
2270 ieee transactions on ultrasonics, ferroelectrics, and frequency control, vol. 52, no. 12, december 2005

Dynamic Analysis of Capacitive
Micromachined Ultrasonic Transducers

Baris Bayram, Goksen G. Yaralioglu, Member, IEEE, Mario Kupnik, A. Sanli Ergun, Member, IEEE,
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Abstract—Electrostatic transducers are usually operated
under a DC bias below their collapse voltage. The same
scheme has been adopted for capacitive micromachined ul-
trasonic transducers (cMUTs). DC bias deflects the cMUT
membranes toward the substrate, so that their centers
are free to move during both receive and transmit oper-
ations. In this paper, we present time-domain, finite ele-
ment calculations for cMUTs using LS-DYNA, a commer-
cially available finite element package. In addition to this
DC bias mode, other new cMUT operations (collapse and
collapse-snapback) have recently been demonstrated. Be-
cause cMUT membranes make contact with the substrate
in these new operations, modeling of these cMUTs should
include contact analysis. Our model was a cMUT trans-
ducer consisting of many hexagonal membranes; because it
was symmetrical, we modeled only one-sixth of a hexagonal
cell loaded with a fluid medium. The finite element results
for both conventional and collapse modes were compared to
measurements made by an optical interferometer; a good
match was observed. Thus, the model is useful for design-
ing cMUTs that operate in regimes where membranes make
contact with the substrate.

I. Introduction

Capacitive micromachined ultrasonic transducers
(cMUTs) were developed as an alternative to piezo-

electric transducers [1]–[6]. cMUTs are usually operated
under a DC bias, where the DC electrostatic forces at-
tract the membrane toward the substrate to a point where
the total electrostatic force is balanced by the stiffness of
the membrane. When the bias voltage is increased beyond
the point where the electrostatic forces can be restored by
the mechanical stiffness, a structure under an electrostatic
field collapses against the counter electrode. After collapse,
the shape of the structure, and therefore the resonance fre-
quency, changes significantly. When the bias voltage of a
cMUT membrane is lower than the collapse voltage, the
membrane deflects toward the substrate.

During normal operation, the center portion vibrates
freely; if the collapse voltage is exceeded, the membrane
collapses on to the substrate and the center of the mem-
brane no longer moves. In this mode, the vibrating struc-
ture becomes an annular ring between the center and the
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rim of the membrane [7]. After collapse, the membrane is
released from the substrate at a lower voltage than the
collapse voltage. This voltage, termed snapback voltage,
is determined by the relative dielectric constants of the
membrane and the insulation layer. If relatively large AC
excitation is applied [8], the membrane can also be biased
for continuous operation between the collapse and snap-
back voltages (termed collapse-snapback).

As explained above, the bias voltage determines the
operation regime of the cMUT. The bias voltage is gen-
erally kept below the collapse voltage of the membrane,
so that the membrane does not go into the collapse re-
gion. Both static and dynamic models have been devel-
oped for this operation regime. Static models were used
both to determine various membrane parameters such as
collapse voltage and coupling coefficient [9], and to opti-
mize the electrode size and position with respect to the
membrane [10]. Lohfink et al., developed linear and non-
linear models to evaluate the output pressure of a cMUT
[11]. Linearized models, used to investigate the crosstalk
between the membranes through harmonic and time do-
main analysis [12], revealed two main sources of coupling:
a Scholte wave propagating at the transducer-fluid inter-
face, and Lamb wave propagating in the substrate.

Nonlinear time domain finite element codes have also
been developed for the modeling of cMUTs. In order to
determine important considerations for the design of the
cMUT, these models used either commercial finite ele-
ment analysis (FEA) packages such as ANSYS (ANSYS
Inc., Canonsburg, PA) [11] and PZFLEX (Weidlinger As-
sociates Inc., Los Altos, CA) [13], [14], or developed their
own FEA packages [15]–[18]. For example, the nonlinearity
of the membrane motion was investigated in a 2D model
using a single circular membrane [11]. In a 3D nonlinear
time domain explicit finite element analysis, crosstalk be-
tween 1D array elements was investigated [13], and the
effect of backing material on which substrate rests was
reported in [14]. These finite element calculations all fo-
cused on understanding the cMUT dynamics in conven-
tional operation regime. In order to develop models for
the cMUTs operating in regimes where the membrane
makes contact with the substrate, contact analysis must
be included in the calculation. This paper presents the re-
sults obtained with a commercially available finite element
method (FEM) package, LS-DYNA (LS-DYNA 970, Liver-
more Software Technology Corporation, Livermore, CA),
and compares those calculations with experimental results
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Fig. 1. The top and side views of the cMUT model. One-sixth of a
hexagonal cell is modeled.

for a cMUT operating in both conventional and collapse
mode.

II. Finite Element Analysis

In this study, a hexagonal membrane shape was used
as the unit cell to cover the transducer area. The silicon
nitride membrane was supported on the edges with sili-
con nitride posts (Fig. 1), with a vacuum gap between the
membrane and the substrate. A thin insulation layer of
silicon nitride over the highly doped silicon substrate pre-
vented shorting in collapse by the ground electrode and
the electrode on the membrane.

The cMUT was analyzed using a commercially avail-
able FEM package (LS-DYNA) [19]. The cMUT model
is shown schematically in Fig. 1. Because the hexagonal
cell was symmetrical, we modeled only one-sixth of the
cell. In order to simulate an infinitely large cMUT com-
posed of hexagonal membranes, symmetry boundary con-
ditions were applied to the planes normal to the edges of
the cell. The impedance-matched medium for the substrate
was modeled by the absorbing boundary on the bottom of
the substrate. The absorbing boundary was activated by
the nonreflecting boundary specification in LS-DYNA [19].

The top of the membrane was covered with fluid to
provide the acoustic medium for the wave propagation.
The ground electrode was located beneath the insulation

TABLE I
Material Properties Used in Finite Element Analysis.

Soybean
Si Si3N4 oil Vacuum

Young’s modulus (GPa) 169 320
Density (kg/m3) 2332 3270 930
Poisson’s ratio 0.29 0.263

Relative permittivity 5.7 1
Velocity of sound (m/s) 1485

layer, and the other electrode was positioned on the top
surface of the membrane. The electrodes were assumed
to be infinitesimally thin. Contact elements were defined
between the bottom surface of the membrane and the top
surface of the insulation layer; sufficiently high voltages
would collapse the membrane onto the insulation layer.
While ideal contact (no friction and binding forces [19],
[20]) was assumed in our model, extensive contact models
and features are supported in LS-DYNA [19], [20].

Prior to the dynamic analysis, the cMUT was biased at
a specific voltage, and atmospheric pressure was included
in the calculations. In order to bias the cMUT in the col-
lapse operation regime, two voltages were applied consec-
utively: the first was higher than the collapse voltage; the
second was the actual bias voltage.

Because the contact behavior was assumed to be ideal
(without friction), residual stress in the membrane was not
included in this analysis. A linear wave equation was used
to describe the propagation of the acoustic wave in the
immersion fluid.

LS-DYNA does not have a coupled field solver for elec-
trostatic and structural analysis, but it includes a subrou-
tine to define loads (user loading function) as a function
of displacements [19]. After the subroutine for electrostatic
force calculation was developed, the source file was com-
piled with the LS-DYNA object files, using Compaq Visual
Fortran Compiler 6.6B (HP-Compaq, Palo Alto, CA). The
object files were provided by Livermore Software Technol-
ogy Corporation (LSTC).

The mechanical and electrical material properties used
in the FEM calculations are given in Table I. The only
material parameter required for the electrostatic analy-
sis was the dielectric constant. The structural analysis
used Young’s modulus, density, and Poisson’s ratio for the
solids; density and sound velocity were used for the fluid
acoustic medium.

III. Experiments

In the experiments, the cMUT was immersed in oil, with
the top surface parallel to the air-oil interface [Fig. 2(a)].
The physical parameters of the cMUT [Fig. 2(b)] used in
all experiments described in this work are listed in Table II.
The active area was 86% of the total 7-mm × 7-mm trans-
ducer area. An optical interferometer was used to measure
the displacement of the air-oil interface.
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Fig. 2. (a) Photographs of the cMUT mounted on a printed circuit
board (PCB), immersed in oil; the cMUT is under the microscope,
which is connected to an optical interferometer. (b) Zoomed top view
of some cMUT cells (see Table II for the dimensions).

The experimental setup (Fig. 3) consisted of an opti-
cal fiber interferometer OFV-511 (Polytec GmbH, Wald-
bronn, Germany) attached to a common microscope by a
microscope adapter OFV-072 (Polytec). The interferome-
ter was connected to an ultrasonics vibrometer controller
OFV-2700/2 (Polytec) that contains a modified wide-band
displacement decoder OVD-30 (Polytec) with an extended
frequency range. Thus, the system offered a frequency
range from 50 kHz to 30 MHz, and was able to detect
amplitudes in the subnanometer range. The specified dis-
placement range for this system was ±75 nm for frequen-
cies from 50 kHz to 20 MHz, and ±50 nm for frequencies
from 20 MHz to 30 MHz. The system also enabled the
acquisition of transient pulses, deemed essential for this
work. The output level was 50 nm per volt with 50 Ω ter-
mination. The calibration error was specified with < ±3%
at 100 kHz/50 nmp-p.

A digital oscilloscope (Infiniium 500 MHz, 2GS/s, Ag-
ilent Technologies Inc., Palo Alto, CA) was used to cal-

TABLE II
Physical Dimensions of the cMUT (all in µm).

Cell radius 43
Membrane radius 40
Electrode radius 25
Membrane thickness 1
Vacuum gap 0.65
Insulation thickness 0.2
Substrate thickness 500

Fig. 3. Overview of the experimental setup with all components,
consisting of an immersed cMUT mounted on a PCB. An optical
interferometer, connected to a microscope, was used to measure both
the membrane displacement and the oil-air interface displacement.
Two function generators were used to generate the bipolar pulse.

culate the output of the interferometer decoder; the data
were transferred over a GPIB—IEEE 488 bus to a common
personal computer (PC). LabViewTM Version 6.0 (Na-
tional Instruments, Austin, TX) software was used to con-
trol an xy-stage, which allowed the entire oil tank to be
moved under the lens (20× and 100×, respectively) of the
microscope with µm-resolution. The 100× lens was used
primarily to adjust the cMUT alignment.

Only the transmitting mode of the cMUT was used for
the experiments described in this work: i.e., the cMUT was
driven by a DC voltage (up to 160 V) with a superimposed
AC signal (bipolar pulse, generated by two pulse/function
generators HP8116A and HP8112A, Agilent Technologies
Inc.) that was supplied through a DC coupler (Fig. 3). The
burst rate was set to 100 Hz.

To avoid measuring signals caused by ultrasonic waves
reflected between the cMUT and the oil-air interface, the
distance from the cMUT to the air-oil interface was set to
2.25 mm.

IV. Results

A. Conventional Mode of Operation

The cMUT with the physical dimensions given in Ta-
ble II was biased at 130 V; for conventional operation,
one cycle of 1 MHz bipolar pulse (−7 V, 500-ns pulse, fol-
lowed by +7 V, 500-ns pulse) was applied at t = 0 µs.
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Fig. 4. The displacement of the cMUT in the conventional mode of
operation. The solid and dashed lines represent the FEA and the
experiment, respectively.

The ultrasonic waves from the cMUT surface reached the
air-oil interface at t = 1.5 µs. The output displacements
of the cMUT from both the FEA and the experiment are
depicted in Fig. 4. The displacement of the air-oil inter-
face was divided by two to take the interface reflection
into account. During the first negative pulse, the mem-
brane displacement increased in the positive direction. In
both the FEA and the experiment, peak displacements of
3.8 nm and 2.4 nm were achieved at t = 2.0 µs, respec-
tively. A subsequent positive pulse decreased the mem-
brane displacement. The peak displacement of −2.3 nm,
achieved at t = 2.5 µs in both FEA and experiment, grad-
ually reached zero displacement at t = 4.5 µs.

B. Collapse Mode of Operation

The same cMUT was biased at 160 V in collapse; the
same bipolar pulse was applied in collapse operation. The
output displacements of the cMUT from both the FEA and
the experiment are depicted in Fig. 5. During the first neg-
ative pulse, the membrane displacement increased in the
positive direction. In both the FEA and the experiment,
peak displacements of 3.7 nm and 3.8 nm were achieved
at t = 2.0 µs, respectively. A subsequent positive pulse
decreased the membrane displacement. The peak displace-
ment of −4.0 nm, achieved at t = 2.5 µs in FEA, gradually
reached zero displacement at t = 3.2 µs. In the experiment,
a low frequency wave, not predicted by the FEA, was ob-
served after t = 2.8 µs.

V. Discussion

Time-domain finite element packages use either implicit
(ANSYS) or explicit (PZFLEX, LS-DYNA) time integra-
tion methods. Implicit methods result in unconditional

Fig. 5. The displacement of the cMUT in collapse mode of operation.
The solid and dashed lines represent the FEA and the experiment,
respectively.

stability in linear problems, and large time steps can be
used in the calculations. However, implicit methods be-
come unstable for highly nonlinear contact problems.

While explicit methods are stable even for highly non-
linear situations, the stability requires that very small time
steps be used in each calculation. The size of the time step
is bounded by the largest natural frequency of the struc-
ture, which, in turn, is bounded by the highest frequency
of any individual element in the finite element mesh [18].
The uncoupled equation sets in the explicit method allow a
faster solution for each time step calculation; computation
time scales almost linearly with the number of elements
in the model. Because implicit methods, due to the solu-
tion of the coupled equation sets, are impractical, explicit
methods dominate the time-domain, nonlinear analysis of
very large models. We chose LS-DYNA for the finite ele-
ment calculation for its enhanced contact capabilities and
explicit time domain solver.

In Figs. 4 and 5, the FEA and the experimental mem-
brane displacements showed similar time responses. In col-
lapse operation, the FEA and the experiment differed by
less than 5% during the pulse excitation. A noticeable dif-
ference between the FEA and the experiment (Fig. 5) is
the presence of a strong wave after t = 2.8 µs, which was
not predicted by FEA. While a central assumption in FEA
is the infinite dimensions of the cMUT, in this experiment,
a 7-mm × 7-mm cMUT was used. The finite dimensions of
the cMUT caused lateral waves reflecting back and forth
from the edges. These reflections were calculated to reach
the air-oil interface at t = 2.8 µs, as observed in the ex-
periment. Therefore, the time response of the cMUT from
t = 1.5 µs up to t = 2.8 µs in the experiment was not
affected by the finite dimensions of the transducer. The
good match between the FEA and the experiment in this
time interval verified the validity of the results obtained
by LS-DYNA.
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The FEA overestimated the peak displacement at t =
2.0 µs in conventional operation (Fig. 4), compared to ex-
perimental results. This mismatch is currently under in-
vestigation to determine its origin.

VI. Conclusions

The time-domain, finite element calculations were per-
formed using a commercially available FEM package, LS-
DYNA. The finite element calculations for conventional
and collapse modes were compared to experimental results
obtained via interferometer. Good match between FEA
and experiment was observed in time-domain response of
the cMUT. LS-DYNA was used for the first time to model
cMUTs in this study. The model is useful for designing
cMUTs operating in new regimes where membranes make
contact with the substrate.
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