compensation.  

The tri-axis MEMS accelerometer has also been 
frequently used to detect displacement, acceleration 
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and velocity in the industrial applications for 
monitoring vibrations [15]. The tri-axis accelerometer 
based on capacitive type has been reported by many 
researchers. The sensing comb drives are distributed 
along the edges of the proof mass and supporting 
structure. The proof mass of dimension 700 μm x 700 
μm as described in [16] suffers from unwanted pre 
deformation due to its large suspension structure 
which reduces the sensitivity of the device. The 
multilayer metal with stacked dielectric vertically 
integrated with fully differential electrodes in in-plane 
and out-of-plane reduces the foot print of the 
accelerometer with increased sensitivity and reduced 
noise [17]. The POLY MUMPS fabricated three 
individual axis accelerometers integrated on single 
substrate to produce low mechanical noise and high 
sensitivity has been reported [18]. A distinct 
measurement system of three-axis micro-
accelerometer to measure the noise and reliability has 
been reported [19].  

The SOI based capacitive accelerometer has been 
reported by many people.  The in-plane capacitive 
accelerometer with compliant amplifiers fabricated 
using SOI MUMPS enhances both sensitivity and 
bandwidth [20].  The out-of-plane accelerometer with 
asymmetrical sensing comb drives used for high 
aspect ratio structures was fabricated by SOI process 
[21]. The decoupled frames supported by spring and 
capacitive compensator helps in achieving low cross-
axis sensitivity [22]. The optimized design for high 
resolution of single axis accelerometer was fabricated 
by SOI process [12]. The advantages of SOI based 
device are excellent mechanical property of structural 
layer, possibility of fabricating high aspect ratio 
structures using DRIE (deep reactive ion etching), 
good electrical isolation between the structural and 
substrate silicon by oxide layer, enabling ease of 
integration with electronics. Thus SOI technology 
provides a great opportunity for high performance 
MEMS device. 

This paper presents the design, fabrication and out-
of-plane characterization of MEMS tri-axis 
accelerometer fabricated by SOI technology with wide 
operating 3dB bandwidth. The serpentine flexures are 
designed for sensing acceleration in in-plane and out-
of-plane direction. 

 
 

2. Design 
 

The tri axis accelerometer is modelled as a mass spring 
damper system [23] as show in Fig. 1. The equation 
governing the second order is given by 
 

݉ẍ  ܿẋ  ݔ݇ ൌ െܨ ൌ െ݉ܽ, (1) 
 
where m is the mass of the proof-mass, x is the 
displacement of the proof-mass, c is the damping 
coefficient, k is the spring constant, F is the applied 
force and a is the acceleration.  
 
 

 
 

Fig. 1. Mass spring damper system. 
 
 
In the static response the accelerometer is excited with 
acceleration of amplitude ‘a’ and frequency ‘ω’=0. 
The amplitude of the response is given by  
 

ݔ ൌ െ
݉
݇
ܽ (2) 

 
the displacement sensitivity is given as  
 

ܵௗ ൌ
݉
݇
ൌ
ݔ
ܽ
, (3) 

 
where Sd is the displacement sensitivity of the 
accelerometer defined as the ratio of displacement of 
the proof mass to unit gravitational acceleration. 

The dynamic response of the accelerometer is 
obtained by taking Laplace transform to the equation 
(1) 
 

ܺሺݏሻ
ሻݏሺܨ

ൌ
1

ଶݏ݉  ݏܿ  ݇
 (4) 

 
ܺሺݏሻ
ሻݏሺܨ

ൌ
1/݉

ଶݏ  ݏ߱ߦ2  ߱ଶ݇
 (5) 

 
where the ωn is the natural frequency 
 

߱ ൌ ඨ
݇
݉
					 (6) 

 
where ߦ is the damping ratio term 
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c
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ൌ
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 (7) 

 

where cr is the critical damping coefficient   
 

ܿ ൌ √km (8) 
 

Under sinusoidal input  
 

fሺtሻ ൌ Fsin ωt ൌ ma	sin	ωt (9) 
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The steady state response will be sinusoidal signal 
with same frequency is 
  

x ൌ A	sin	ሺωt  φሻ (10) 
 
therefore, the magnitude A is 
 

ܣ ൌ
݉/ܨ

ටሺ߱
ଶ െ ߱ଶሻଶ  ଶ߱ଶ߱ߦ4

ଶ
 

(11) 

 

The phase φ is   φ= ݁ఏ ൌ
ଶకఠఠ

ሺఠ
మିఠమሻమ

  (12) 

 
The device is operated at a low frequency than the 

resonant frequency i.e., ω˂˂˂ωn 
 

Hence, 	ܣ ൌ
ி/

ఠ
	=	

ܽ
߱݊2

   (13)  

 
 

 
 

Fig. 2. Typical frequency response of accelerometer. 
 
 

The amplitude of displacement remains constant 
for certain range of frequency. The response from zero 
to the frequency corresponding to 3 dB gain is known 
as bandwidth of the device. When we operate the 
device at resonant frequency the amplitude reaches 
maximum displacement of 1/2ߦ and phase difference 
of 90° between applied force and obtained 
displacement. The resonance may increase the 
sensitivity however, may lead to damage to 
mechanical device. At a frequency less than resonant 
frequency the amplitude of displacement decreases. 
The Quality factor represents to sharpness of the 
resonance peak which is defined by 
 

ܳ ൌ
߱
∆߱

ൌ
1
ߦ2

ൌ
߱

߱ଶ െ ߱ଵ
 (14) 

 

The quality factor is inversely proportional to the 
damping factor. The quality factor is the ratio of 
resonant frequency (ωn) to spacing between the two 
frequency (ω1 and ω2) at half power. 

A typical frequency response of an accelerometer 
is shown in Fig. 2. From the expressions (3) and (6), it 

is clear that sensitivity is directly proportional to the 
mass and inversely proportional to the spring constant. 
But, the natural frequency of the flexure is directly 
proportional to spring constant and inversely 
proportional to mass. So, to design a high bandwidth 
and improved sensitivity optimal value of mass and 
stiffness must be selected. But, high mass in-turn 
reduces the natural frequency of the system. So, to 
design a high bandwidth device, the stiffness has to be 
very high keeping mass at an optimal value.   

The MEMS tri- axis capacitive accelerometer 
consists of proof mass with interdigitated sensing 
fingers which is suspended by four serpentine flexures 
as shown in Fig 3. The fixed finger is attached to the 
electrode to form the differential capacitance. When 
the accelerometer is subjected to change in 
acceleration in any arbitrary direction, the movement 
of the proof mass causes the flexures to deform which 
results in change of differential capacitance. This 
change in capacitance can be detected by the interface 
circuit whose output voltage gives the measure of 
applied acceleration. This enables the accelerometer to 
detect the motion. 

 
 

 
 

Fig. 3. 3D Schematic diagram of Tri axes accelerometer. 
 
 
2.1. Finite Element Analysis of Tri Axis 

Accelerometer 
 

The sensor has an overall dimension of 
approximately 1.5 mm × 1.5 mm in footprint, with a 
structural thickness of approximately 10 μm. The 
designed accelerometer consists of a 300 μm ×  
300 μm proof mass, 32 pairs of sensing comb drives, 
and four serpentine flexures through which the proof 
mass is anchored to the substrate. The dimension of 
each comb drive is 130 μm x 10 μm. The equivalent 
dimension of each serpentine flexure is 424 μm ×  
5 μm. The performance of the accelerometer depends 
on the flexure which provides the mechanical 
displacement. To achieve higher bandwidth, the tri 
axis accelerometer serpentine flexure are designed  as 
shown in Fig 3. Simulations were carried out to find 
the behaviour of the tri axis accelerometer using 
COMSOL Multiphysics. 
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2.1.1. Static Analysis  
 

The 3D parametric static analysis was performed 
by applying body force from 1 g to 10 g along x, y and 
z axes. The displacement profile along z axis is shown 
in Fig. 4 (a). The stress distribution of out-of-plane 
axis under acceleration of 500 g is shown in Fig. 4 (b).  

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 4. (a) Displacement along out-of-plane mode,  
(b) Stress distribution along out-of-plane mode. 

 
 

It is also found that  the device shows a maximum 
stress of 97 MPa and 209 MPa along in-plane and out-
of-plane axis respectively under 500 g static load 
which is well within the yield strength of silicon. The 
displacement versus acceleration was plotted for 
different values of g as shown in Fig. 5(a). The 
displacement versus acceleration is observed to be 
very much linear. 

The proof mass shows a deflection of 6.957 nm, 
6.9807 nm and 0.013 μm under 10 g along x, y and z 
axes respectively as shown in Fig. 5 (a). The 
displacement sensitivity was measured by calculating 
the slope for different values of displacement and 

acceleration. The sensitivities obtained were  
0.6957 nm/g, 0.6981 nm/g and 1.2978 nm/g along x, y 
and z axes respectively. The stress versus acceleration 
plot is as shown in Fig. 5 (b) for the acceleration from 
1 – 10 g. The symmetrical geometry along x and y axes 
results in identical sensitivity and stress distribution 
for a given acceleration.   

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 5. (a) Displacement as a function of acceleration  
(b) Von Mises stress as a function of acceleration. 

 
 

2.1.2. Eigen Frequency Analysis and 
Frequency Response 

 
COMSOL Multiphysics has the capability of 

performing the Eigen frequency analysis. The first two 
in-plane modal resonant frequencies were found to be 
19.206 kHz and 19.177 kHz in x and y axes is shown 
in Figs. 6 (a) and (b). The first out-of-plane modal 
resonant frequency was found to be 14.064 kHz is 
shown in Fig. 6 (c). Presence of symmetrical flexure 
design along x and y axis produces the same modal 
frequency.  The other Eigen frequencies in the out-of-
plane mode are shown in Fig. 7.  
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(a) 
 

 
(b) 
 

 
(c) 

 
Fig. 6. Simulated (a) First in-plane modes of vibration in x axis; (b) First in-plane modes of vibration in y axis; 

(c) First out-plane modes of vibration in z axis. 
 
 

 
 

Fig. 7. Other Eigen Frequency in out-of-plane mode. 
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To study the frequency response, the input 
frequency was swept from 1 kHz to 30 kHz along x 
and y axes and 1 kHz to 20 kHz along z axis under  
1 g acceleration.  

The simulated dynamic displacement behavior of 
the device is shown in Fig. 8(a) and (b), the results 
shows identical magnitude and phase response along x 
and y axes. The maximum displacement occurs at its 
resonant frequency. The magnitude response plot 
helps to determine the 3 dB operating bandwidth of the 
in-plane mode which is approximately 10 kHz and the 
out-of-plane mode is approximately 7 kHz.  The 90° 
phase change was observed at its resonant frequencies 
along x, y and z axes as shown in the phase response 
plot. The Quality factor of tri-axis accelerometer along 
in-plane and out-of-plane mode is found to be 
approximately 7 and 14 respectively using equation 
2.14. 

 
 

 
 

Fig. 8 (a). Magnitude response of the device. 
 
 

 
 

Fig. 8 (b). Phase response of the device. 
 
 

The dynamic vibrational behavior of the device 
was simulated and velocity versus frequency response 

is shown in Fig. 9. The maximum velocity occurs at  
18 kHz and 13 kHz along in-plane and out of plane 
axis. 
 
 

 
 

Fig. 9. Velocity and frequency response of the device. 
 
 
3. Fabrication 
 

The design of three-axis accelerometer was 
fabricated using SOIMUMPs [24] which is established 
a micro-system foundry to realize the device. 
SOIMUMPs use Silicon-on-Insulator wafer with 10 
μm thick structural layer, 1 μm thick buried oxide 
layer and 400 μm thick substrate or handle layer. 

The device was made by patterning the 10 μm thick 
structural layer. The cross sectional view of the 
structure as shown in the Fig. 10. Fabrication of device 
requires preparation of Photo masks from the design. 
The mask layout used in the fabrication of the device 
as shown in the Fig. 11 were (a) oxide layer mask 
(negative mask) (b) Silicon device layer with combs 
and flexures mask and (c) metal contact mask (positive 
mask). The designed structure follows the process and 
rules of SOI MUMPS [24]. Optical Microscopy image 
of the fabricated tri-axis accelerometer are shown in 
the Fig. 12. 
 
 

 
 

Metal contact (gold)   Oxide (SiO2) 
Device layer Si   Substrate 

 
Fig. 10. Cross sectional view of tri-axis accelerometer. 
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(a) 

 
(b)

 
(c) 

 
Fig. 11. Mask layout for (a) Mask 1(oxide – negative mask); (b) Mask 2 (device layer), and (c) Mask 3 (Metal Contact). 

 
 

 
 

Fig. 12. Optical Microscopy image of released tri axis 
accelerometer with Contact pad. 

 
 
4.  Results and Discussion 
 

The POLYTEC MSA-400 Micro System Analyzer 
is used for dynamic analysis and visualization of 

structural vibrations of fabricated tri-axis 
accelerometer by fully integrating a microscope with 
Scanning Laser Doppler Vibrometer and Stroboscopic 
Video Microscope. The MSA 400 uses Doppler shift 
mode to measure the out-of-plane vibrations and 
motions whereas it uses stroboscopic mode to measure 
the in-plane vibrations and motions [25].  
 
 
4.1. Out-of-plane Frequency Response for 

Tri-axis Accelerometer  
 

The device under test was actuated electro-
statically using an alternating voltage of above the DC 
bias of 1 V by probing on the gold contacts pads of the 
device. The frequency of the applied voltage is swept 
from 1 kHz to 400 kHz. The Analyzer computes the 
frequency response and displays the results. The 
amplitude of vibration velocities at various 
frequencies were recorded and plotted as shown in  
Fig. 13. 

 
 

 
 

Fig. 13. Out-of-plane displacement at first mode and the frequency response characteristics by MSA 400 (Video 1). 



Sensors & Transducers, Vol. 205, Issue 10, October 2016, pp. 63-71 

 70

Experimentally obtained first mode out-of-plane 
resonant frequency was found to be 13 kHz at ambient 
pressure as shown in Fig. 13 (Video 1). The measured 
resonant frequency (13 kHz) matches with the 
simulated result. It should be noted that significant 
peaks are observed at different modes of frequency 

such as 24.8 kHz, 100 kHz, 103.3 kHz, 277.8 kHz, 
280.9 kHz and 300.3 kHz  as shown in Fig. 14 (Video 
2 – 7) and these frequencies are closely matching with  
the corresponding modes obtained by simulation as 
shown in Fig. 7. 

 
 

 
 

Fig. 14. Higher modes of the accelerometer (Video 2 – 7). 
 
 

5. Conclusion 
 

The analysis of out-of-plane characterization of tri-
axis capacitive accelerometer facilitated by SOI 
MUMPS technology is discussed in this paper. 

This work is aimed to provide wide operating 3dB 
bandwidth suitable for vibration monitoring 
applications. The device was designed using 
serpentine flexure which can de-couple any in-plane 
vibration or out-of- plane vibration into its axial 
components. Simulations were carried out to find the 
behavior of the tri-axis accelerometer using COMSOL 
Multiphysics. Static analysis, stress analysis and Eigen 
frequency analysis using the simulations were 
discussed. The simulation results show out-of-plane 
resonant frequency in z-axis as 13 kHz and the 3 dB 
operating bandwidth as 11.438 kHz. The fabricated 
device shows out-of-plane resonant frequency as 13 
kHz and also the same 3dB operating bandwidth. The 
in-plane dynamic characterizations of the device and 
capacitance measurements are being carried out. 
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