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Abstract: This paper reports the simulation of an
hexagonal membrane structure using COMSOL
Multiphysics 5.0. The structure is a 5µm thick
polyimide layer with an integrated metal layer
on top, to apply a bias voltage. The hexagonal
membrane is separated by a 3µm air gap and
5µm thick polyimide structural layer from the
bottom electrode and a 3µm and 5µm thick
polyimide structural layer from the top electrode.
The AC/DC Module was used to extract the
capacitance and pull-in voltage needed to displace
the membrane toward the active electrode. A
modal analysis was performed using the Struc-
tural Mechanics Module to extract the structure’s
resonance frequency and frequency modes.
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1. Introduction

The growth of the electronics industry demands
better components for improved electronic sys-
tems [1, 2]. Such components need to be more
advanced in order to keep up with the evolution
of the digital era. The loudspeaker design mech-
anism has not been changed for almost a century
[3–5]. In an era were almost every component is
digital, the loudspeaker driver design still is the
last analog component that needs to evolve to its
digital form, to achieve a true digital audio repro-
duction cycle.

Efforts to develop a direct digital method of
sound reconstruction has been reported elsewhere
[6, 7]. In [4], authors reported a micro-speaker in
a single chip using CMOS-MEMS membrane ar-
rays and described their method behind the dig-
ital sound reconstruction concept. They fabri-
cated a 3-bit electrostatic array (seven transducer

element) where they demonstrated the sound re-
construction. Due to their fabrication methods
each transducer in the array has a fixed electrode
with a dome shape membrane. Therefore, there is
an asymmetry in their system while actuating the
membranes.

In previous work, we have tackled this problem
by using a piezoelectric layer [7–9]. Using the lat-
ter method for the driving mechanism help us to
avoid the asymmetry in the system, but adds some
complexity to the fabrication process. Our work
differs from other reports [10–14], specifically in
the dimensions of the actuator, the combination of
materials used, the micro fabrications process and
the method of sound reconstruction.

In this work we propose an electrostatic ap-
proach using Polyimide as the structural layer.
Polyimide is a very attractive polymer for MEMS
fabrication due to its low coefficient of thermal ex-
pansion, low film stress, lower cost than metals
and semiconductors and high temperature stability
compared to other polymers [15–17]. Polyimide
has been previously used in the microelectronics
industry for module packaging, flexible circuits
and as a dielectric for multi-level interconnection
technology [18, 19]. Polyimide has demonstrated
great performance in Micro Electro Mechanical
Systems (MEMS) devices [15, 20–34] and in the
microelectronics industry. The polymer can han-
dle temperatures of up to 350◦C and can be easily
processed and integrated with metal layers to de-
velop devices with low complexity.

2. Computational Methods

COMSOL Multiphysics provides the Electro-
static Interface, which is available for 3D, 2D in-
plane and 2D axisymmetric components. In our
particular application we have a capacitor which
will use relatively high voltage (up to 150 Volts).
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The electrostatic equations are not to be taken
literally as ”statics”, but as the observation or
time scale at which the applied excitation changes
are in comparison to the charge relaxation time,
and that the electromagnetic wavelength and skin
depth are very large compared to the size of the
domain of interest [35].

For our device, we need to use the quasi-static
electric fields and currents that are included in
the MEMS module, together with the AC/DC
Module, which do not include the wave propa-
gation effects. The physics interfaces takes only
the scalar electric potential, which can be inter-
preted in terms of the charge relaxation process.
The three equations used for this physic are: The
Ohm’s Law, the equation of continuity and the
Gauss’ law. COMSOL combines this equation
and uses the following differential equation for the
space charge density in a homogeneous medium:

δρ

δt
+

σ

ε
ρ = 0 (1)

with solution:

ρ(t) = ρ0e
−t
τ (2)

where

τ =
ε

σ
(3)

which is the charge relaxation time. When us-
ing a good conductor material such as gold, τ is of
the order of 10−19s whereas for a good insulator
like silicon oxide, its of the order of 103s. It is the
relation between the external time scale and the
charge relaxation time that determines the physics
interface and study that we will use.

2.1 Electrostatic Equations

Under static condition the potential, V, is de-
fined as the following relationship:

E =−∇V (4)

When combined with the constitutive relation-
ship D= εE+P bettwen the electric displacement
D and the electric field E, the Gauss’ law is repre-
sented as:

−∇ · (ε0∇V −P) = ρ (5)

The equation describes the electrostatic field in
dielectric materials, the physical constant ε0 is the
permittivity of vacuum with units [F/m], P is the
electric polarization vector in [C/m2], and ρ is the
space charge density given in [C/m3].

For models in 2D, the interface assumes a sym-
metry where the electric potential varies only in
the x and y directions and is constant in the z di-
rection. Which implies that the electric field E is
tangential to the xy-plane. The same equation is
solved in the case of a 3D model. The interface
sovles the following equation where d is the thic-
ness int eh z direction:

−∇ · (ε0∇V −P) = ρ (6)

The axisymmetric version of the physics inter-
face considers the situation where the fields and
geometry are axially symmetric. For this case the
electric potential is constant in the φ direction, im-
plying that the electric field is tangential to the rz-
plane [35].

3. Design and Simulation Setup

The main membrane of our device can be di-
vided in three sections: outer hexagonal ring, teth-
ers and hexagonal membrane (see Fig. 1).

Figure 1: Top view of the simulated membrane,
showing its three different sections.

The device was evaluated with several differ-
ent tether designs and the present work is done us-
ing the final chosen design for fabrication. The de-
sign shows 5 tethers in each side of the hexagonal
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membrane. The standard structure has the follow-
ing dimensions: 250µm membrane hexagon side,
the hexagon was inscribed in a 500µm diameter
circumference and tether have a width of 8µm for
each of them.

The structure can be fabricated using two
structural layers and two sacrificial layers. The
structural layers are made of polyimide and have
a thickness of 5µm. To be able to attract and re-
pel the membrane we need a set of electrodes. In
our simulations we use the bottom electrode made
of gold, because of its good conductivity, which is
located right on the silicon substrate. Also a mid-
dle electrode which is on top of the membrane and
a top electrode that is all the way to the top of the
structure. Fig. 2 shows a conceptual view of an
individual membrane.

Figure 2: Conceptual view of the simulated de-
vice. The image shows an exploded view on the
right, and an assembled view on the left.

To create the 3D model in COMSOL, we first
exported the 2D layout from Tanner L-edit soft-
ware, which is the tool we use to design our
devices for micro-fabrication. The CAD import
module was used, and the correct scale was set to
import the DXF file into COMSOL environment.
The import was done in two different work-planes
to be able to extrude the needed features. The fi-
nal component was set to form composite faces to
eliminate unnecessary features and a union opera-
tion.

The selected materials for the electrodes was
gold, as depicted in Fig. 2 in yellow color. The
structural layer was set to be polyimide, shown in
red color in Fig. 2. Also, all the gaps were set to be
air. Table 1 contains the material properties used
in the simulation.

Table 1: Materials Properties
Property Polyimide Gold
Relative permittiv-
ity (εr)

2.9 6.9

Young’s modulus
(E)

3.1e9 [Pa] 70e9 [Pa]

Poisson’s ratio (ν) 0.34 0.44
Density (ρ) 1300 [kg/m3] 19300[kg/m3]

The Electromechanics physics module was
setup with the following constraints: Fixed con-
straint for all the six outer sides (faces bound-
aries) of the full structure, Bottom Electrode as
the ground and Middle Electrode as a Terminal.
The setup will allow the interaction between the
electrodes, and the capacitance will be calculated
by the software.

An interesting feature of our design is that there
will not be an electric short when pull-in occurs,
because all the electrodes are completely isolated
from each other with structural layer.

To see the behavior of the membrane we used a
Stationary Study with an auxiliary sweep to apply
voltages between a pair of electrodes ranging from
10V - 150V in steps of 10V. The boundary that
was set to be a terminal was given the declared
parameter ”Vin”.

4. Results

The simulation results give us an insight of the de-
formation of the membrane. It is known that the
pull-in voltage when the system is unstable, which
happens at approximately 1/3 of the distance be-
tween the electrodes. Therefore, the pull-in will
occur when the membrane moves approximately
2.6µm towards the active electrode. In Fig. 3 a
graph of the simulated displacement vs the applied
voltage is shown. Fig. 5 shows the graph of the
capacitance between the electrodes vs the applied
voltage.

From these results we were able to deduct that
the pull-in voltage is between 140V and 150V, ap-
plying more than this voltage wont let the simu-
lation to converge. Fig. shows the result of the
displacement in the 3D model.

The resonance frequency and mode frequencies
were calculated using the Solid Mechanics Mod-
ule to study the behavior of the structure. An
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Figure 3: Total displacement on the ”z-axis” vs
the applied voltage.

Eigenfrequency study was setup to find the first
6 modes of the structure, shown in Fig. 6.

From this simulation we can see that the mode
of interest is the first one at 9.4175kHz, as this will
displace the air in a uniform mode with only one
deformation node. Since the transducer will be ac-
tuated at an expected sample frequency of 40kHz,
the closest mode is the sixth at 3.9267kHaz.
Mode 6, has one radial node and one central node,
but it will not have an impact in the performance
of the membrane because it will be out of the
range of the frequency.

If the membrane will be actuated at 40kHz, this
means that the input signal will behave as a pulse
with a width of 25µm. Therefore, we performed
a new simulation with at Time Dependent Study
from t = 0 to t = 625µs in steps of 25µs to observe
the response time of the structure to a 150V con-
stant electric potential applied to one of the elec-
trode. Fig. 7, shows the response time of the mem-
brane. From this graph we can see that it takes the
membrane approximately 125µs to reach the max-
imum displacement of about 1.5µm. Also, it can
be seen that it the membrane reaches a stable posi-
tion in approximately 500µs at 1µm displacement
from its original position. Nevertheless, the pulses
will only be 25µs long and this means that the
structure will only displace approximately 0.5µm.

Figure 4: Capacitance vs applied voltage.

Figure 5: (Top Left) Isometric view of the sim-
ulation results for displacement, (Top Right) Top
view of deformed structure, (Bottom) Side view
of the deformed structure at 150V.

5. Conclusions

The proposed membrane design was simulated
with the intended operation voltages for the real
device. The results shows that the membrane is
suitable for the intended acoustic transducer ele-
ment for the final transducer array. The membrane
geometry can be adjusted to change the structure
resonance frequency, so that the element has the
optimal acoustic response. The next simulation
steps will be the acoustic response. Now that we
have found the total displacement of the structure
at an applied voltage, we can simulate the dis-
placement and calculate the sound pressure gen-
erated by this change.

Full arrays have already been designed and fab-
ricated. The processed chips are diced from a four
inch wafer using our in house dicing method [36].
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Figure 6: Frequency modes of the simulated struc-
tures

The chips are currently being tested and the next
steps include the validation of the presented model
and the experimental results.
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