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Abstract

In this study, we research about comb-drive micro-structure, which is a
MEMS device used to measure velocities and accelerations. To ensure the ac-
curacy and visualization of the result, we simulate the dynamics of the comb
drive using COMSOL Multiphysics, meanwhile introducing the concept of
re-meshing. We aim to find the optimal comb-drive-building material, which
can provide the device with the most desirable first eigenfrequency. According
to the optimization process, silver is the most suitable construction material.
Afterwards, the electric responses of both the optimized device and the
pre-optimized one are analyzed in frequency domain and stationary study.
We conclude that the capacitance change is positively related to frequency in a
linear manner, and that the optimized device has a larger increment of both
displacement and capacitance per unit of frequency change than the pre-opti-
mized one, showing that the optimization of material realizes our goal of en-
hancing electrical performance.
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1. Introduction

Micro Electromechanical Systems (MEMS) technology combines knowledge and
researches in areas like Mathematics, Physics, Computer Studies, Electric Engi-
neering, and Mechanical Engineering. This technology is attracting attention
from a wide range of academic and economy sectors, and has been applied to a
number of cutting-edge fields of research, including gyroscopes, controllers,
scanners, and accelerators. The rising of MEMS these years is induced by a in-
creasingly matured technology market and a significant reduction of costs due to
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the development of silicon fabrication technology. Comb-drive micro-structure,
one of the most widely applied MEMS devices, is used to measure the velocities
and accelerations in through the drive’s output voltage. Comb drive is conti-
nuously gaining popularity because it requires little reaction time, has significant
output force, and performs small and steady output displacement. However,
comb-drives are still facing challenges in designs and fabrications. For example,
the designs require great accuracy and huge expense; many constrains which re-
strict the dimensions of comb-drives are still existing during manufacturing
processes.

Many researches in the field of comb drive study have being working to con-
quer these problems. Among them, researchers Hoang Manh Chu and Kazuhiro
Hane focus on the aspect of fabrication method. They examine difficulties of
making precisely controlled submicron gaps from thick poly-crystalline Silicon,
and propose a method called “oxidation machining” to realize controlled sub-
micron gaps for comb drives [1]. New designs of comb drives are also presented
by a number of scholars, Gaopeng Xue and Pablo G. as representatives. To break
the limit of the detectable minimum force, Gaopeng Xue and his partners design
a chip-level comb-drive XYZ-microstate that produces large displacements into
X-, y-, and z-directions [2]. Pablo G. and his team members manage to project
two capacitive comb drives with the aim to eliminate the levitation effect often
observed in such systems [3]. Besides the areas of researches above, a size-de-
pendent nonlinear model is built by Dai, H. L. and other scientists based on the
modified couple stress theory [4]. However, flaws remain in current models.
Many models are built based on numerical calculations by hand, which is ex-
tremely time-consuming and is problematic in accuracy. Moreover, models are
mainly static or focus on time domain, while frequency domain has not been
deeply studied in the researches.

In this paper, we show how we optimize the material of the comb drive to ob-
tain the highest voltage amplitude. In order to raise the accuracy and visualiza-
tion, we developed a finite element code to simulate the dynamics of the comb
drive using COMSOL Multiphysics, which calculates the intrinsically coupled
electrodynamics and electrostatics. At first, we study the equilibrium state of the
model and figure out its eigenvalues. Then we run the optimization to find out
the most suitable material for building the device. After the above, we study the
pre-optimized and the optimized model in stationary study in order to deter-
mine the differences of their electric responses. Frequency domain is also in-
cluded in our study. In addition to that, we re-mesh the model after every step of
simulation. Comparing to traditional meshing methods which assume that the
traits of the model remain unchanged during the simulation, re-meshing can

improve the preciseness of our data in a large scale.

2. Model Setup

2.1. Geometry and Boundary Conditions

The schematic design of comb drive is shown in Figure 1. The device consists of
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Figure 1. (a) Top view of comb-drive; (b) 3D view of comb-drive.

two parts: the suspension spring on the left and the comb drive body on the
right. 7 pairs of fingers constitute the body part of this model. The fingers are
200 um in length and 20 um in width with a gap of 10um between the neighbor-
ing two. The shuttles have a length of 380 um and a width of 100 um. The dis-
tance between the outstretching end of a finger and the stator is the length of
overlap lover, which is 80 um. The springs are 20 um in width with a 40 um
length of the shorter two and a 400 um length of the longer two. The suspension
spring part enables the body part to move along the x axis in parallel. The whole
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device has a thickness of 5 um. An air box is also added around the comb drive
to calculate the electric field in the surrounded air. The left most end in the sus-
pension spring part is the anchor which is set to be fixed in the model. The right
body part is the stator and it has a fixed boundary condition. A roller is added
onto the fingers to ensure that the fingers move along the x axis without shift in
other directions. An applied force, F, is applied on the shuttle in the left body
part. For the electrical aspect, the right body part of the device is grounded,

while the remaining is conducted to a voltage of 1 V.

2.2. Optimization Process

This comb drive accelerator is planned to be applied to rocket chamber mea-
surement. Therefore, we want the objective operation frequency to be as close to
10,000 Hz as possible, which is within the range of rocket chamber resonance. In
this work, by comparing different materials, the objective frequency can be rea-
lized by the process of optimization.

At the beginning, copper is used to build the comb drive. We change the set-
ting so that the optimization process will only take the first eigenfrequency into
account, at which the comb drive has uniform displacement in x direction. In
the optimization process, the material properties, which include density and
young’s modules, can vary in a certain range.

After each optimization result, we improve the material according to their
density and Young’s Modulus. After two rounds of optimization, we finally de-
cide that silver is the most appropriate material for our device. When building

the device with silver, the first eigenfrequency is the closest to 10,000 Hz.

2.3. Stationary Study and Frequency Domain

After using the study of eigenfrequency to find the optimized material for comb
drive, we also wish to find out the electric response of our optimized design and
compare it to that of the pre-optimized one’s. We use the stationary study and
the frequency domain to graph their capacitance change as a function of fre-

quency.

3. Results and Discussion

3.1. Optimization Process

Figures 2(a)-(c) present the first three eigen values of the pre-optimized design
which is made of copper. Figure 2(a) shows the comb drive with a frequency of
13,586 Hz; Figure 2(b) shows the device with a frequency of 93,348 Hz; Figure
2(c) shows it with a frequency of 2.6938E5 Hz. The figures exhibit different dis-
placements of the device at these three eigen frequencies. In Figure 2(a), the left
part of the comb drive moves parallelly to the right with no shift or vibration in
other directions; in Figure 2(b), the suspension spring has some deformation in
the z direction; in Figure 2(c), the fingers of the comb drive are vibrating verti-

cally. In our study, we only take the first eigen mode where the left part of the
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Figure 2. (a) 13586 Hz; (b) 93348 Hz; (c) 2.6938E5 Hz.
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comb drive moves parallelly to the right into account. Since the first eigenfre-
quency of the pre-optimized design is now 13,586 Hz, it should decrease to ap-
proach 10,000 Hz.

Since the application of this comb drive accelerator is for rocket chamber
measurement, the objective operation frequency should be as close as 10,000 Hz.
When other variables are all fixed, we change the material to reach the objective.
We use optimization to find out the most suitable material.

The optimization method is Nelder-Mead, which is a commonly applied nu-
merical method used to find the minimum or maximum of an objective function
in a multidimensional space. The objective function is f = (freq — 1e4[Hz])2 in
order to minimize the difference between the calculated eigenmode and the ob-
jective frequency. Since the square-form objective function should be as small as
possible in order to approach 10,000 Hz, we set the type of optimization to be
minimization. The setting is changed so that only the first eigenfrequency, at
which the comb drive has uniform displacement in x direction, is taken into ac-
count.

The first eigenfrequency of the pre-optimized device is expected to decrease to
approach 10,000 Hz. The density and Young’s Modulus of the device are allowed
to vary in a certain range to find a more suitable material which contributes to a
smaller value of the objective function.

Table 1 describes the first optimization process. The pre-optimized device is
made of copper. We set the range of its density to be from 8000 kg/m”* to 9500
kg/m’, and its Young’s Modulus to be from 8 x 1010 Pa to 1.6 x 1011 Pa. We
observe that through the process of optimization, density moves from 8960
kg/m’ to 9500 kg/m* while Young’s Modulus changes from 1.2 x 1011 Pa to 8 x
1010 Pa. Therefore, a conclusion can be drawn that a new material with a higher
density and a lower Young’s Modulus than copper has a first eigenfrequency
closer to 10,000 Hz.

Table 1. 1st optimization processable.

Step Number Density [kg/m’] Young’s Modulus [Pa] Objective [Hz*]
1 8.9600E3 1.2000E11 1.2863E7
2 8.9600E3 8.9999E10 3.1196E6
3 9.2600E3 8.9999E10 2.4777E6
4 9.3037E3 8.1250E10 9.4319E5
5 9.4800E3 8.0000E10 6.1589E5
6 9.4900E3 8.0000E10 6.0700E5
7 9.4950E3 8.0000E10 6.0259E5
8 9.4975E3 8.0000E10 6.0039E5
9 9.5000E3 8.0125E10 6.1128E5
10 9.5000E3 8.0000E10 5.9819E5
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Besides the constrains of density and Young’s Modulus, the new material
must also satisfy the following conditions: its electrical conductivity should be
similar to copper’s; it should be common, applicable, and affordable in MEMS.
Table 2 shows some common metals in MEMS and their properties of density,
Young’s Modulus, and electrical conductivity. According to the information and
the optimization result, gold is the most suitable material for building the device
till now.

Figures 3(a)-(c) present the first three eigenfrequencies of the first-optimized
design which is made of gold. Figure 3(a) shows a frequency of 7081.7 Hz; Fig-
ure 3(b) shows a frequency of 48,618 Hz; Figure 3(c) shows a frequency of
1.404E5 Hz. The patterns of displacements of the first-optimized device showed
in the figures above are similar to those of the pre-optimized one. The first ei-
genfrequency of the comb drive has decreased as we expected, but it becomes
smaller than 10,000 Hz. As a result, the first eigenfrequency does not move sig-
nificantly closer to the objective (how to describe clearly). Under this circums-
tance, we find it necessary to run optimization again.

Table 3 describes the second optimization process. We set the range of the
material’s density to be from 18,500 kg/m’ to 20,000 kg/m’, and its Young’s
Modulus to be from 30E9 Pa to 110E9 Pa. We observe that through the process
of optimization its density moves from 19,300 kg/m’ to 18,500 kg/m’, while its
Young’s Modulus changes from 7 x 1010 Pa to 1.1 x 1011 Pa. Therefore, a new

Table 2. Common metals for building comb drives.

Material Density [kg/m’] Young’s Modulus [Pa] Electrical Conductivity [S/m]
Cu 8960 120e9 58.1e6
Ag 10500 83e9 61.6e6
Au 19300 70e9 45.6e6
Al 2700 70e9 35.5e6
Cr 7150 2799 7.9e6
Fe 7860 152e9 10.2e6
Ni 8900 219¢9 13.8e6

Table 3. 2nd optimization process—Au.

Step Density [kg/m’] Young’s Modulus [Pa] Objective [Hz*]
1 1.9300E4 7.0000E10 8.5166E6
2 1.9000E4 7.0000E10 8.1947E6
3 1.9000E4 1.0000E11 2.1586E6
4 1.8900E4 1.1000E11 1.0592E6
5 1.8686E4 1.1000E11 9.5630E5
6 1.8500E4 1.1000E11 8.6999E5
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Figure 3. (a) 7081.7 Hz; (b) 48618 Hz; (c) 1.404E5 Hz.
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material with a lower density and a higher Young’s Modulus than gold will be
closer to the objective. The result of this optimization is the opposite of the for-
mer one because the first eigenfrequency of gold-made comb drive is smaller
than 10,000 Hz, while that of the copper-made one is greater than the objective.
Figures 4(a)-(c) present the first three eigen values of the second-optimized
design which is made of silver. Figure 4(a) shows a frequency of 10,442 Hz;

—
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Figure 4. (a) 10442 Hz; (b) 71729 Hz; (c) 2.0703E5 Hz.
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Figure 4(b) shows a frequency of 71,729 Hz; Figure 4(c) shows a frequency of
2.0703E5 Hz. The patterns of displacements of the second-optimized device
showed in the figures above are similar to those of the previous two. The first
eigenfrequency of the silver-made comb drive is much closer to 10,000 Hz than
those of the former two designs. Since we are not able to find another materi-
al—in terms of density, Young’s Modulus, electrical conductivity, prevalence,
and cost—that better satisfies our requirements, we consider silver to be the

most suitable one for building our model.

3.2. Electric Response

After finding out the most suitable material—silver—through optimization, we
observe the reaction of the device by applying force and putting it in frequency
domain to collect some data about its behavior. At first, we compare the dis-
placements in the range of 2000 Hz and 5000 Hz of the pre-optimized device
and the optimized one in frequency domain.

Figure 5 shows the displacement of the comb drive as a function of frequency.
The black line represents the optimized design made of silver, and the yellow
one represents the pre-optimized one made of copper. The functions of two de-
signs show a similar pattern, but the optimized one shows a more significant
change in displacement, which means that its electric response of frequency
change can be more acute and evident.

Figure 6 shows the relationship between the capacitance and the length of
overlap of the optimized design. Between 2000 Hz and 5000 Hz, its displacement
changes from 6.37 um to 7.97 um, thus lover ranges from 33.63 um to 32.03 um.

— Ag
Cu

75 F

6 1 1 L L L
2000 2500 3000 3500 4000 4500 50000

Frequency (Hz)

Figure 5. Displacement-frequency relation comparison between the pre-optimized device
and the optimized device.
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Figure 6. Capacitance-lover relation of the optimized device made of Ag.

We change domain probe to calculate the capacitance of the comb drive, and
then use parametric sweep in static study to plot the capacitance as a function of
lover. The parametric sweep works by calculating the corresponding capacitance
at each value of lover, which is chosen by setting the upper and lower bound and
the interval between each two.

Figure 7 shows the relationship between the capacitance and the length of
overlap of the pre-optimized design. Between 2000 Hz and 5000 Hz, its dis-
placement changes from 4.34 um to 4.91 um, thus lover ranges from 35.66 um to
35.09 um. We then use parametric sweep in static study to plot the capacitance
as a function of lover.

By comparing the graph of the optimized device with the pre-optimized one,
we can conclude that capacitance generally declines as lover increases. This re-
sult can be explained by analyzing that as lover increases, displacement of the
comb drive decreases, thus the areas between each neighboring two fingers con-
tract, resulting in a decline in capacitance which is proportionally related to area.

Differences between the optimized device and the pre-optimized one are also
shown by these two graphs. The variance of lover is greater in the first graph
than the second one, illustrating the enhanced sensitivity of frequency change.

Figure 8 shows the relationship between the change of capacitance and the
frequency of the optimized device. We use the data sets when generating the
graph of displacement-frequency relation, then change the value of lover and
run static study to generate corresponding capacitance value. The capacitance
change can be easily obtained by subtracting the changed capacitance by the one

with the original lover.
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Figure 7. Capacitance-lover relation of the pre-optimized device made of Cu.
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Figure 8. Capacitance change-frequency relation of the optimized device made of Ag.

Figure 9 shows the relationship between the change of capacitance and the
frequency of the pre-optimized device. The method of obtaining the data is the
same as the one used to plot the graph of the optimized device.

By comparing the graphs of the optimized device and the pre-optimized one,

we can draw the conclusion that the capacitance change has a general tendency
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Figure 9. Capacitance change-frequency relation of the optimized device made of Cu.

of increment as the frequency increases. The optimized device has a larger in-
crement per unit of frequency change than the pre-optimized one, showing that
an eigenfrequency within the rocket chamber resonance range provides a more

evident electric response.

3.3. Discussion

The advantages of this model are its visualization, convenience and preciseness.
By simulating the behaviors of the comb drive in COMSOL Multiphysics, we can
clearly and easily observe its performance in images. The preciseness of the si-
mulation is improved by setting the mesh size to be “finer” and re-meshing the
device after each status change by modifying its lover. In this study, optimization
is used to find the optimal material. Besides, both frequency domain and static
study are taken into research when deciding the electric responses of the
pre-optimized design and the optimized one.

Improvements can still be made to further develop the model. The optimiza-
tion of the comb drive’s geometry could also be included into the study. Moreo-
ver, if feasible, the method of moving mesh should be applied to make the nu-

merical calculation process more convenient and speedy.

4. Conclusions

In this project, we develop a finite element code to simulate the dynamics of the
comb drive using COMSOL Multiphysics, which ensures an accurate revivifica-
tion of the device’s behaviors. We set the mesh size to be finer and re-mesh the

model after every change of state. In this way, the preciseness of our data is
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greatly improved.

We find out that different materials can induce different voltages where the
mechanical and electric properties were significantly different. According to the
optimization process by COMSOL, silver is the most suitable material to build
the comb drive, since the device made of this metal has its first eigenfrequency
closest to 10,000 Hz, which is within the range of rocket chamber resonance. The
optimization result is obtained by solving the local minima of the fitting curve.

The electric responses of both the optimized and the pre-optimized device
have been thoroughly analyzed. In frequency domain, the devices both show a
positive linear relationship between their body displacement and frequency. New
capacitances of the devices corresponding to each frequency value are deter-
mined by changing lover. The capacitance change is positively related to fre-
quency in a linear manner. By comparing the performances of the optimized de-
sign and the pre-optimized one, we observe that the optimized device has a larg-
er increment of both displacement and capacitance per unit of frequency change
than the pre-optimized one, showing that an eigenfrequency within the rocket
chamber resonance range provides a more acute and evident electric response.

Future work includes optimization for the device’s geometry, searching for
more suitable materials such as alloys, finding other applications for comb drive,

etc.
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