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ABSTRACT 

We have investigated the effect of natural frequency 
shift in single-crystal silicon, rectangular, electrostatic 
torsion actuators due to the electrostatic force. The 
electrostatic actuator was fabricated by using ultra-thin 
silicon wafer, SU-8 thermal compression bonding, and 
deep reactive ion etching. Natural frequency and Q factor 
of the actuator were tested in a high vacuum ambient. An 
analytical model was proposed to simulate the effect of 
natural frequency shift due to the electrostatic force. It 
showed that the natural frequency decreased with the 
increase in applied voltage, which could be used to tune 
the natural frequency of the torsion actuator. At a voltage 
near pull-in, the natural frequency was close to zero due 
to the negative electrostatic spring constant. The pull-in 
curve of the actuator was tested in air. Good agreement 
was found by comparing the results of analytical model 
with those of Coventor 2001 finite element analysis 
software and experiments. 

Keywords: natural frequency shift, electrostatic 
torsion actuator, pull-in, SU-8 bonding, ultra-thin silicon 
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1. INTRODUCTION 

Electrostatic torsion actuators are important 
components in microelectromechanical systems (MEMS), 
especially for telecommunications applications such as 
cross-connects, switches and variable attenuators [1], and 
for use in optical scanning technology for imaging and 
display applications [2]. In [2-18], the rectangular torsion 
actuators and the related pull-in characteristics have been 
well addressed. Beyond the pull-in voltage, the applied 
electrostatic torque overcomes the spring restoring torque, 
and the movable structure will be snapped down to the 
bottom electrode plate.  

The electrostatic force is widely used for the tuning 
of spring constant and natural frequency in comb-drive 
resonators and other parallel plate actuators [20-23]. By 
controlling the natural frequency of a MEMS device, e.g., 
accelerometer or gyroscope, the sensitivity of this device 
can be actively controlled to a broad band of excitation 
frequencies [21]. For electrostatic torsion actuators, the 

natural frequency can also be shifted due to the 
electrostatic torque related to the applied bias. No 
systematic study on this issue was found in available 
literatures. In this research, a type of full electrode micro 
electrostatic actuators were designed and fabricated by 
using ultra-thin silicon wafer, SU-8 bonding and deep 
reactive ion etching to examine this natural frequency 
shift at different voltages. 

2. DESIGN AND FABRICATION 

Figure 1 shows a schematic view of a typical 
rectangular torsion actuator, where a3 and b are the 
actuator length and width, d0 is the air gap separation, a2

is the length from the rotation axis to the far end of the 
fixed electrode, and a1 is the length from the rotation axis 
to the near end of the electrode. The electrode was 
fabricated on oxidized silicon or other dielectric materials. 
In this study, actuators with full electrode (�=a2/a3=1,
�pin=�pin/�max=0.44) were designed and fabricated [11].  
Table 1 shows the designed and fabricated actuator 
parameters. The parameter differences were mainly due to 
the photolithography and deep reactive ion etching. 

Figure 1 Schematic view of electrostatic rectangular 
torsion actuators 

When a signal with a combination of DC and AC 
components is applied on the actuator, i.e., on the bottom 
electrode and the movable plate, and if the torsion mode is 
dominant, the electrostatic torque can be written as [10, 
11]
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where � is the angular frequency of the AC component, 
and � is the tilt angle at a voltage of VDC+vACsin�t. In the 
above equation, �=a1/a3 is omitted because a1 is usually 
much smaller than a2 and a3.

According to equation (1), the vibration amplitude of 
the actuator will reach a peak value when the signal 
frequency f or 2f equals the natural frequency f0.

The natural frequency will decrease with the increase 
in applied voltage because of the induced negative spring 
constant, Ke, due to the external electrostatic force. Ke can 
be written as 
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The natural frequency, fe, at any voltage before pull-in can 
be written as 
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where I and Km are the mass moment of the inertia about 
the rotation axis and the mechanical spring constant of 
torsion mode. I can be written as [11] 
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where � is the density of silicon. 
When t<w, the torsion mode mechanical spring 

constant Km can be written as [19] 
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where G is the shear modulus and equals 0.73�1011Pa for 
silicon[10], and w, l and t are the spring width, length, and 
thickness, respectively. 

Table 1 Designed and fabricated actuator parameters. l, w, 
and t are respectively the length, width, and thickness of 
the two folded springs. Folded spring was used in the 
design of actuators. 

l (�m) w t a3 b d0 a2

Design 
200+490+530  
=1220�m

25 5.0 700 700 20 700 

Test 
200+490+530  
=1220�m

23.4 4.26 700 700 21.2 700 

Figure 2 shows the fabrication process [15] for the 
test devices by using ultrathin silicon wafers [24], SU-8 
bonding [25] and deep reactive ion etching (DRIE) 
technology. The main process steps are illustrated. The 
oxidized silicon wafer was sputtered with 5000Å thick 
aluminum, followed by photolithography and aluminum 

etching in phosphoric acid at 40�C. The wafer was spin-
coated with SU-8 negative photoresist at 5000rpm 
followed by photolithography. An ultra-thin silicon wafer 
with approximate thickness of 25	m was bonded to the 
patterned Su-8/SiO2/Si substrate through SU-8 thermal 
compressive bonding at 105�C. 5000Å of aluminum was 
then sputtered and patterned on the bonded ultra-thin 
silicon surface using photolithography and phosphoric 
wet etching at 40�C. Deep reactive ion etching (DRIE) 
was used to finally release the structure, by using 
photoresist as a mask material. Finally the photoresist was 
removed in oxygen plasma. 

Figure 2 Main fabrication process steps for the 
electrostatic actuators. 

3. DEVICE TEST 

Figure 3 shows an optical profilometry image of the 
electrostatic actuator with VEECO NT 3300 system at an 
applied voltage of 15.8V, which is just 0.1V smaller than 
the pull-in voltage Vpin of 15.9V. As illustrated in Table 1, 
a folded spring was used to save actuator area. 

Figure 3 An optical profilometry image of the 
electrostatic actuator used for pull-in and natural 
frequency shift test with an applied voltage of 15.8V. 
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Figure 4 shows the tilt angle versus applied voltage, 
simulated with Coventor 2001, measured in air, and 
calculated by using the analytical model in [11]. Good 
agreement was found for these results. The fractional 
angle ratio at pull-in, �pin, was 43.2%, which was close to 
the theoretical prediction of 44% for full electrode 
rectangular electrostatic actuator [11]. 

Figure 4 Tilt angle versus applied voltage for the 
electrostatic actuator. 

Figure 5 Vibration amplitude versus frequency of the 
AC component in vacuum. 

Figure 5 shows the vibration amplitude of the device 
versus the frequency of AC signal. The actuator was 
tested in a high vacuum of 10-3mBar. The Q factor was 
found to be around 20 to 30. We attribute this low Q 
factor to the SU-8 bonding. SU-8 is a kind of negative 
photoresist. The bonding quality is worse than anodic 
bonding and silicon fusion bonding. For next generation 
devices, we may use anodic bonding to replace the SU-8 
thermal compression bonding to achieve a better Q factor. 
Figure 5 shows two curves at VDC=0V and VAC=6Vpp at 
316Hz and 632Hz. At other voltages, it only shows one 

curve at high frequencies, the reason being that the device 
is very sensitive at high DC voltages. Because when the 
actuator operated near the pull-in, the amplitude of AC 
component must be small to avoid pull-in and then the 
vibration amplitude was small to get a continuous curve. 
But the resonant peaks were observed at all half frequency 
points. 

Figure 6 Natural frequency of the actuator versus the 
applied voltage. 

Figure 6 shows the natural frequency versus the 
applied DC voltage obtained by testing in vacuum, 
simulating with Coventor 2001 and using analytical 
model of equation (3). During the test, the amplitude of 
AC component was kept as small as possible to suppress 
the influence of AC signal on natural frequency. Good 
agreement was found among these results. The natural 
frequency decreased with the increase in the applied 
voltage. At a voltage near pull-in, the natural frequency 
was close to zero. The natural frequency at pull-in was 
zero in theory. DC voltage could be used to tune the 
natural frequency of the electrostatic torsion actuators, 
which might be useful for mirror, switch and other 
applications. 

4. CONCLUSIONS 

This paper has examined the natural frequency 
shift of rectangular electrostatic torsion actuators due to 
the applied electrostatic force. We found that the natural 
frequency decreased with the increase in applied voltage 
based on a proposed equation, measurement of fabricated 
device, and simulation with finite element analysis 
software, Coventor 2001. At a voltage near pull-in, the 
natural frequency was observed to be close to zero. Good 
agreement was found among all the results. The 
electrostatic actuator was fabricated by using ultra-thin 
silicon wafer, SU-8 thermal compression bonding and 
deep reactive ion etching. The Q factor was found to be 
quite low even at very high vacuum due to the loose SU-8 
bonding.  
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