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Abstract. Two different kinds of bulk-Si comb-drive actuators are designed in this work: initial overlap comb-drive 
actuator and non-initial overlap comb-drive actuator. They are fabricated by a simple post-CMOS bulk 
micromachining process. A cascade folded beam is designed to achieve large displacement at low driving voltages. 
And non-initial overlap and unequal wide comb fingers are used to reduce the side instability and improve the pull-in 
voltage. The measurement results show that the non-initial overlap comb-drive actuator improves the pull-in voltage 
by 73.3% than the initial overlap comb-drive actuator, and the maximum displacement of the non-initial overlap 
actuator is larger by 78.9% than that of the initial overlap actuator. 

1 Introduction 
Comb-drive actuators based on the principle of 

electrostatic forces have become a typical component in 
MEMS devices due to its low power consumption, high 
speed and good compatibility with microfabrication 
process [1]. Since the first time developed by Tang et al. 
in 1989 [2], comb–drive actuators have be used in a 
variety of applications including tweezer [3], optical 
switch [4], micro-tribotester [5] and Micro XY–stage [6-
8], etc.Generally, comb-drive actuators usually need a 
high drive voltage to achieve a large displacement. In 
addition, the desired displacement of the comb-drive 
actuators is constrained by the side instability. In order to 
overcome this drawback, some effective approaches have 
been developed for a large displacement by alleviating 
side instability, such as optimal suspension designs [9-11], 
linearly engaging comb fingers [12-13], and appropriate 
first and last comb fingers [14]. However, there is 
scarcely comb-drive actuator that can achieve 50μm 
within 25V driving voltages [9-17]. 

In this work, the non-initial overlap and unequal wide 
comb fingers are utilized to reduce the side instability and 
improve the pull-in voltage. A cascade folded beam is 
used to achieve to achieve the displacement of more than 
50μm at 24V driving voltages within a relatively small 
size. The whole size of the comb-drive actuator is 
1.14mm2. In addition, the comb-drive actuators are 
fabricated using a post-CMOS bulk micromachining 
process. 

Furthermore, the fabrication tolerances together with 
their effects on the performances of the comb-drive 
actuator are also discussed. 

2 The post-CMOS process 
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Figure 1. Fabrication process of the comb-drive actuator based 
on post-CMOS technology. 

 
This research demonstrates a bulk silicon post-CMOS 

MEMS process based on the Au–Au bonding technology 
to fabricate the electrostatic type comb-drive actuators. In 
Figure 1 (b), the 4μm shallow grooves with precise 
geometry are fabricated on the silicon substrate (Figure 1 
(a)) by RIE (reactive ion etch) process, leaving a small 
clearance where the movable comb fingers of the comb-
drive actuators can extend on the glass chip. As shown in 
Figure 1 (c) and Figure 1 (d), 500Å/1000Å Ti/Au is 
sputtered onto the Pyrex7740 glass wafer and the silicon 
substrate. As indicated in Figure 1 (e), the silicon 
substrate is flip-chipped onto the Pyrex7740 glass wafer 
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by using the Au–Au thermal bonding process. The Au-
Au bonding technique is practicable, reliable, and capable 
of providing pads for electrical interconnection and 
hermetic packing of MEMS devices [18]. 

Then the Si wafer is thinned to about 34μm from the 
backside by the CMP (chemical mechanical planarization) 
process at the temperature of around 30 with the 
alkaline SiO2 slurry (Figure 1 (f)). At last, the Bulk-Si
micro-structures are released through the ICP 
(inductively coupled plasma) process by the ionized gas 
of C4F8 (Figure 1 (g)).

3 Design of the bulk silicon comb-drive 
actuators 
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Figure 2. SEM photos of the comb-drive actuators: (a) Non-
initial overlap comb-drive actuator, (b) Initial overlap comb-
drive actuator, (c) Non-initial overlap comb fingers, (d) Profiles 
of the initial overlap comb fingers. ~ -Input pads of driving 
voltages and output pads of capacitance, - Folded beams, -
Movable comb fingers, -Fixed comb fingers.

With the development of the comb–drive actuators 
techniques, bigger stroke, higher speed and higher 
accuracy are required in various applications. However, 
some obstacles have been present accordingly, such as 
side instability, high applied voltage and large device 
footprint. To overcome these shortcomings, a novel non-
initial overlap bulk silicon comb–drive actuator is 
designed and fabricated in this work to achieve a large 
displacement at a low driving voltage within a relatively 
small size, as shown in Figure 2 (a). As a comparison, an 
initial overlap comb-drive actuator and a non-initial 
overlap comb-drive actuator are described as shown in 
Figure 2 (b). The sizes of the two actuators are the same 
except overlap segments. 

As shown in Figure 2(b), the electrostatic force Fx

generated between the movable comb fingers and the 

fixed comb fingers along the moving direction (x–
direction) is given as: 
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where N is the number of movable comb fingers, ε0 is 
the permittivity constant of air, t is the thickness of the 
comb-drive fingers, g is the fingers gap spacing between 
the movable comb finger and the fixed comb finger and 
U is  the applied voltage.  

As shown in Figure 2(a), the movable comb fingers 
and the fixed comb fingers of the comb-drive actuator are 
not overlap. With a driving voltage U and the comb 
fingers non overlap, the electrostatic force Fx-non-overlap

generated between the movable comb drives and the 
fixed comb drives along the moving direction (x–
direction) is given as 
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Where wm is the width of movable fingers, wf is the 
width of fixed comb fingers, L is the length of the comb 
finger, L1 is the length of the non-initial overlap segment, 
and x is the displacement of the movable comb fingers in 
the moving direction.  

Based on equation (1) and equation (2), the 
electrostatic force ratio of non-overlap comb fingers and 
overlap comb fingers can be expressed as: 
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Figure 3. The relative electrostatic force versus the 
displacement of the movable comb fingers. 

Figure 3 shows the electrostatic force ratio as a 
function of the displacement of the movable comb fingers. 
Under the conditions of thickness t = 30μm, gap between 
comb fingers g = 5μm, width of the movable comb 
fingers wm = 2.9μm, width of the fixed comb fingers wf =
3.95μm, length of comb fingers L = 150μm, length of the 
non-initial overlap segment L1 = 7.79μm. When the 
displacement of the movable comb fingers increases from 
0 to 7.79μm, the relative electrostatic force of the comb-
drive actuator increases from 6.88*10-4 to 7.61*10-4. The 
curve derives that the displacement change rate of the 
non-initial overlap actuator with the comb fingers non-
overlap are lower than that of the non-initial overlap 
actuator with the comb fingers overlap. 
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4 Tolerance of DRIE effects on the 
performance of the actuators 

Due to the etching tolerance by deep reactive ion 
etching (DRIE), the measured results are different from 
the initial design. Generally, wider trenches tend to 
become more reentrant. Consequently, the fabrication 
tolerance generated by DRIE affects the electrical and 
mechanical performance of the comb-drive actuators [19].

4.1 Tolerance of DRIE effects on the capacitance 
of the initial overlap comb-drive actuator
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Figure 4. The fixed comb fingers with negative etching profile: 
(a) SEM images of the broken fixed comb fingers; (b) Scheme 
of the comb fingers with negative etching profile. 

The profile tolerance of comb fingers and flexure 
beams caused by the DRIE process were studied [19]. 
Figure 4 (a) shows the SEM images of the comb fingers 
with the negative profile which are measured from the 
intentionally broken pieces of the comb-drive actuators. 
The thickness of the comb fingers and the cascade folded 
beams is 30μm. The capacitance between the movable 
comb fingers and the fixed comb fingers, which excludes 
the fringing capacitance, could be expressed as: 
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4.2 Tolerance of DRIE effects on Stiffness of the 
Folded Beams 

Due to the etching tolerance by deep reactive ion 
etching (RIE), the cascade folded beams also have 
negative profiles. And wider trenches tend to become 
more reentrant [19]. As a result, the slope angle θ of the 
cascade folded beams is around -1.2°. The negative 
profiles effect on the stiffness of the folded beams. 
Consequently, they effect on the performances of the 
comb-drive actuator. 
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Figure 5. Scheme of the negative etching profiles of the 
cascade folded beam with fabrication tolerance caused by the 
DRIE process. 

Figure 5 shows a scheme of the folded beam with the 
negative slope profile. Assuming that the width of the 
flexure is W and slope angle is θ. The width of the folded 
beam becomes the function of the depth as expressed as: 

�tan2)( ��� zWzw                          (5) 
The inertial momentum Ix-slope  and the stiffness in the 

x-direction of the folded beams Kx is calculated as: 

�
�

�

tan96
-)tan2(
12

)tan2(

44

0

3

x

�
��

�

��
� 	�

WWt

dz
zW

I

t

slope

                   (6) 

3

44

3 tan6
-)tan2(

3
412

L

WWt
E

L

EI
K

slopex ��
��

����� �
� (7) 

4.3 Tolerance of DRIE effects on deflection of 
the comb-drive actuator 

With a driving voltage U, the electrostatic force Fx

generated between the movable comb fingers and the 
fixed comb fingers along the moving direction (x–
direction) is given as 
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For the overlap comb fingers structure with 
consideration of edge field, the electrostatic force Fx
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along the moving direction(x–direction) and the 
displacement can be expressed as: 
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 Based on equation (7) and (9), the displacement of the 
comb-drive actuator with negative etching profiles can be 
calculated as: 
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Figure 6. Displacement of comb-drive actuator versus slope 
angle of folded beams and comb fingers. 

Figure 6 shows that the displacement of the actuator 
increases rapidly when the slope angle of the folded 
beams θ decreases. On the contrary, the displacement of 
the actuator increases slowly when the slope angle of the 
comb fingers φ increases. Excluding the fringing 
capacitance of the actuator, the displacement of the 
comb-drive actuator is 24.612μm with the slope angle of 
comb fingers φ = -0.5634°, the slope angle of the fold 
beam θ = -1.2° and the driving voltage U = 15V. 

5 Measurements 
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Figure 7. Schematic of the test system. 

The comb-drive actuator is measured by the HiROX 
HI-SCOPE Advanced KH-3000 3D microscopy and 

KEITHLEY 4200-SCS semiconductor characterization 
system with the applied voltage in the range from 0V to 
15V for the initial overlap comb-drive actuator and 0V to 
24V for the non-initial overlap comb-drive actuator. 

As shown in Figure 8, the displacement change rate of 
the initial overlap comb-drive actuator is 0.125μm/V2.
The initial overlap actuator is pulled in at 15V driving 
voltages. The maximum displacement of the initial 
overlap actuator is 28.5μm. The measured displacement 
change rate of the initial overlap actuator is larger by 
186.7% than the initial design value. That is the reason 
that the folded beams have negative etching profiles. The 
negative etching profiles decrease the stiffness of the 
folded beams by 62.35%. Consequently, that will 
increase the deflection of the comb-drive actuator by 
165.5%. Consistency between the experimental results of 
the initial overlap comb-drive actuator and the modified 
designed curve that considered the fabrication tolerance 
is observed. For the fringing capacitance between the 
movable comb fingers and the fixed comb fingers of the 
initial overlap comb-drive actuator is excluded, the 
electrostatic force of the initial overlap comb-drive 
actuator decreases. As a result, the measured 
displacement of the initial overlap comb-drive actuator is 
larger than the modified displacement xprofiles of the 
actuator that considered the fabrication tolerance.  
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Figure 8. Measured results of displacement of the two kinds of 
comb-drive actuators. 

The displacement change rate of the non-initial overlap 
comb-drive actuator is 0.03μm/V2 and the comb fingers 
of the non-initial overlap actuator are non-overlap with 
the driving voltage in the range from 0V to 14V. And the 
displacement change rate of the non-initial overlap comb-
drive actuator is 0.114μm/V2 and the comb fingers of the 
non-initial overlap comb-drive actuator are overlap with 
the driving voltage in the range from 15V to 24V. The 
pull-in voltage of the non-initial overlap actuator is 24V. 
And the maximum displacement of the non-initial 
overlap actuator is 50.127μm. 

6 Conclusions 
Two kinds of bulk silicon comb-drive actuators with 

low voltage and large displacement has been designed 
and fabricated by a novel and simple bulk 
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micromachining post-CMOS process. A cascade folded 
beam is designed to achieve large displacement at low 
driving voltages. And non-initial overlap and unequal 
wide comb fingers are used to reduce the side instability 
and improve the pull-in voltage. The measurement results 
show that the non-initial overlap comb-drive actuator 
improves the pull-in voltage by 73.3% than the initial 
overlap comb-drive actuator, and the maximum 
displacement of the non-initial overlap actuator is larger 
by 78.9% than that of the initial overlap actuator. With 
the optimized cascade folded beams and the unequal wide 
and non-initial overlap comb fingers, the displacement of 
the non-initial overlap actuator can reach 50.127μm at 
24V driving voltages. The fabrication tolerances together 
with their effects on the performances of the comb-drive 
actuator are also discussed. The experimental results of 
the comb-drive actuator are in good agreement with the 
theoretical predictions.
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