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Abstract - The capacitance micromachined ultrasonic transducers (CMUT’s) performance 
is significantly influenced by its shape. The objective of this research is to examine how 
different parameters of CMUT affects the resonant frequencies of two different shapes of 
CMUT. Our study investigates the differences between circular and square-shaped 
membranes, highlighting several key trends. The results demonstrate that thicker 
membranes and larger membrane radii lead to higher resonance frequencies. Additionally, 
a larger cavity radius results in lower resonant frequencies. The analysis also examines the 
effects of venting the membrane at the edge and center, revealing that edge venting 
decreases the device resonance frequency compared to a ventless membrane, providing 
valuable insights for CMUT design. The results of our study show that the circular-shaped 
membrane is more effective in achieving the desired CMUT frequency response, 
outperforming the square-shaped membrane in medical imaging system. 
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I. INTRODUCTION 

Over the past two decades, researchers have developed various CMUT designs and 
computational models, as documented in numerous studies [1-5]. The application of 
modern micromachining techniques to electrostatic microphones marked a significant 
milestone. Compared to traditional piezoelectric transducers, CMUTs offer superior 
performance in terms of bandwidth, sensitivity and fabrication ease. As a Micro-Electro-
Mechanical System (MEMS) based device, CMUTs leverage micromachining techniques to 
convert ultrasound waves into electrical signals and vice versa. This makes them an 
attractive option for both transmitting and receiving acoustic signals in the ultrasonic 
range. Researchers have developed various fabrication designs for CMUTs, including 
surface micromachining technique, bulk micromachining and wafer bonding. The surface 
micromachining technique, first employed by Khuri-Yakub et al. at Stanford University in 
1994 [6], offers improved control over membrane dimensions, making it a valuable 
method for CMUT fabrication. In 2003, Khuri-Yakub et al. introduced a wafer bonding 
technique that enables precise control over gap height and utilizes single-crystal silicon 
membranes, allowing for predictable and controllable mechanical properties [7]. This 
technique includes anodic bonding, fusion bonding and adhesive bonding. By simplifying 
the fabrication process, wafer bonding reduces the number of steps and significantly 
improves turnaround time. 
 
The performance of a CMUT in producing and detecting ultrasound signal hinges on its 
frequency response. In medical imaging, where precise visuals are crucial, a CMUT that 
can handle a broad range of frequencies is highly beneficial. This capability enables the 
device to generate images with superior resolution and detail, which is essential for 
accurate medical assessments [8-11]. 
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A CMUT consists of a micromachined membrane suspended above a substrate, forming a 
small gap between the two [12-17], as illustrated in Fig. 1. When a voltage is applied across 
the membrane and substrate, a localized electric field is generated, causing controlled 
deflection of the membrane. This deflection modulates the capacitance between the 
membrane and substrate, allowing the device to precisely sense and actuate ultrasonic 
waves [17-22]. In this paper we have investigated of circular and square shape membrane 
CMUT device which performed using COMSOL Multiphysics for finite element method 
(FEM) simulation. 
 
 
                                                   Electrodes                              Cavity pillar 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Schematic diagram of CMUT 
 

II. PROPOSED ANALYTICAL MODEL 
The CMUT’s circuit model is developed by assuming a linear relationship between the 
membrane’s restoring force and displacement. Under the conditions of negligible 
electrical fringing force, perfect conductors and contacts, and vacuum operation, a lumped 
electro-mechanical model is employed to represent a single CMUT cell. This model 
consists of a spring, mass and parallel plate capacitor as shown in Fig. 2. 
 

Fig. 2: Lumped electro-mechanical model 
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The force resulting from the membrane’s mass Fm is equal to the sum of the capacitive 
force generated by the bias Fc and the force exerted by the membrane’s spring-like 
behaviour Fk. 

m c kF F F= +                   (1) 

Fc is computed by differentiating the device’s capacitance’s potential energy U with 
respect to the membrane’s displacement xm. 
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Thus, the force Fc due to the applied bias V, is expressed as 
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The displacement of the membrane from its rest position is denoted by xm and Cd 
represents the device capacitance. The spring, which models the membrane’s restoring 
force can be assumed to be approximately proportional to the membrane’s displacement. 
The force Fk exerted by the spring is determined by its bending stiffness and is given by, 

k m mF K x=   (4) 

The spring constant Km can be calculated by 
( )
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Ym represents the Young’s Modulus of the membrane material, tm is the membrane 
thickness, am is the membrane radius, and σm is the membrane material’s Poisson’s ratio. 
The natural frequency of vibration of the membrane with mass m is derived from (1) and 
is expressed as, 
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The mass ‘m’ is calculated using 
21.84 m m mm a t =  (7) 

Where 
m is the density of the membrane material. 

 
III. FEM MODEL 

Using COMSOL Multiphysics, the detailed structural parameters of our CMUT model are 
as shown in Table I. The meshing profiles for both the circular shape and square shape 
membranes are depicted in Figs. 3 and 4 respectively. 
 

Table I. Structural parameters 
 

Parameters Values 

Substrate radius 50 µm 

Electrode radius (ae) 50 µm 

Membrane radius (am) 40 µm 

Electrode thickness (te) 2 µm 

Membrane thickness (tm) 0.75 µm 

Gap height (tg) 1 µm 

Poisson ratio (σm) 0.23 
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Young’s modulus (ϒm) 250 GPa 

Density (
m ) 3100 Kg/m3 

 
 

Fig. 3: Meshing profile of circular membrane CMUT 
 

 
 

Fig. 4: Meshing profile of square membrane CMUT 
 

 
 

IV. RESULTS AND DISCUSSIONS 
 

Table II. Resonant frequency w.r.t Young’s modulus of different materials 
 

Membrane material Young’s 
modulus 

(GPa) 

Circular 
membrane 

(MHz) 

Square 
membrane 

(MHz) 
Zinc Oxide (ZnO) 210 1.481 4.7595 

Silicon Nitride (Si3N4) 250 2.121 6.794 
Aluminium Oxide (Al2O3) 400 2.367 7.4803 

Silicon Carbide (SiC) 748 3.918 12.091 
 
The resonant frequency variations for circular and square shapes membrane with 
different Young’s modulus values are graphically represented in Fig. 5, based on the data 
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in Table II. The results demonstrate that circular membranes yield lower resonance 
frequencies for equivalent Young’s modulus values. Moreover, the resonant frequency 
increases in tandem with the Young’s modulus, emphasizing the significant influence of 
membrane material properties on CMUT behaviour and performance.  
 

Fig. 5: Resonant frequency w.r.t Young’s modulus of different materials 
 

 
 

Table III. Resonant frequency w.r.t membrane thickness 
 

Membrane thickness 
(µm) 

Circular membrane 
(MHz) 

Square membrane 
(MHz) 

0.75 7.981 6.794 
1 10.583 8.807 

1.25 13.089 10.753 
 

The graph in Fig. 6, corresponding to the data in Table III, displays the changes in resonant 
frequency for circular and square membranes with varying membrane thickness. A clear 
trend emerges, where thicker membranes result in substantially higher resonance 
frequencies. Furthermore, square membranes demonstrate lower resonant frequencies 
compared to their circular counterparts.  
 

Fig. 6: Resonant frequency w.r.t membrane thickness 
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The harmonic displacement profiles for the square shape membrane are presented in 
Figs. 7 to 12. 

Fig. 7: Displacement profile 
 

 
 

Fig. 8: 1st harmonic 
 

 
 

Fig. 9: 2nd harmonic 
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Fig. 10: 3rd harmonic 
 

 
 

Fig. 11: 4th harmonic 
 

 
 

Fig. 12: 5th harmonic 
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Table IV. Resonant frequency w.r.t membrane radius 
 

Membrane 
radius (µm) 

Circular membrane 
(MHz) 

Square membrane 
(MHz) 

40 7.977 6.794 

42 7.994 6.771 

44 8.005 6.780 

46 7.988 6.78 

48 7.994 6.778 

 
Fig. 13 plots the resonant frequency variations with respect to the membrane radius, as 
listed in Table IV. The plot reveals a direct relationship between membrane radius and 
device resonance frequency, with larger radii steadily yielding higher frequencies. 
Notably, the square-shaped membrane exhibits a lower device resonance frequency.  
 

Fig. 13: Resonant frequency w.r.t membrane radius 
 

 
 

Table V. Resonant frequency w.r.t cavity radius 
 

Cavity radius 
(µm) 

Circular 
membrane (MHz) 

Square 
membrane (MHz) 

20 7.981 6.794 
25 5.129 4.392 
30 3.573 3.0702 
35 2.625 2.264 
39 2.127 1.776 

 
Fig. 14 plots the resonant frequency variations with respect to cavity radius, as listed in 
Table V. The plot reveals an inverse relationship between cavity radius and resonant 
frequency, with larger radii yielding lower frequencies. Notably, the square membrane 
achieves the lowest resonant frequency, and the results underscore the importance of 
optimizing cavity radius. 
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Fig. 14: Resonant frequency w.r.t cavity radius 
 

 
 
The displacement profiles of the circular membrane for varius cavity radii (25 µm, 30 µm, 
35 µm and 39 µm) are illustrated in Figs. 15-18, respectively. Similarly, the displacement 
profiles of the square-shaped membrane for the same cavity radii are shown in Figs. 19 to 
22. 
 

Fig. 15: Cavity radius of 25 µm 
 

 
 

Fig. 16: Cavity radius of 30 µm 
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Fig. 17: Cavity radius of 35 µm 
 

 
 

Fig. 18: Cavity radius of 39 µm 
 

 
 

Fig. 19: Cavity radius of 25 µm 
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Fig. 20: Cavity radius of 30 µm 
 

 
 

Fig. 21: Cavity radius of 35 µm 
 

 
 

Fig. 22: Cavity radius of 39 µm 
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Table VI. Resonant frequency w.r.t air filled cavity radius 
 

Cavity radius 
(µm) 

Circular membrane (MHz) Square membrane 
(MHz) 

20 0.219 0.125 
25 0.2188 0.1249 
30 0.2188 0.1249 
35 0.2187 0.1248 
39 0.2187 0.1248 

 
The resonant frequency variations with respect to air-filled cavity radius are graphically 
represented in Fig. 23, based on the data in Table VI. The results demonstrate that filling 
the cavity with air leads to a significant reduction in device resonance frequency. In 
contrast, increasing the air-filled cavity radius has a negligible effect on the device’s 
resonance frequency, with only a marginal decrease evident from the graph.  
 

Fig. 23: Resonant frequency w.r.t air filled cavity radius 
 

 
 

Table VII. Resonant frequency w.r.t center vented radius 
 

Vented radius 
(µm) 

Circular membrane 
(MHz) 

Square membrane 
(MHz) 

5 8.234 7.2645 
6 8.683 7.7146 
7 9.339 8.3444 
8 10.223 9.1907 
9 11.42 10.376 

10 13.034 11.921 
 
To provide further insight, we performed an analysis of the membrane’s behaviour when 
vented at the edge and center for both circular and square shapes. The resonant frequency 
variations with respect to vented radius at the center of the membrane are graphically 
represented in Fig. 24, based on the data in Table VII. The results demonstrate a significant 
increase in resonant frequency with increasing vented radius. Conversely, Fig. 25, 
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representing the data in Table VIII, illustrates that venting at the edge of the membrane 
yields lower device resonance frequencies.  
 

Fig. 24: Resonant frequency w.r.t center vented radius 
 

 
 

Table VIII: Resonant frequency w.r.t edge vented radius 
 

Vented radius 
(µm) 

Circular membrane 
(MHz) 

Square membrane 
(MHz) 

5 7.539 6.6468 
6 7.461 6.6236 
7 7.388 6.4732 
8 7.328 6.3578 
9 7.292 6.3196 

10 7.277 6.3231 
 

Fig. 25: Resonant frequency w.r.t edge vented circle 
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CONCLUSION 
The investigation of circular and square shape membrane is performed using COMSOL 
Multiphysics. For the same parameters, higher resonance frequency is obtained from the 
circular shape membrane compared to the square membrane, proving that circular shape 
membrane is more effective in achieving the desired CMUT frequency response, which 
results in higher resolution in imaging system. The analysis also explores the impact of 
venting the membrane at different locations, specifically at the edge and center. Notably, 
the findings indicate that edge venting results in a decrease in the device’s resonance 
frequency when compared to a membrane without venting. Thus, these observations offer 
valuable insights for the design of CMUTs, highlighting the significance of venting 
configuration in determining the device’s performance characteristics. 
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