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Abstract: This paper proposes a capacitive micromachined ultrasonic transducer (CMUT) cell with
a graphene/Parylene-C composite membrane, which takes full advantage of the excellent
mechanical flexibility, low mass density and favorable electrical properties of the composite
material to improve the electromechanical coupling efficiency and overall output performance of
the ultrasonic transducer. A multi-physics finite-element model is established, and systematic
parametric sweeps are carried out to investigate how key structural parameters including cavity
radius, cavity height and membrane thickness influence the resonant frequency and dynamic
vibration characteristics of the CMUT cell. According to the simulated results, optimal structural
parameters are determined for the unit cell. On this basis, a CMUT phased array is designed
targeting the operating resonant frequency of the optimized cell, and its acoustic directivity as well
as beam-focusing performance are assessed via acoustic field numerical simulations. The simulation
demonstrates that the developed composite-membrane CMUT phased array exhibits promising
application potential for medical focused ultrasound imaging, and lays a simulation-driven
foundation for the subsequent design and practical development of CMUT devices.

Keywords: Capacitive micromachined ultrasonic transducer (CMUT), Graphene-based composite
membrane, ultrasonic phased array, COMSOL Multiphysics, medical imaging.

1 Introduction

Ultrasonic imaging is widely used in medical diagnosis and nondestructive testing because of
its noninvasive nature, real-time capability, and relatively low cost. As a core component of an
ultrasonic imaging system, the transducer plays a critical role in determining image quality and
detection performance (Kobayashi et al. 2006; Guo et al. 2018; Li et al. 2022). Conventional
ultrasonic transducers typically rely on piezoelectric ceramics, such as lead zirconate titanate (PZT).
Although this technology is well established, it faces limitations in bandwidth, spatial resolution,
and array integration (Boujenoui et al. 2025; Yu et al. 2026). Capacitive micromachined ultrasonic
transducers (CMUTs), developed using microelectromechanical systems (MEMS) technology, offer
an alternative to conventional piezoelectric transducers. Their advantages include broad fractional
bandwidth, compatibility with densely integrated arrays, and the potential for direct integration with

electronic circuits. These features make CMUTs promising candidates for real-time three-
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dimensional ultrasonic imaging, portable medical diagnostic systems, and air-coupled ultrasonic
nondestructive testing (Kashani et al. 2022).

Conventional CMUTs commonly use silicon or silicon nitride as vibrating membranes,
benefiting from mature semiconductor microfabrication processes that enable precise structural
control (Herickhoff et al. 2023). However, their acoustic performance remains subject to material
and fabrication constraints. Silicon-based CMUTs typically have submicrometer cavity gaps, which
limit the available membrane displacement and can constrain acoustic output. Insufficient acoustic
output can, in turn, reduce the signal-to-noise ratio, imaging depth, and image quality (Adelegan et
al. 2020). To overcome these limitations, researchers have increasingly explored flexible polymers
and polymer composites as alternative membrane materials. For example, SU-8 (Chang et al.
2006)and polydimethylsiloxane (PDMS) (Chong et al. 2013) have been investigated for vibrating
membranes. These approaches seek to exploit polymer flexibility and processing versatility to
enable larger cavity gaps and improve acoustic output.

Parylene-C is a promising material for flexible CMUTs because of its mechanical toughness,
biocompatibility, chemical stability, and ability to form thin, conformal films. It has been widely
used for cavity sealing, surface passivation, and waterproof encapsulation in CMUT devices (He et
al. 2021). However, Parylene-C is electrically insulating and therefore requires a conductive layer
to enable electrostatic actuation in a composite membrane. Previous studies have demonstrated that
combining Parylene-C with carbon-based nanomaterials can improve the electrical and mechanical
properties of the resulting membrane. Liu et al. fabricated CMUTs incorporating single-walled
carbon nanotube (SWCNT)/Parylene-C composite membranes with a Young’s modulus of 4.4 GPa
and a sheet resistance as low as 29.6 €/sq. The devices exhibited a resonant frequency of 2.108
MHz and a quality factor of 52.6 (Liu et al. 2023). These findings demonstrate the feasibility of
carbon-based nanomaterial/polymer composite membranes and provide a foundation for further
CMUT development.

Graphene is particularly attractive as a conductive reinforcement for CMUT membranes
because of its high mechanical strength, excellent in-plane electrical conductivity, and atomically
thin structure. Since its isolation in 2004, graphene has been extensively investigated for improving
the performance of micro- and nanoscale sensors (Ma et al. 2012; Wan et al. 2026). incorporated
graphene membranes into CMUTs and reported devices with a resonant frequency of 95 MHz
(Chong et al. 2014). Combining graphene with Parylene-C offers a promising approach to providing
electrical conductivity while addressing the adhesion and flexibility challenges associated with
conventional metal electrodes. Graphene can also reinforce the membrane, while Parylene-C
contributes flexibility and biocompatibility. These complementary properties offer the potential to
improve the electromechanical performance and operational reliability of polymer-based CMUTs
(Kim et al. 2017; Tavakoli et al. 2020).

Although simulations of individual CMUT cells can establish their resonant frequencies and
vibration characteristics, cell-level analysis alone is insufficient to assess performance for imaging
applications. A single cell can transmit and receive ultrasonic signals but cannot independently
provide the electronically controlled focusing, beam steering, and scanning capabilities of a phased
array. Ultrasonic phased arrays achieve focusing and steering by precisely controlling the relative
excitation delays of their elements, thereby improving detection resolution and sensitivity(Xu et al.
2025). Evaluating CMUTs for imaging applications therefore requires both cell-level optimization
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and array-level acoustic field analysis.

To address these challenges, this study proposes a graphene/Parylene-C composite membrane
as the vibrating membrane of CMUTs, combining the complementary properties of the two materials
to balance flexibility, mechanical stability, and electromechanical performance. A finite-element
model coupling electrostatic, structural, and acoustic physics is developed in COMSOL
Multiphysics. Parametric sweeps are conducted to systematically evaluate the effects of cavity
radius, cavity height, and composite membrane thickness on the resonant frequency and vibration
characteristics of the CMUT cell, enabling the identification of optimized structural parameters and
the corresponding operating frequency. A one-dimensional CMUT phased array is then modeled
using the optimized cell design. Acoustic field simulations are performed to assess the array’s beam-
focusing capability and lateral resolution. By integrating cell-level optimization, array modeling,
and acoustic performance evaluation, this study assesses the potential of graphene/Parylene-C
composite-membrane CMUTs for ultrasonic imaging and provides a simulation-based foundation
for the design and optimization of flexible, high-performance CMUT phased arrays.

2 Theoretical and simulation
2.1 Vibration of Graphene/Parylene-C Composite Membrane

According to the definition in MEMS, when the width-to-thickness ratio exceeds 80:1, the
thin-film vibration theory rather than the thin-plate vibration theory should be adopted to analyze
CMUTs. The fundamental frequency of the bilayer composite membrane is (Liu et al. 2024):

2405 [ T+T,
2za \ hp +hp,

Jor 1)
where a is the radius of the circular membrane, 7, and 7, are the tensions of the two
membrane layers; 4, h,and p,, p,denote the thicknesses and tensions of the two membrane
layers, respectively.
The tensions of the graphene layer and the Parylene-C layer can be expressed as:

T, =E0,h, @

T, =E,0h, 3)

In Equations (2) and (3), E,and E, represent the Young’s moduli of graphene and Parylene-C,
respectively; O, and O, are the strains under tension; /,and %, denote the thickness of each layer.
The thickness of the graphene layer 7, can be further expressed as: Nig,; , where N is the number
of graphene layers, and /g is the thickness of a single-layer graphene.

Furthermore, the strain of graphene is related to its tension, and the tension is associated with
the frequency shift of the graphene 2D peak. Therefore, the strain of the graphene layer is given by:

o, = _LDO 4)
Vap(1=V, )0y

where 7, is the Griineisen parameter, with a value of 1.99. V, is the Poisson’s ratio of
graphene. ®), is the 2D-peak position under zero-strain condition. Aw,, is the shift of the
2D-peak relative to the zero-strain state.

Combining Equations (1), (2), (3), and (4), the fundamental frequency of the



Graphene/Parylene-C composite membrane is given by:
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2.2 Finite-Element Simulation of CMUT Cells

A three-dimensional finite-element model of a CMUT cell is developed in COMSOL
Multiphysics 6.3 (COMSOL Inc.) using the Solid Mechanics, Electrostatics, and Membrane physics
interfaces. The model comprises a substrate, a bottom electrode, an insulating layer, support walls,
a cavity, and a composite membrane. The composite membrane is represented using the Membrane
interface. A schematic of the model is shown in Figure 1, and the corresponding parameters are
listed in Table 1.

Table 1 Main Parameters of CMUT Cells with Graphene/Parylene-C Composite Membrane

parameters Value Description

h, 2um Cavity height

a 30um Membrane radius, Cavity radius
hp 0.1um Parylene-C layer thickness

Ep 3.2GPa Young’s modulus of the Parylene-C layer
Pp 1289kg/m? Density of the Parylene-C layer

hsic 0.34nm Thickness of single-layer graphene
N 2 Number of graphene layers
E, 1050GPa Young’s modulus of graphene
Pg 2270 kg/m?3 Density of graphene
Vg 0.199 Poisson’s ratio of graphene
pm

20

Fig.1 Schematic Diagram of the Three-Dimensional Model of CMUT Cell
During CMUT operation, a DC bias voltage is applied to establish a statically deflected
membrane state, thereby enhancing acoustic output and receive sensitivity. The bias voltage is
typically set to approximately 80% of the collapse voltage. A lower collapse voltage enables
operation at a reduced bias voltage, potentially simplifying the drive circuitry and reducing its power
requirements while maintaining effective electromechanical coupling. Therefore, the effects of

structural parameters on the CMUT collapse voltage are investigated first.
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Fig.2 Relationships between CMUT collapse voltage and various structural parameters: (a) Cavity
radius; (b) Cavity height; (¢) Number of graphene layers; (d) 2D-peak frequency shift in
wavenumber; (e¢) Parylene-C thickness

As shown in Figure 2, collapse in the graphene/Parylene-C composite-membrane CMUT
occurs when the electrostatic attraction exceeds the membrane’s restoring force, resulting in
mechanical instability. The cavity dimensions determine the electrostatic loading and the membrane
area over which it acts, while the composite membrane’s in-plane tensile stiffness and residual
tensile stress jointly govern its resistance to transverse deformation. Increasing the cavity radius
enlarges the loaded membrane area and lowers the collapse voltage, whereas increasing the cavity
gap reduces the electrostatic attraction at a given voltage and raises the collapse voltage. Increasing
either the number of graphene layers or the Parylene-C thickness enhances the effective in-plane
tensile stiffness of the composite membrane. Furthermore, adjusting the initial in-plane tensile stress,
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as reflected by the shift in graphene’s 2D Raman peak, provides a means of tuning membrane
pretension without changing its geometry. Higher pretension improves resistance to collapse and

increases the collapse voltage.
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Fig.3 Schematic of the first-order characteristic frequency
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Fig.4 Relationships between CMUT characteristic frequency and various structural parameters: (a)
Cavity radius; (b) Number of graphene layers Parylene-C thickness; (c) 2D-peak frequency shift
in wavenumber; (d) Number of graphene layers

As shown in Figure 3, the fundamental mode is characterized by in-phase membrane motion,
with the maximum vibration amplitude at the membrane center. This mode promotes efficient
acoustic radiation and electromechanical conversion, making it suitable for ultrasonic transmission
and reception. Accordingly, its resonant frequency is selected as the characteristic frequency of the
CMUT cell in this study. As shown in Figure 4(a)—(d), the characteristic frequency of the
graphene/Parylene-C composite-membrane CMUT decreases with increasing cavity radius and
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Parylene-C thickness, but increases with the number of graphene layers and the wavenumber shift
of graphene’s 2D Raman peak. These trends are consistent with Equation (5).

Overall, the structural parameters jointly influence the collapse voltage and characteristic
frequency, requiring a balance between stable operation under electrical bias and the desired
acoustic operating frequency. Based on the optimization results, the selected design comprises a
cavity radius of 30 um, a cavity height of 1 pm, two graphene layers, and a Parylene-C thickness of
0.1 um. This configuration yields a collapse voltage of 24 V and a characteristic frequency of 1.48
MHz.

2.3 Simulation of Linear Phased Array

Based on the previous cell-level simulation results, CMUT cells featuring low-voltage driving
and high-frequency performance are achieved. Nevertheless, array-level simulation is essential to
evaluate its performance under practical application scenarios. Accordingly, an in-depth analysis is
carried out in the following section.

A two-dimensional model is developed in COMSOL using the Pressure Acoustics, Frequency
Domain interface to investigate the focusing performance of the graphene/Parylene-C composite-
membrane linear phased array. As shown in Figure 5, the model comprises a rectangular acoustic
propagation domain with the linear array positioned along its lower boundary. The array element
pitch is set to 0.54 mm, approximately half the acoustic wavelength. This spacing satisfies the spatial

Nyquist sampling criterion and helps suppress grating lobes, thereby improving imaging.

]

=]
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g
=
[

Fig.5 Schematic of the Simulation Model
The working medium consists of general human soft tissue, with a density of 1040 kg/m* and

a sound speed of 1540 m/s. The material attenuation law is given by the following expression:

a(f)=a, Ly ©)
f‘ref
where the attenuation constant at the reference frequency f,, =IMHz is ¢,,, =5.57Np/m, and
n =12,

The element width is constrained by the array pitch and therefore cannot be selected
independently. Increasing the element width raises the fill factor, resulting in higher focal acoustic
pressure and improved sidelobe suppression. As shown in Figure 6, increasing the element width
from 0.2 to 0.4A gradually increases the focal acoustic pressure and decreases the full width at half
maximum (FWHM), indicating improved lateral resolution. Thus, increasing the element width
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within the constraints imposed by the array pitch can enhance focusing performance.
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of sound pressure value and FWHM at the focal point
The number of active elements N directly determines the beam profile and focusing intensity.
In this work, analyses are carried out for N =8 , 16, and 32.
As shown in Figure 7(a)-(c), the sound-pressure value at the focal point gradually increases

with the rising number of active elements N. To further evaluate the lateral resolution performance,
the transverse beam-profile curve at the focal point is extracted, as presented in Figure 7(d), and its
full width at half-maximum (FWHM) is calculated. The results demonstrate that for N =8, 16
and 32, the corresponding FWHM values are 5.57 mm, 3.11 mm and 2.10 mm, showing a distinct
decreasing trend. This indicates that increasing the number of elements effectively improves the
lateral resolution of the phased array. Considering both performance gain and implementation
complexity, N = 32 is selected as the preferred configuration in this work.

Table 2 Acoustic Characteristic Parameters

L max
Zs ’ SLL DOF
(sound FWHM .
(focal (sidelobe (depth of
pressure at (mm)
length,mm) level,dB) field,mm)
Z¢,Pa)
1IMHz 30 2.92 5.56 -33.02 5.64
2.5 MHz 30 2.44 3.63 -33.85 5.19
5 MHz 30 0.87 4.64 -14.37 3.52
10 MHz 30 0.29 7.01 -12.46 4.18




50

L -
(=3 (=3

[
(=}

Z-Axial Direction(mm)

0
-30

80

60

40

Z-Axial Direction(mm)

o3
(=3

Pa

50 29
B
~ 40 i 2.3
g
) 42.0
£30 1.7
(53
£ 14
a
3 20 | 1.1
Z 109
N 10 0.6
B
0 0.0
-20 -10 0 10 20 30 =30 -20 -10 O 10 20 30
X-Lateral Direction(mm) X-Lateral Direction(mm)
= 32-element
% (d) —— l6-element
z — 8-clement
=
&)
9}
2
s
A
5
=
=
(=]
w2
=)
S
=
£
s
O 00 Z i 1 1 1 1 1 1 1
—40 -30 -20 -10 0 10 20 30 40 0 10 20 30 40 50 60 70

X-Lateral Direction(mm)

Lateral Distance(mm)

Fig.7 Simulation results for different numbers of array elements: (a) N =8; (b) N =16;

+ (o) [es
(=3 S (=}

Z-Axial Direction(mm)

(]
(=]

0
-40 -30 -20 -10 0

80

60

Z-Axial Direction(mm)

0
-40 =30 -20 =10 O

Fig.8 Sweep-frequency analysis of the linear phased array: (a) 1 MHz; (b) 2.5 MHz; (c) 5 MHz;

(c) N =32; (d) Transverse beam-profile curve at the focal point

Pa

X-Lateral Direction(mm)

10 20 30 40
X-Lateral Direction(mm)

80

60

Z-Axial Direction(mm)

10 20 30 40
X-Lateral Direction(mm)

(d) 10 MHz

0
—40 -30 —20 —-10 0

O s
-40 =30 =20 -10 O

10 20 30 40

X-Lateral Direction(mm)

Pa

10 20 30 40
X-Lateral Direction(mm)



Sweep-frequency simulations from 1 MHz to 10 MHz are carried out for the linear ultrasonic
phased array. The results are presented in Figure 8 and Table 2. Within the low-frequency range
(1 MHz, 2.5 MHz), favorable beam-focusing performance is achieved. As the frequency increases
moderately, the FWHM of the focused beam decreases and the lateral resolution is improved. In the
mid-to-high frequency range (5 MHz-10 MHz), ultrasonic waves suffer much stronger attenuation
inside the medium, which leads to a remarkable drop in sound pressure at the focal point. The
variations in FWHM and SLL (sidelobe level) indicate beam broadening, degraded lateral resolution
and severe sidelobe interference. In summary, the proposed phased-array design is more suitable for
operation in the low-frequency regime.
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Variable-focal-length simulations (Figure 9) show that at a fixed frequency of 2 MHz,
increasing the focal length from 10 mm to 30 mm leads to an increase in FWHM and a slight
degradation of lateral resolution, while the depth of field is enhanced and the effective imaging
range is broadened. Nevertheless, an excessively large focal length (70 mm) causes sharp
divergence of FWHM accompanied by acoustic-pressure attenuation, which degrades the overall
focusing performance. Therefore, for the present array configuration, a reasonable trade-off between
lateral resolution and detection depth should be made according to practical application scenarios.

3 Conclusion

This study proposes a CMUT cell incorporating a graphene/Parylene-C composite membrane,
combining the electrical and mechanical properties of graphene with the flexibility and
biocompatibility of Parylene-C. A finite-element model coupling electrostatic, structural, and
acoustic physics is developed in COMSOL Multiphysics to optimize the cell design and evaluate
the acoustic performance of a one-dimensional phased array. The main conclusions are as follows:

(1) Parametric sweeps reveal the effects of cavity radius, cavity height, Parylene-C thickness,
graphene layer number, and graphene’s 2D Raman peak shift, which reflects membrane prestress,
on the collapse voltage and characteristic resonant frequency. The optimized cell has a cavity radius
of 30 um, a cavity height of 1 um, two graphene layers, and a Parylene-C thickness of 0.1 um. This
configuration yields a collapse voltage of 24 V and a characteristic frequency of 1.48 MHz,
balancing a relatively low bias voltage with the desired operating frequency.

(2)A one-dimensional linear phased-array model is constructed using the optimized cell design.
The effects of element width, active element number, and focal length on beam focusing, focal
acoustic pressure, and lateral resolution are evaluated. The simulation results demonstrate the
array’s focusing capability and support its potential for ultrasonic imaging.

By combining complementary membrane materials with coupled multiphysics simulations,
this study provides a foundation for the design and optimization of flexible MEMS ultrasonic
transducers.
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