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ABSTRACT

It is well known that acoustic emission (AE) signals, generated by external impacts or damages such as crack initiation, mainly propagate in
the form of Lamb waves in plate-like structures. In this work, MEMS-based resonant capacitive micro-machined ultrasonic transducers
(CMUTs), which are designed for sensing out-of-plane displacements, have been verified by finite element method (FEM) modeling
and theoretical analysis for their feasibility of detecting low-order Lamb waves (A0 and S0). First, combining the propagation theory of
Lamb waves and the “spring-mass-damper” model of CMUTs, the out-of-plane sensing mechanism has been explained, together with the
analytical expression of sensitivity. Then, simulations based on FEM have been carried out to show that the designed CMUTs are sensitive
to out-of-plane displacements, while extremely insensitive to in-plane displacements. Meanwhile, a transient analysis has found the potential
abilities of CMUTs for sensing A0 and S0 lamb waves. Besides, the sensing characteristics of CMUTs have also been investigated, including
the influence of squeezed-film damping, the amplitude of the input signal, the cell number, and cell space. Finally, the ball drop impact is
simulated to show the potential of identifying the location of the AE source by CMUTs. Our studies reveal the out-of-plane sensing behav-
iors of CMUTs for Lamb waves and may have the potential in promoting the miniaturization and integration of AE sensors.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0123393

I. INTRODUCTION

In the past two decades, capacitive micro-machined ultrasonic
transducers (CMUTs), which are considered as the most promising
alternatives to traditional piezoelectric transducers,1,2 have been
greatly developed in the medical field for applications such as
medical ultrasound imaging,3–6 high-intensity focused ultrasound
(HIFU) for tumor treatment,7,8 and intravascular ultrasound.9 In
view of the successful cases of CMUTs in medical applications,
many scholars started to seek applications of CMUTs in the field of
structural health monitoring (SHM).10–16

The acoustic emission (AE) technique, known as the SHM
method of capturing and processing the stress-wave signals
(usually between 100 kHz and 1MHz10) rapidly released during the

development of structural damages, e.g., cracks,17 delamination,18

and fatigue,19 could diagnose the damage status of structures in
service. Transducers are one of the key components of data acquisi-
tion in AE systems. Usually, it is desirable that the transducers have
high sensitivities in a broad frequency range of interest. Currently,
piezoelectric transducers, as the widely applied transducers in
SHM, can be designed to be resonant or broadband,20 so as to
detect signals in the needed frequency range. Although piezoelectric
transducers have many merits, e.g., high sensitivity, high signal-
to-noise ratio, and wideband, there are still many limitations, e.g.,
expensive manufacturing costs, significant temperature-influenced
performance, and centimeter-scaled sizes.

The emergence of CMUTs makes it possible to solve these limi-
tations. Based on the techniques of the micro-electro-mechanical
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system (MEMS), the constituted cells of a CMUT can be designed
and fabricated on the micrometer scale with high integration capabil-
ity,10 so that they can be embedded in small structures/devices for
real-time damage detections, which is difficult to be realized by pie-
zoelectric cells. Besides, as confirmed in previous works, 3D informa-
tion of particle displacements is much meaningful for accurate
damage imaging and evaluation.21,22 Benefiting from the advantage
of sizes, it is pointed out that 3D sensing of particle displacements
may be realized by collocating two CMUTs sensitive to in-plane dis-
placements and one CMUT sensitive to out-of-plane displacements
together.23 Although CMUTs do not perform as good as piezoelec-
tric transducers in terms of sensitivity and signal-to-noise ratio, it is
believed that significant performance improvements will be achieved
with more research to mature the CMUT technology.

Up to now, many verification studies have been carried out to
show the feasibility of applying CMUTs in SHM.10–16,24,25 For
instance, Ozevin et al.10 demonstrated the possibility of using
CMUTs by simulating AE events on a pre-cracked rectangular steel
beam specimen. Hossain Saboonchi et al.13 used the MetalMUMPs
technique to design and realize CMUTs with high aspect ratio
geometry, the sensitivities of which are comparable to the piezo-
electric ones. The ball drop impact and the pencil lead break tests
are studied to show their abilities to collect AE signals on an alumi-
num plate with a thickness of 1 mm. Hossain Saboonchi et al.15

studied CMUTs on damage detection of aluminum 7075 specimens.
It was found that CMUTs not only behave similar to piezoelectric
transducers from the aspect of crack detection, but also have the
advantage of perceiving the initiation and growth of fatigue cracks
due to their lower threshold level. Minoo Kabir et al.14 designed,
characterized, and compared the in-plane-sensed interdigital
CMUTs with area changes and gap changes from the aspects of
theory and simulation. Experimental results about detecting the initi-
ation and growth of fatigue cracks on a notched beam-like aluminum
coupon have shown their in-plane sensing behaviors. Redha
Boubenia et al.24,25 designed and fabricated a CMUT transducer
using the micro-machined MUMPs technique and then demon-
strated its ability to detect AE events on an aluminum plate-like
structure by comparing with piezoelectric transducers.

It is known that plate-like structures widely exist in major
facilities, e.g., aircrafts, high-speed rails, and ships. The AE signals
in the plate-like structures propagate almost in the form of Lamb
waves, whose characteristics of being multi-mode (i.e., signals may
be constituted of multiple propagation modes) and dispersive (i.e.,
the wave velocity is different for different frequencies) would
increase the difficulties of analyzing and processing signals.26

Previous studies mainly focused on the experimental verification of
detecting AE events by CMUTs; however, there were no thorough
theoretical and simulated analysis on the characteristics of the
output signals. Therefore, the sensing performance and the output
characteristics of CMUTs for sensing Lamb waves have been ana-
lyzed from the aspects of theory and finite element method (FEM)
simulation in this work.

Our work is focused on CMUTs that are sensitive to
out-of-plane displacements. The article is arranged as follows: In
Sec. II, the mechanism of sensing the out-of-plane displacements
of Lamb waves using CMUTs has been revealed by combining the
propagation theory of Lamb waves and the vibration theory of the

“spring-mass-damper” system; In Sec. III, FEM simulations are
carried out to sense the low-order A0 and S0 lamb waves using
CMUTs. Besides, the sensing characteristics of CMUTs have been
investigated, including directional sensitivity and the influence of
squeezed-film damping, the amplitude of the input signal, the
number of cells, and cell spacing; In Sec. IV, the ball drop impact is
simulated to verify the possibility of locating the AE source by
using CMUTs. In Sec. V, relevant results are summarized, and the
prospects for future research are given.

II. THEORETICAL MODELING OF A RESONANT CMUT
FOR SENSING OUT-OF-PLANE DISPLACEMENTS
OF LAMB WAVES

A. The fundamental theory of Lamb waves in a plate

The problem of Lamb waves propagating in an isotropic
plate with a thickness of d can be seen as the three-dimensional
model shown in Fig. 1(a), with the whole structure extending infi-
nitely along the x axis and the y axis. At top (z ¼ d/2) and bottom
(z ¼ �d/2) surfaces, the “traction-free boundary condition” should
be satisfied for the propagation of Lamb waves. According to the
wave structure across the thickness of the plate, Lamb waves can be
divided into two different propagation modes, i.e., the symmetric
modes (S) and the asymmetric modes (A), of which phase velocity
dispersion relations are given by the classical Rayleigh–Lamb
frequency equations,27

tan(qd/2)
tan(pd/2)

¼ � 4k2pq

(q2 � k2)2
for symmetric modes, (1)

tan(qd/2)
tan(pd/2)

¼ � (q2 � k2)2

4k2pq
for asymmetric modes, (2)

where

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2

c2l
� k2

s
,

q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2

c2t
� k2

s
,

k ¼ ω

cp
,

with ω, cl , ct , and cp representing the angular frequency, solid longi-
tudinal wave velocity, solid transversal wave velocity, and Lamb
waves’ phase velocity, respectively. Solving Eqs. (1) and (2), we can
receive the dispersion relations of a traction-free aluminum plate,
as shown in Fig. 1(b) (here, thickness d = 3 mm). For a specific fre-
quency, at least two low-order propagation modes (i.e., A0 and S0)
can exist in a plate at the same time. Besides, with the increase in
frequency, more propagation modes would appear (e.g., A1, S1,
A2, S2, etc.). For the AE signals in a thin plate-like structure, the
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low-order A0 and S0 lamb waves are dominant. Thus, only the
low-order A0 and S0 lamb waves are considered in this study.

The in-plane displacements (u) and the out-of-plane displace-
ments (w) across the direction of thickness satisfy the following
equations:27

u ¼ ikA2cos(pz)þ qB1cos(qz), (3)

w ¼ �pA2sin(pz)� ikB1sin(qz) (4)

for symmetric modes and

u ¼ ikA1sin(pz)� qB2sin(qz), (5)

w ¼ pA1cos(pz)� ikB2cos(qz) (6)

for asymmetric modes, where A1, A2, B1, and B2 can be determined
by the traction-free boundary condition.27 For instance, the wave
structures of Lamb waves in a traction-free aluminum plate with

FIG. 1. (a) Three-dimensional diagram of the plate with a thickness of d, where the plane z ¼ d/2 and z ¼ �d/2 are top and bottom surfaces, respectively; (b) phase
velocity dispersion curves of a traction-free aluminum plate with d = 3 mm; wave structures of Lamb waves at 220 kHz: (c) A0 mode; (d) S0 mode, where the embedded
figures show corresponding deformations along the z–x or z–y plane.
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d = 3mm are given in Fig. 1(c) (A0 mode with 220 kHz) and
Fig. 1(d) (S0 mode with 220 kHz). For the A0 lamb waves, the wave
structure across the thickness of the plate is anti-symmetric for the
in-plane displacement and symmetric for the out-of-plane displace-
ment (the out-of-plane displacement is dominated at low frequen-
cies). Conversely, the wave structure of the S0 lamb waves across
the thickness is symmetric for the in-plane displacement and anti-
symmetric for the out-of-plane displacement (the in-plane dis-
placement is dominated at low frequencies).27

B. Theory of sensing out-of-plane displacements of
Lamb waves by a resonant CMUT

Figure 2 shows the structural design and the detection princi-
ples of a resonant CMUT cell, which is designed to be sensitive to
out-of-plane displacements. As reported in Ref. 13, the resonant
CMUT cell may be composed of an electroplated layer (Au, height
dAu), a top electrode (polycrystalline silicon, height dtop), gap
(air, height dgap), an insulation layer (Si3N4, height dSi3N4 ), a
bottom electrode (polycrystalline silicon, height dbottom), springs
(height dAu þ dtop), and anchors [Fig. 2(a)], where the electroplated
layer is used for wiring, the insulation layer is introduced for pre-
venting electrical short circuits, and the L-shaped springs and the

anchors serve to suspend the top electrode. The lengths of each
layer along the x axis and the y axis are set as l. The L-shaped
springs are divided into two sections with the widths being w,
where the first section (see Fig. 2, Spring 1) has the length of l1 and
the second section (see Fig. 2, Spring 2) has the length of l2 � w.
The distances between the springs and edges are set as d. In order
to sense waves with different frequencies, the shape and the length
of springs should be adjusted to achieve the required resonant fre-
quency. In the micrometer scale, squeezed-film damping caused by
the compression of air in the gap cannot be ignored. The squeezed-
film damping behavior would decrease the sensitivity of CMUT
significantly.28 There are at least two ways to reduce the squeezed-
film damping, i.e., vacuuming and sealing the capacitive gap
[Fig. 2(a)] or etching periodic through holes in the vibrating top
electrode13 [Fig. 2(b)]. The lengths of through holes along the x
axis and the y axis are labeled as ah and bh, respectively. From the
perspective of technology, these CMUT cells could be manufac-
tured by the PolyMUMPs process.13

The simplified “spring-mass-damper” system can be used to
predict the working behavior of a CMUT cell29 at low frequencies,
as shown in Fig. 2(c). The electroplated layer and the top electrode
together constitute the mass m. The L-shaped springs can be
assumed as an equivalent spring with the spring constant of k.

FIG. 2. Diagrams of the resonant CMUT cells that are sensitive to out-of-plane displacements: (a) with no etching holes; (b) with periodic etching holes to reduce the
squeezed-film damping.13 (c) shows the working principles of the CMUT cell for AE detection. The red-colored symbol at the left bottom of the figure represents the AE
source. A transimpedance amplifier (TIA) is employed to convert the current into a voltage output.
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The bottom electrode is directly in contact with the surface of the
base. The relative movement between the mass and the bottom
electrode is assumed as that of a piston.

Assume that Lamb waves are released from the AE events of a
plate. The out-of-plane displacements of Lamb waves at the
surfaces of the plate (z ¼ +d/2) would couple into the bottom
electrode and the anchors and then lead to the out-of-plane dis-
placement responses of Z0 (the bottom electrode) and Z (the top
electrode relative to the bottom electrode). The motion equation
should have the form as

m€Z þ c _Z þ kZ ¼ �m€Z0, (7)

where m, c, and k represent the mass, viscous damping constant,
and spring constant, respectively.

Assume that the input out-of-plane displacement is a har-
monic function of time, t, and frequency, ω,

Z0(t, ω) ¼ Aweiωt , (8)

where the coefficient A is the amplitude and w is the out-of-plane
displacement of Lamb waves.

By solving Eq. (7) (the detailed derivation is given in the
Appendix), Z can be expressed as

Z(t, ω) ¼ Qω2

Q(ω2
0 � ω2)þ iωω0

Z0(t, ω), (9)

where Q ¼ mω0/c and ω0 ¼
ffiffiffiffiffiffiffiffi
k/m

p
are the quality factor and the

resonant angular frequency of the CMUT cell, respectively.
The CMUT cell can be considered as a parallel plate capaci-

tor,29 with the capacitance under the steady state described as (see
details in the Appendix)

C ¼ ε0S
a� d0

, (10)

where

a ¼ dSi3N4

εSi3N4

þ dgap,

d0 ¼ V2
dcε0Sa

2(ka3 � V2
dcε0S)

:

In Eq. (10), S is the facing area between electrodes, Vdc is the
DC-biased voltage applied on the electrodes, ε0 is the dielectric
constant of vacuum, and εSi3N4 is the relative permittivity of Si3N4.
Besides, a is the effective gap height without the DC-biased voltage,
and d0 is the reduced distance between electrodes under the
DC-biased voltage.

Considering the distance between electrodes is dynamic under
input out-of-plane displacements, the dynamic capacitance of a

CMUT cell should be expressed as

C(t, ω) ¼ ε0S
a� d0 þ Z(t, ω)

: (11)

Using Taylor series expansion, Eq. (11) can be approximated
by ignoring the high-order terms,

C(t, ω) � ε0S
1

a� d0
� Z(t, ω)

(a� d0)
2

� �
: (12)

Correspondingly, the output current of a CMUT cell is a func-
tion of the DC bias voltage and the capacitance,29

i(t, ω) ¼ Vdc
dC(t, ω)

dt
: (13)

Substituting Eq. (12) into Eq. (13), the output current of a
CMUT cell can be formed as

i(t, ω) ¼ � iε0VdcSQω3

(a� d0)
2[Q(ω2

0 � ω2)þ iωω0]
Z0(t, ω): (14)

Usually, a transimpedance amplifier (TIA) and a voltage
amplifier are used to convert the current into an output voltage30

and amplify the output voltage, respectively,

v(t, ω) ¼ RUi(t, ω), (15)

where R is the conversion coefficient of the TIA in Ω and U is the
amplified coefficient of the voltage amplifier in V/V.

For a resonant CMUT composed of N parallel identical cells,
the total output current is the sum of the current of each cell.
Traditionally, the sensitivity H(ω) of a resonant CMUT is defined
as the ratio of the output voltage to the input speed. When the
total size of CMUT is much smaller than the input wavelength,
the input out-of-plane displacement of each constituted cell can be
considered as identical due to the nearly identical phase. Thus,
H(ω) has the expression as follows:

H(ω) ¼ 20log10abs
Nv(t, ω)
_Z0(t, ω)

� �

¼ 20log10abs � iNRUε0VdcSQω3

iω(a� d0)
2[Q(ω2

0 � ω2)þ iωω0]

� �
: (16)

Based on Eq. (16), the sensitivity of a resonant CMUT,
which is used for sensing out-of-plane displacements, can be pre-
dicted analytically. However, Lamb waves may not only have the
out-of-plane displacements, but also in-plane displacements.
Specifically for S0 lamb waves, the in-plane displacements are dom-
inant at low frequencies. It may be much more complicated to con-
sider whether in-plane displacements would influence the
out-of-plane sensing performance of a resonant CMUT through
theories. Therefore, a numerical method, i.e., FEM simulation, is
considered to evaluate the influence, as shown in Sec. III.
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III. SIMULATION ANALYSIS ON SENSING THE
OUT-OF-PLANE DISPLACEMENTS OF LAMB WAVES BY
A RESONANT CMUT

A. Establishment of the 3D simulation model

In this work, the commercial FEM software named COMSOL
Multiphysics is used to establish the model of sensing Lamb waves
by a resonant CMUT, as schematically shown in Fig. 3. For a reso-
nant CMUT cell [Fig. 3(a)], the simulation model is established by
the “electromechanics physics (emi)” module and the “laminar flow
physics (spf)” module as defined in COMSOL, where the emi
module is constituted of the “solid mechanics physics (solid)”
module and the “electrostatics physics (es)” module. To simulate
the compression of air in microstructural geometries, a cubic air
domain containing the CMUT cell, which is not shown here for
the aim of observing the internal structure, needs to be established
in the “laminar flow physics (spf )” module. Due to the movement
of the top electrode, the boundaries of the air domain in the
CMUT cell are variable; thus, the “moving mesh” module should
be adopted for the air. To calculate the deformation of the CMUT
cell under electrostatic forces, the whole structure should be set as
“electrostatics physics (es),” while the solid domain as “solid
mechanics physics (solid).” In the “electrostatics physics (es)”
module, both top and bottom electrodes are considered as termi-
nals, where the top electrode is applied a DC-biased voltage and
the bottom electrode is grounded. The interfaces between “solid
mechanics physics (solid)” and “laminar flow physics (spf)” are
fully coupled fluid-structure interaction boundaries, which are used
to analyze the squeezed-film damping. Besides, the “electrical
circuit physics (cir)” module should be used to couple with the
“electrostatics physics (es)” module for calculating the total output
current of a CMUT constituted of multiple parallel cells.

For sensing the Lamb waves, the resonant CMUT is attached
to the surface of a plate, as shown in Fig. 3(b). Two point sources
(only one of them is visible), which are symmetrically positioned
on both sides of the plate, are located at the center of the plate to

generate Lamb waves. To avoid the influence of reflected waves,
Rayleigh damping regions are constructed around the plate, which
are labeled as dark gray areas. Based on previous simulation experi-
ence, the maximum size of the mesh should not be larger than one-
sixth of the minimum wavelength for the aim of analyzing Lamb
waves accurately. In the transient study, the time step performed by
the solver should be set at least 1/(60� fmax), where fmax is the
maximum frequency that needs to be solved.

B. Cell design and sensitivity analysis

In order to design an out-of-plane-sensitive CMUT cell that
resonates at a specific frequency, first, the eigenfrequency study
should be considered. In the eigenfrequency study, the FEM model
of a CMUT cell is established as the one that is shown in Fig. 3(a)
(squeezed-film damping is not considered in this study), with the
bottom surfaces set as fixed boundaries. The adopted material
parameters are given in Table I. On this basis, three CMUT cells
that are sensitive to three different frequencies (200 kHz for CMUT
I, 220 kHz for CMUT II, and 240 kHz for CMUT III) have been
designed, of which the cell parameters are shown in Table II.

Figure 4 gives the first three mode shapes that would cause a
change in capacitance for each designed CMUT cell. For the first
mode shape [see Fig. 4(a) for CMUT I, Fig. 4(d) for CMUT II, and
Fig. 4(g) for CMUT III], the top electrode vibrates back and forth
along the out-of-plane direction (z axis). The first mode shape is
the working mode of each CMUT cell, for sensing out-of-plane dis-
placements. For the second mode shape [see Fig. 4(b) for CMUT I,
Fig. 4(e) for CMUT II, and Fig. 4(h) for CMUT III] and the third
mode shape [see Fig. 4(c) for CMUT I, Fig. 4(f ) for CMUT II, and
Fig. 4(i) for CMUT III], the top electrode almost vibrates along the
in-plane direction (y axis for the second mode and x axis for the
third mode). The in-plane motion of the top electrode relative to
the bottom electrode would lead to the change of S, thus resulting
in the change of capacitance. However, considering that the eigen-
frequency of the in-plane mode is far away from that of the

FIG. 3. (a) Established 3D finite element model of a resonant CMUT cell with the mesh included (not drawn to scale). (b) Schematic diagram of sensing the Lamb waves
by a resonant CMUT attached to the surface of an isotropic material plate with a traction-free surface. Two point sources (only one of them is visible), which are symmetri-
cally positioned on both sides of the plate, are located at the center of the plate to generate Lamb waves. The dark gray areas around the plate are set as the absorbing
region to avoid boundary reflections.
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out-of-plane mode (e.g., for CMUT I, the first mode is at 200 kHz,
while the second mode is at 1.38MHz), it can be inferred that the
in-plane mode may produce little influence on the out-of-plane
sensing performance of these designed CMUT cells.

Furthermore, the directional sensitivities (i.e., the sensitivity to
the x-direction, y-direction, and z-direction input displacements) of
each designed CMUT cell are calculated by the harmonic disturb-
ance study of FEM simulation to verify the inference above. In sim-
ulation, squeezed-film damping is assumed as the specific damping
ratio of ξ ¼ 0:04 (i.e., Q ¼ 0:5/ξ ¼ 12:5). The simulated results of
directional sensitivities are received from the equation below:

H(ω) ¼ 20log10abs
RUi(ω)
�vn(ω)

� �
, n ¼ x, y, or z, (17)

where i(ω) is the output current and �vn(ω) is the input average
velocity at the bottom electrode (n labels the direction of the
velocity).

Both in the theoretical calculation and in the FEM simulation,
the number of cells is N ¼ 1, the conversion coefficient of TIA is
R ¼ 1000Ω, and the voltage magnification is U ¼ 100V/V.

Figure 5(a) shows the way to simulate the directional sensitivi-
ties of a CMUT cell. The colorful arrows represent the direction of

input displacements for measuring the sensitivity to this direction.
For example, x-directional sensitivity of the cell is measured by speci-
fying an x-directional displacement to the base (see the green arrow).
The calculated directional sensitivities of each CMUT cell are given
in Fig. 5(b), where x, y, and z in the parentheses represent the sensi-
tivity to the corresponding input displacements. By observing
Fig. 5(b), it is found that each CMUT cell is sensitive to the
out-of-plane (z-direction) displacements and is extremely insensitive
to in-plane (x-direction and y-direction) displacements. Specifically
at the first mode frequencies, the sensitivity of each cell reaches the
maximum (about 5.4 dB for CMUT I, 4.7 dB for CMUT II, and
2.7 dB for CMUT III). To investigate the influence of in-plane dis-
placements on the out-of-plane sensing performance of each cell,
x-directional, y-directional, and z-directional displacements are
simultaneously specified on the base (defined as case 1), where the
amplitude of x-directional and y-directional displacements is set to
ten times the z-directional displacements. The situation of specifying
only out-of-plane displacements on the base is defined as case 2. In
theory, the influence of in-plane displacements on out-of-plane
sensing results is shown by the difference of output currents. The dif-
ference between the output currents of cases 1 and 2 is defined as
ΔI ¼ jI1 � I2j/I2, where I1 is the current for case 1 and I2 is the
current for case 2. The larger the value of ΔI, the greater the influ-
ence of in-plane displacements, thus the worse the out-of-plane
sensing performance of the cell. Fortunately, since the high-order
mode frequencies are far enough from the first mode frequency, the
value of ΔI is very small for each cell [see Fig. 5(c)].

C. Examples of sensing A0 and S0 lamb waves by
resonant CMUT cells

Simulations about sensing A0 and S0 lamb waves by resonant
CMUT cells are investigated in this part for further verification of
feasibility. As shown in Fig. 3(b), these CMUT cells are attached to
the traction-free surface of an aluminum plate (here, d = 3 mm) to
analyze their transient sensing behaviors. In simulation, a pre-
scribed out-of-plane displacement signal is adopted for two-point
sources as defined in Sec. III A to generate Lamb waves, where the
analytical expression is shown as

Zinput(t) ¼ Bsin(2πfct) 1� cos
2πfct
10

� �
: (18)

TABLE I. Material parameters used in the simulation.

Solid material

Density (kg/m3) Young’s modulus (GPa) Poisson’s ratio Relative permittivity

Gold 19 300 70 0.44
Polycrystalline silicon 2320 160 0.22 4.5
Si3N4 3100 250 0.23 9.7
Aluminum 2700 70 0.33

Fluid material

Density (kg/m3) Dynamic viscosity (Pa s) Relative permittivity

Air 1.21 1.81 × 10−5 1

TABLE II. Specific parameters of the designed CMUT cells.

CMUT I CMUT II CMUT III

l (μm) 110 100 97
dAu (μm) 0.5 0.5 0.5
dtop (μm) 2 2 2
dgap (μm) 1.1 1.1 1.1
dSi3N4 (μm) 0.35 0.35 0.35
dbottom (μm) 0.7 0.7 0.7
d (μm) 5 10 10
ah(μm) 22 20 19.4
bh (μm) 4.4 4 3.88
l1 (μm) 12.5 17.5 17.5
l2 (μm) 11 11 11
w (μm) 2.5 2.5 2.5
Vdc (V) 24 26.7 24.3
First resonant frequency (kHz) 200 220 240

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 132, 204502 (2022); doi: 10.1063/5.0123393 132, 204502-7

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/jap


In Eq. (18), fc is the center frequency and B is the amplitude. The
signal is excited at the time of 50/fc (here, 0.227 ms for
fc ¼ 220 kHz), with a frequency spectrum covering the sensitive fre-
quencies of each cell. According to the characteristics of the Lamb
wave structure, the prescribed out-of-plane displacement of two
point sources should be in the same direction to generate A0 mode
alone and in the opposite direction to generate S0 mode alone.

Since the value of squeezed-film damping is unknown for
each cell, airflow is fully coupled with solid vibration in the simula-
tion to replace the specified damping ratio. Then, the damping

ratio induced by squeezed-film damping can be evaluated by the
half-power bandwidth method,13

ξ ¼ fhigh � flow
2f peak

, (19)

where flow and fhigh are the corresponding lower and higher fre-
quencies when the responses decrease 3 dB from the maximal
response and f peak is the frequency corresponding to the maximal

FIG. 4. The first three mode shapes that may cause the change of capacitance of the designed resonant CMUT cell: (a)–(c) are the first three mode shapes of CMUT I;
(d)–(f ) are the first three mode shapes of CMUT II; and (g)–(i) are the first three mode shapes of CMUT III.
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response of the cell. Using fast Fourier transform (FFT) to convert
the transient response to frequency-domain first and then using
Eq. (19), the damping ratio of each designed CMUT cell can be
evaluated. The damping ratio is about 0.032 for CMUT I, 0.028 for
CMUT II, and 0.025 for CMUT III.

Figure 6 shows the results of sensing the A0 lamb waves by
the designed CMUT cells given in Table II. In the simulation, the
amplitude of the prescribed out-of-plane displacement signal is
B ¼ 10 nm, and the distances between the excited point (impact
point) and the CMUT cells are set at 10 mm. The in-plane (u) and
the out-of-plane (w) displacement signals arriving to the bottom
electrode of the CMUT cells are shown in Fig. 6(a), where the
maximal amplitudes are about 1.2 and 2 nm, respectively. The ratio
of the out-of-plane displacement to the in-plane displacement is
about 1.67, which is consistent with the wave structure of A0 lamb

waves shown in Fig. 1(c). The out-of-plane responses of the top
electrodes of each CMUT cell are shown after the time of
0.2302 ms, as in Fig. 6(b). The imbalance between the electrostatic
force generated by the DC-biased voltage and the elastic restoring
force of springs produces a gradually decaying displacement signal
before 0.2 ms [this phenomenon can be explained by the general
solution to Eq. (9), as shown in the Appendix]. The equilibrium
position of the top electrode is about −82.7 nm for CMUT I,
−83.9 nm for CMUT II, and −60 nm for CMUT III. Compared
with the arriving out-of-plane displacement, w, in Fig. 6(a), the
maximal responses are 5.5 times for CMUT I, 9.2 times for CMUT
II, and 6.85 times for CMUT III (dividing the maximal
out-of-plane response of each cell by the maximal arrived
out-of-plane displacement, e.g., [�82:7� (�93:83)]/2 � 5:5 for
CMUT I). The out-of-plane displacement of the top electrode rela-
tive to the bottom electrode leads to the change of capacitance and
then produces the corresponding output current [Fig. 6(c)].
Considering the signal of the output current, the propagation veloc-
ity of the wave packet is estimated as 3125 m/s (here, propagation
distance is 10 mm, excitation starting time is at 0.227 ms, and

FIG. 5. (a) The way to simulate directional sensitivities (x, y, or z) of a CMUT
cell. (b) Directional sensitivity of each designed CMUT cell, where x, y, and z in
the parentheses represent the sensitivity to the x-directional, y-directional, and
z-directional input displacements, respectively. The FEM results and the analyti-
cal results are labeled by colorful solid lines and discrete symbols, respectively.
(c) FEM analyzed results of the influence of the in-plane displacements (x and
y) on the out-of-plane (z) sensing performance of each cell.

FIG. 6. The results of sensing the A0 lamb waves by the designed CMUT cells:
(a) displacements of the arriving signals; (b) the out-of-plane response of each
CMUT cell; (c) the output current of each CMUT cell; and (d) FFT results of (a)
and (c).
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arriving time is at 0.2302 ms), which is almost equal to the theoreti-
cal group velocity of A0 lamb waves at 220 kHz.27 Therefore, the
output signal is determined as A0 lamb waves. Besides, FFT is
carried out for the arriving out-of-plane displacement signal
[Fig. 6(a)] and the output current signals of each CMUT cell
[Fig. 6(c)], as shown in Fig. 6(d). The largest FFT amplitudes of the
current signals are about 200, 220, and 240 kHz, which are in
agreement with first resonant frequencies of these CMUT cells.

The results of sensing the S0 lamb waves by the designed
CMUT cells are shown in Fig. 7. In this case, the amplitude of the
prescribed out-of-plane displacement signal is B ¼ 0:5 μm, with
other settings the same as the A0 case. Different from those of A0
lamb waves, the arrived maximal amplitudes of the in-plane (u)
and the out-of-plane (w) displacements at the bottom electrode are
about 10 and 2.1 nm, respectively [see Fig. 7(a), u is dominant].
The in-plane displacement is about five times the out-of-plane dis-
placement, which is consistent with the wave structure of S0 lamb
waves shown in Fig. 1(d). As shown in Fig. 7(b), the out-of-plane
response of the top electrode of each CMUT cell is shown after
the time of 0.229 ms, with the amplitude being much larger than

the arriving one, thus resulting in the corresponding output
current [Fig. 7(c)]. Similar to the behavior in Fig. 6(b), the phe-
nomenon of gradually decayed vibration still exists before the time
of 0.2 ms. Propagation velocity of the wave packet is also calculated
(here, propagation distance is 10 mm, excitation starting time is at
0.227 ms, and arriving time is at 0.229 ms), and the result of which
is almost equal to the theoretical group velocity (5254m/s) of S0
lamb waves at 220 kHz.27 Therefore, the arrived signal is deter-
mined as the S0 lamb wave. In this example, FFTs are also carried
out for the arrived out-of-plane displacement signal [Fig. 7(a)] and
the output currents [Fig. 7(c)], as shown in Fig. 7(d). Due to reso-
nant characteristics of the CMUT cells, the maximal FFT ampli-
tudes of the currents are still at 200, 220, and 240 kHz, respectively.

D. Analysis on the sensing characteristics of a resonant
CMUT

The capability of sensing A0 or S0 lamb waves by a resonant
CMUT has been confirmed in Sec. III C. In this part, the sensing
characteristics of a CMUT cell have been further investigated,
including squeezed-film damping, the linearity under a small input
signal, the cell number, and cell space.

First, the influence of squeezed-film damping on the output
current is studied, as shown in Fig. 8. Three different CMUT cells
are designed to receive the out-of-plane signal of Lamb waves on
an aluminum plate with thickness d ¼ 3mm,

(i) No through holes are etched on the film (γ ¼ 0%, γ is
defined as the area ratio of the through holes to the film),
and the resonant frequency is f0 ¼ 260 kHz;

(ii) Periodic through holes, with relatively small areas, are etched
on the film (γ ¼ 13:8%), and the resonant frequency is
f0 ¼ 245 kHz; and

(iii) Periodic through holes, with relatively large areas, are etched
on the film (γ ¼ 38:4%), and the resonant frequency is
f0 ¼ 220 kHz (i.e., CMUT II).

The top electrodes of these three CMUT cells are biased to the
same displacement position by adjusting the DC-biased voltage,
and the other structural parameters are set the same as CMUT II.
The excited signal is defined as Eq. (18) with the center frequency
of fc, and the excitation time is at 70/fc. By observing Fig. 8, the
current signals of these cells are exported at different times, which
are determined by frequency fc and propagation velocities. For the
CMUT cell with no through holes [Fig. 8(a)], squeezed-film
damping is too large to decrease the output current. With the
etching of periodic through holes [Fig. 8(b)], although the electrode
area decreases, the release of squeezed-film damping greatly
increases the output current (about 14 times). Since the input
signal has ten wave peaks [e.g., Fig. 6(a)], the output current should
also have ten wave peaks in theory. However, because squeezed-
film damping of air is not large enough, the vibration energy of the
film cannot be dissipated quickly after the signal input, thus result-
ing in the phenomenon of tailing [see the blue dotted boxes].
Besides, with the increase in the area of through holes, squeezed-
film damping is further released and tailing becomes more serious
[Fig. 8(c)]. It should be mentioned that serious tailing would lead

FIG. 7. The results of sensing the S0 lamb waves by the designed CMUT cells:
(a) displacements of the arriving signals; (b) the out-of-plane response of each
CMUT cell; (c) the output currents of each CMUT cell; and (d) FFT results of (a)
and (c).
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to the superposition of signals, which may increase the difficulty of
lateral processing.

Furthermore, two different signals with center frequencies
(one is 160 kHz and another is 300 kHz) far away from the reso-
nant frequency of 220 kHz are given as input on the cell used in
Fig. 8(c) for comparisons. Comparing Fig. 8(c) with Figs. 8(d)
and 8(e), it can be observed that sensing signals with center fre-
quencies far away from the resonant frequency of the CMUT cell
would significantly reduce the amplitude of the whole output
signal (including the tailing); however, it would have little influence
on shortening the duration of tailing (see the blue dotted boxes).
Differently, releasing squeezed-film damping reasonably could
reduce both the amplitude and the duration of tailing significantly
[see Figs. 8(b), 8(d), and 8(e)]. Therefore, the output amplitude
and tailing should be balanced by adjusting the squeezed-film
damping to adapt for sensing the Lamb waves. Besides, it should be
mentioned that the maximal amplitude of the output signal for the
case of fc ¼ 160 kHz is only about one-tenth of the case of
fc ¼ 220 kHz. Considering the low signal-to-noise ratio of
CMUTs,29 CMUTs should be used to sense the signal with fre-
quencies around their resonant frequencies.

Then, the output linearity of a CMUT cell under the input
out-of-plane displacement is investigated, with the input amplitude
increasing from 1 nm to 0.11 μm (see Fig. 9, CMUT II is selected
as the research object here). FFT is used to convert the output cur-
rents into the frequency domain. It was found that the designed
CMUT cell shows perfect linearity under the small input signal
(about below 90 nm). However, as the input amplitude increases
further (i.e., more than 90 nm), the nonlinearity of CMUT
becomes more obvious. The input threshold of CMUT II is about
90 nm. When the input amplitude is higher than the input thresh-
old, nonlinearity would not be ignored. When the input amplitude
increases to higher than 110 nm, the moving mesh in the simula-
tion would be so excessively deformed that automatic remeshing is
needed to accurately analyze the nonlinearity. However, this auto-
matic remeshing is very time-costly. It should be mentioned that
the threshold, which is dependent on the parameters of the
designed CMUT cell, is not fixed at 90 nm shown here.

According to the theoretical studies shown in Sec. II B, the
total output current of a resonant CMUT should be proportional
to the number of constituted cells (N) under the condition that the
total size of CMUT is much smaller than the input wavelength.
The total output current of a resonant CMUT consisting of multi-
ple identical cells is calculated by transient FEM [here, the CMUT
cell is selected the same as that used in Fig. 8(a)] and then trans-
formed into the frequency domain using FFT, as shown in Fig. 10.
The distance between cells is set as 150 μm, which is far less than
the incident wavelength of A0 lamb waves with a frequency of
260 kHz (about 1/80 of the wavelength). In order to conveniently
observe the relationship between the output current and the cell
number, the FFT amplitudes are normalized by dividing the FFTFIG. 8. The output current of CMUT cells with different areas of through holes:

(a) γ ¼ 0%; (b) γ ¼ 13:8%; and (c) γ ¼ 38:4%, where the center frequency
of the input signal (fc) is equal to the resonant frequency (f0) of the cell. (d) and
(e) show the output current of the cell, the same as (c), when the center fre-
quency of the input signal (fc) is far away from the resonant frequency (f0).
Tailings are marked by blue dotted boxes.

FIG. 9. The linearity of CMUT II under different amplitudes of input out-of-plane
displacements.
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peak of a single cell (N = 1). With the cell number increasing from
N = 1 to N = 5, the FFT peak of the output current is maintained at
260 kHz, and the magnitudes of these peaks are proportional to the
value of N.

The influence of the cell space (D, can be considered as the
distance between cells) between CMUT cells on the total output
currents is studied in Fig. 11, and the results of which may produce
guidance for the design of arrays. Figure 11(a) gives the schematic
diagram of the studied array, which is constituted of five identical
CMUT cells [here, the cell used in Fig. 8(a) is selected as an
example] arranged in a cross-like shape, where the CMUT cells are
labeled with numbers from 1 to 5. The cell space between adjacent
cells is defined as the distance between cell centers; thus, the span
of the array is 2D. In the study, the value of D is increased from
λ/80 to λ/4, where λ is the wavelength of A0 lamb waves (for
260 kHz, λ is about 12 mm). Figures 11(b) and 11(c) show the total
output currents of the CMUT cells with different cell space and
corresponding FFT results, respectively. It was found that with the
increase in D, the amplitude of the total output current decreases
and reaches the lowest when D ¼ λ/4 (here, 3 mm). Due to the sig-
nificant increase in D, the distances away from the excited source
are nonignorably different for each cell, thus resulting in signifi-
cantly different arriving times of signals [see Fig. 11(d)]. The differ-
ent arriving time of signals leads to a phase difference between the
output currents of each cell and then influences the total output
current. In order to illustrate the phase difference more specifically,
the out-of-plane displacement distributions of the top electrode
of each CMUT cell at 0.1 ms are extracted from the simulation
results, as shown in the right figures of Fig. 11(d). For the case of

D ¼ λ/80 (here, 0.15 mm), the top electrodes of each cell almost
move toward the bottom electrodes synchronously [Fig. 11(d)],
thus resulting in the maximal total output current [Figs. 11(b)
and 11(c)]. For the case of D ¼ λ/4, the top electrodes of cell 2, cell
3, and cell 4 move toward the bottom electrodes, while those of
cell 1 and cell 5 move oppositely [Fig. 11(d)]. The large phase dif-
ferences between cells make their output currents cancel each
other, thus resulting in a lower total current output [Figs. 11(b)
and 11(c)]. In the case of D , λ/16 [the span of the CMUT array
(2D) is less than λ/8], the reduction in the total output current is
relatively small. Therefore, in order to make full use of the output
current of each cell, the array of CMUT cells should be arranged in
a dense way, and the overall span of the array should be as less as
λ/8 (here, the value of 2D is 1.5 mm and the size of one CMUT cell
is only 0.1 mm).

IV. VERIFICATION OF DETECTING AE EVENTS ON THE
PLATE BY A RESONANT CMUT

In this section, the ball drop impact test is simulated to verify
the feasibility of detecting AE events on a plate by designed reso-
nant CMUTs. The signal of the ball drop impact force is exerted
on a point with the approximated expression given below:31

F(t) ¼ 2:28m0gh
α

sin
1:51

ffiffiffiffiffi
gh

p
α

(t � 50/f0)

 !
,

50/f0 � t � (50/f0 þ πα/1:51
ffiffiffiffiffi
gh

p
),

(20)

where

α ¼ 15π(δ0 þ δ1)m0gh

8
ffiffiffiffiffi
R0

p
� �0:4

,

δ0 ¼ (1� υ0)/(πE0),

δ1 ¼ (1� υ1)/(πE1):

In Eq. (20), m0 is the mass of the ball, R0 is the radius of the
ball, υ0 is Poisson’s ratio of the ball, E0 is Young’s modulus of the
ball, υ1 is Poisson’s ratio of the plate, E1 is Young’s modulus of
the plate, g is the gravity acceleration, and h is the height of
free fall.

In the simulation, the excitation time is at t ¼ 50/f0 (f0 is the
resonant frequency of CMUT II), the drop height is h ¼ 0:3m, the
radius of the ball is R0 ¼ 1:3mm, and the plate thickness is
d ¼ 3mm. The materials of the ball and the plate are steel and alu-
minum, respectively. The designed cell of CMUT II is adopted to
receive the AE signal of ball drop impact. The distance between the
excitation point and the CMUT is set to 0.6 m. Figure 12 shows the
simulated results of the ball drop impact. The impact force is
exerted on the plate when time is 0.227 ms [Fig. 12(a)] (the
maximal amplitude is about 66 N), with the spectra [Fig. 12(c)]
covering a frequency range of about 0–400 kHz, where most of the
frequencies are less than 180 kHz. The output current of CMUT is
shown in Fig. 12(b), where the first arrived signal is at about

FIG. 10. The influence of the cell number (N) on the FFT amplitude of the
output current, where the distance between CMUT cells is 150 μm.
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0.341 ms. According to dispersion curves given in Fig. 12(b), S0
lamb waves are fast and weak-dispersive in the low-frequency range
(here, lower than 400 kHz), while the A0 lamb waves are slow and
strong-dispersive. Thus, the first arrived signal is in the S0 mode,
which can also be confirmed by out-of-plane displacement distri-
butions of the plate around CMUT at 0.34 ms [Fig. 12(e)].

However, due to the short propagation distance, the arriving time
of A0 lamb waves cannot be well determined. From the
out-of-plane displacement distributions, the arrived signal at 0.4 ms
is in the A0 mode [Fig. 12(f )]. Besides, FFT results of the current
signal have shown that the CMUT can capture the signal with the
frequency of around 220 kHz [see Fig. 12(d)]. Based on the

FIG. 11. Influence of the cell space D between CMUT cells on the total output currents, where the cells are arranged in a cross-like shape with N = 5: (a) schematic
diagram of the array; (b) the transient total output current with different cell spaces; (c) FFT results of (b), where the FFT amplitudes are normalized by dividing the FFT
peak of D = λ/80. (d) The out-of-plane displacement distributions of the plate (left figure, the position of each CMUT cell is labeled by black spots) and the top electrode of
each CMUT cell (right figure) at the time of 0.1 ms.
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propagation distance and propagation time, the velocity of the S0
lamb wave is determined as 5275 m/s, which is almost equal to the
theoretical result of group velocity at 220 kHz (5254m/s).
According to the propagation velocity of S0 and the time of arrival
(TOA) of S0, we can determine a circle with the center of a CMUT
as the origin. This circle is the position where the AE source may
appear. Using three CMUTs, we can determine three circles. The
intersection of these circles may be the location of the AE source.
Besides TOA, there are many other locating theories, as shown in
Ref. 32–34.

V. CONCLUSIONS

In this work, the feasibility of sensing the A0 and the S0 lamb
waves using an out-of-plane sensitive resonant CMUT has been
verified from the aspects of theory and FEM simulation. The
results can be concluded as follows:

(i) The designed CMUTs are sensitive to the out-of-plane dis-
placements of Lamb waves and are extremely insensitive to
the in-plane displacement of Lamb waves.

FIG. 12. (a) The time-domain signal of the ball drop impact; (b) the output current of CMUT; (c) FFT results of (a); (d) FFT results of (b); (e) the out-of-plane displacement
distributions of the plate at 0.34 ms; and (e) the out-of-plane displacement distributions of the plate at 0.4 ms.
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(ii) Smaller squeezed-film damping may increase the output
signal; however, it would produce a more serious tailing
signal, which would lead to the superposition of signals.
Therefore, the squeeze-film damping needs to be carefully
designed to balance the output amplitude and tailing.

(iii) For a small input signal, the output current of a resonant
CMUT is linear. However, nonlinearity would become
obvious when the amplitude of the input signal exceeds a
threshold (for the CMUT designed in this work, the thresh-
old is about 90 nm).

(iv) The output current of a resonant CMUT is proportional to
the number of its constituted cells when the span is far less
than the incident wavelength. Besides, the phase would have
little effect on the total output current when the cell span is
less than λ/8.

(v) According to the time of the first-arrived fast and weak-
dispersive S0 lamb waves, the location of the AE source may
be feasible by using CMUTs. The location can be determined
by some classical theory, e.g., time of arrival (TOA).

Our work has produced a way for predicting the sensing
behaviors of CMUTs and is expected to promote the development
of CMUTs in the field of Lamb wave-based AE detections.
However, some deficiencies are existing in this work, e.g., the
signal-to-noise ratios and the experimental investigation and exper-
imental validation, which would be solved in our future work.
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APPENDIX: DETAILED DERIVATIONS OF EQS. (9)
AND (10)

Considering that Eq. (7) is a second-order non-homogeneous
ordinary differential equation, its general solution should be
expressed as the sum of a special solution to the equation and the
general solution to the corresponding homogeneous equation.

First, Eq. (7) can be rewritten in the form of

d2Z
dt2

þ 2β
dZ
dt

þ ω2
0Z ¼ � d2Z0

dt2
, (A1)

where

β ¼ c
2m

:

Then, the corresponding homogeneous equation of Eq. (A1)
is

d2Z
dt2

þ 2β
dZ
dt

þ ω2
0Z ¼ 0, (A2)

where the characteristic equation of Eq. (A2) should be expressed
as

r2 þ 2βr þ ω2
0 ¼ 0: (A3)

It is not difficult to find the roots of Eq. (A3) as

r1 ¼ �β þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2 � ω2

0

q
,

r2 ¼ �β �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2 � ω2

0

q
:

Since the relationship between β and ω0 is unknown, all cases
may be discussed, as shown in the following:

(i) If β , ω0 (under-damped), r1 and r2 should be a group of
conjugate complex roots. The general solution to Eq. (A2)
can be expressed as

Z(t) ¼ e�βt C1cos(
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2
0 � β2

q
t)þ C2sin(

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2
0 � β2

q
t)

� �
:

(ii) If β ¼ ω0 (critical damping), r1 and r2 should be equal real
roots. The general solution to Eq. (A2) can be expressed as

Z(t) ¼ e�βt(C1 þ C2t):

(iii) If β . ω0 (over-damped), r1 and r2 should be unequal real
roots. The general solution of Eq. (A2) can be expressed as

Z(t) ¼ C1e
�βtþ

ffiffiffiffiffiffiffiffiffiffi
β2�ω2

0

p
t þ C2e

�βt�
ffiffiffiffiffiffiffiffiffiffi
β2�ω2

0

p
t ,

where C1 and C2 can be determined by the initial conditions.
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The special solution to Eq. (A1) should be assumed as

Z*(t, ω) ¼ Ese
iωt : (A4)

Substituting Eq. (A4) into Eq. (A1),

Es ¼ Awω2

ω2
0 � ω2 þ 2iωβ

¼ AwQω2

Q(ω2
0 � ω2)þ 2iωβQ

¼ AwQω2

Q(ω2
0 � ω2)þ iωω0

: (A5)

Thus,

Z*(t, ω) ¼ Qω2

Q(ω2
0 � ω2)þ iωω0

Z0(t, ω): (A6)

The general solution to Eq. (A1) should be the sum of Z(t)
and Z*(t, ω), where the former describes the attenuated motion (if
t ! 1, Z(t) ! 0) of the “spring-mass-damping” system, and the
latter describes the steady-state vibration of the system driven by an
external force of angular frequency ω. Generally, the motion of a
CMUT cell would be described just by the term Z*(t, ω), since Z(t)
decays rapidly. Therefore, Eq. (A6) is the solution to Eq. (9).

The CMUT cell can be considered as a combination of parallel
plate capacitors. If there is no DC bias voltage between the elec-
trodes of a CMUT cell, the capacitance of the cell can be seen as
the series connection of two parallel plate capacitors,

C ¼ 1
1

CSi3N4

þ 1
Cgap

¼ ε0S
1

dSi3N4

εSi3N4

þ dgap

¼ ε0S
1
a
: (A7)

If a DC-biased voltage is applied between the electrodes of a
CMUT cell, the top electrode would be pulled toward the bottom
electrode by the electrostatic force. The displacement of the top
electrode is described as �d0. Thus, the corrected capacitance of a
CMUT cell is given as

C ¼ ε0S
1

a� d0
: (A8)

According to Ref. 13, the electrostatic force applied on the top
electrode can be approximated as

Fe ¼ 1
2
V2
dc
dC
dd0

¼ 1
2
V2
dcε0S

1
a2

þ 2d0
a3

� �
: (A9)

At the same time, the tension of the effective spring would be
applied on the top electrode,

Fs ¼ kd0: (A10)

Then, equating Eq. (A9) to Eq. (A10), the value of d0 can be
found as

d0 ¼ V2
dcε0Sa

2(ka3 � V2
dcε0S)

: (A11)
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