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Abstract 

 

In this paper the investigation of 

membrane of CMUT device has been 

analyze systematically. Here the resonance 

frequency has been detected/evaluated 

which can be appropriate to make the 

device. The mechanical impedance of the 

circular membrane is found nearly equal to 

acoustic impedance of air which makes the 

CMUT more preferable in a device. The 

resonance frequency is found here with and 

without intrinsic stress which are being used 

to determine the stress area. Here also for 

diverse gaseous, liquid and solid substances 

the acoustic impedance value is different 

with which we will get different equivalent 

impedance. It has been found that the 

equivalent resistance increases from gaseous 

particles to liquid and to the solid. 
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I. INTRODUCTION  

  The name MEMS originated from United States, it is known as Microsystems 

Technology (MST) in Europe and micro machines in Asia. Silicon is used in the production 

of components of MEMS. It is the combination of semiconductor processing and mechanical 

engineering at a very small scale. A gold resonating MOS gate structure in 1967 was the first 

MEMS device, it firmly comes in work in the middle of 1980’s and now it emerged in real-

world applications. The development of IC technologies can now produce chips with features 

as small is 0.1µm. MEMS consist of four components microstructures, microsensors, 

microactuators and microelectronics and all are integrated on same silicon chip. Microsensors 

are used for measuring the physical parameters and are engaged to witness the progressive 

effects of the atmosphere. Microactuator is based on the micro movement and there are two 

types of actuations translational and rotational. There the microactuators that are commonly 

available, they are: Mechanical actuators, Thermal actuators, Electrostatic actuators, 

Magnetic actuators. MEMS are also referred as Microsystem technology (MST). 

 

 Ultrasonic is today applied in medical diagnosis such as Sonography, Lithotripsy, 

Ultrasonic surgical instruments (USI), high-intensity therapeutic ultrasound (HIFU), 

ultrasonic scalers and Cavitron ultrasonic surgical aspirator (CUSA). The ultrasonic wave 

does not involve harmful wave radiation and is also painless. The acoustic streaming is 

induced in the form of liquid by the ultrasound is affected by the microbial action and the 

bacteria that can modify the physiochemical parameters of liquid can be distinguished from 

side to side the use of ultrasonic waves. Ultrasonic waves get reflected, refracted and 

absorbed just like an ordinary sound waves. The speed of ultrasonic wave is further in 

compressed media and they work on the property of lights, if the ultrasonic waves enter from 

rarer to denser medium then it bend away from the normal. Similarly when from denser to 

rarer then it bends towards the normal. They are high frequency waves and have high energy 

content and have constant velocity in homogeneous medium. They can produce heating effect 

when passed through the substances. 

 

II. CAPACITIVE MICRO-MACHINED ULTRASONIC TRANSDUCER (CMUT) 

 

Ultrasonic sensors are very commonly used in today’s day to day world like in cars 

for detecting it’s locations, it is also used in ultrasound imaging, UAV (unmanned aerial 

vehicle) navigations. Some sensors are also used to identify high-pressure gas otherwise 

liquid leakages and these devices convert the audio from the transducer to human hearing 

range. Qualcomm manufactured ultrasonic finger sensor which is scalable to any size on the 

basis of transistor film transistor (TFT). There are some methods that produce ultrasonic 

waves and they are: Magneto-striction oscillator, Piezoelectric oscillator and Micro-machined 

ultrasonic transducer (MUT). Out of all the three methods micro-machined ultrasonic 

transducer is mostly used for good imaging like 2-dimensional and 3-dimentional imaging. 

 

 CMUTs are used for receiving and transmitting acoustic signals in ultrasonic range. It 

was first introduced in 1990. CMUT is mostly used in medical imaging. CMUTs are 

manufactured in different shapes and sizes. The complications in fabrication procedures have 

been resolved by many scientist and they are coming with many new approaches. When the 

CMUT is loaded in liquid medium then more than 100 % frictional bandwidth can be 

achieved easily. They have poorer mechanical impedance than that of piezoelectric 
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transducers and it gives healthier coupling with medium and higher bandwidth. It reduces 

size of the devices and the noise in it. They are of 2-dimensional and 3-dimensional array and 

can form 2-D and 3-D images for medical imaging. It performs better in terms of bandwidth 

and sensitivity. 

 

 It comprises of silicon or Si3N4 membrane or silicon substrate using micromachining 

skill shown in Fig.1. In transmitting mode, an alternating voltage is applied among the back 

plate of substrate, membrane and electrostatic forces that is formed cause a vibration on the 

membrane, sending out the ultrasound at the frequency of modulation. In receiving mode, the 

ultrasonic wave vibrates the membrane and the change in capacitance is detected. 

 
 

Figure 1: CMUT Device Structure and Principle 

 

In the year 1994, B. T. Khuri-Yakub and Mathew I. Haller from Stanford University 

worked on the technology Surface Micro-machined Electrostatic Ultrasonic Air Transducer 

[1]. The paper describes the fabrication of the electrostatic transducer using silicon surface 

micromachining. After that Khuri-Yakub along with his members analysed the realization of 

capacitive transducers with the centre frequencies ranging from 1 MHz to 12 MHz. After that 

the work progressed on Surface Micro-machined Capacitive Ultrasonic Transducers [2]. In 

the starting year of 21
st
 century researchers worked on characterization of one dimensional 

(1-D) array in immersion transducer [3-9]. The 1-D CMUT array element of 275 5600 m   is 

experimentally characterized. The receiver transducer has 0.28 /fm Hz  of displacement 

sensitivity and the transmitter transducer produces 5 /kPa V  of output pressure at the surface 

of the transducer at 3 MHz with 35 V of DC bias. The bandwidth is more than 100% around 

3MHz that is suitable for ultrasound imaging. The acoustical cross coupling between array 

elements are being modified using several methods like trench isolation and wafer thinning. 

In the year 2003, B. T. Khuri-Yakub along with his research members proposed the new 

method to fabricate CMUT with wafer bonding technique [10]. This new technique is very 

promising to fabricate CMUTs in various dimensions and to operate in air and water at 

different frequencies. 

 

The CMUT technology is improving day by day along with its imaging system. The 

photoacoustic imaging provides high contrast with different light absorption characteristics. 
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The researchers used a vessel like photoacoustic imaging phantom which consist of three 1.3 

mm diameter tubes intimate tissue imitating material. Two-dimensional CMUT array enables 

the volumetric imaging and reduces the drawbacks of mechanically scanned systems. CMUT 

technology with photoacoustic imaging have number of benifits such as it gives wide 

bandwidth, ease in integration with electronics, helps in early detection of cancer, etc. 

 

Ultrasonic transducers are now widespread and used in low intensity applications. 

Therefore, researchers fabricate the silicon carbide based CMUTs [11]. There is a sparse 2-D 

CMUT ring arrays for getting the high resolution since the volumetric imaging is becoming 

more popular in medical tools and this CMUT array is integrated in endoscope [12]. In the 

fabrication on Quad ring capacitive micro-machined ultrasound transducers (CMUTs) there 

are four self-determining concentric rings in arrays containing 128 elements operating at 

dissimilar centre frequencies but for endoscope only one concentric ring are used at 4 MHz. 

Here, the custom charge-amplifier ASICs were used for reducing the noise and this CMUT 

endoscope has been used for 3-D imaging. 

 

 

III.  MATHEMATICAL ANALYSIS 

 

We have considered the Mason’s analysis [13] for circular membrane, 
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where r = radical position measured from the centre. Equating the equation we can get 

 (   displacement of the membranex r  , density of the material,  pressure on the membrane)P 
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2

1k   , then it will become. 
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Therefore solution will become, 
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At the moment to decide the constant A and B there are two boundary conditions that are 

essential. 

 

Condition 1: 

 

When ,r a  0x  then equation will be, 

0 1 0 2 2
( ) ( ) ( )

t

P
x a AJ k a BI k a

l
  


                                                                                 (9) 

 

     
0 1 0 2 2

0 ( ) ( )
t

P
AJ k a BI k a

l
  


                                                                         (10) 

 

     
0 1 0 2 2
( ) ( )

t

P
AJ k a BI k a

l
 


                                                                               (11)

 

Condition 2:      
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 So, A and B will be, 
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The average velocity at the surface is given as: 
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Employing the integral 
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To calculate the mechanical impedance, a  is now equal to, 
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Therefore, the average velocity will become: 
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The proportion of pressure to the velocity is demarcated as mechanical impedance and is 

represented as mZ
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Since, 1
j
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The mechanical impedance of circular membrane is given as: 
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The mechanical impedance of the membrane is insignificant compared to acoustic 

impedance of medium that is necessary for efficient power transfer. Now the resonance 

frequency for this mode is, 
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IV. RESULTS AND DISCUSSION 

 

  The different values for different parameters are substituted in the above solved 

equations and the graphs are plotted for different profiles [14]. Different parameters values 

are being taken for the paper defines the characterization of the device and the device 

performance in Table 1. 

 

Table 1: Values and units of Parameters 

 

Parameters Values 

a  625 10 m 
 

P  21 /N m  

0Y  11 23.2 10 /N m  

tl  60.6 10 m 
 

T  6 2280 10 /N m  

0  128.85 10 /F m 
 

  0.263  

al  60.2 10 m 
 

  33270 /kg m  

 

The Fig. 2 shows that the variation is taken between displacement and frequency 

where it is found that there is a peak resonance frequency at 6.7 MHz. 
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Figure 2: Variations of Displacement with Frequency 

 

The Fig. 3 is showing that displacement fluctuates with the radius and it 

demonstrations that the displacement of membrane is lessening with the upsurge in the 

radius. 



Futuristic Trends in Computing Technologies and Data Sciences 

e-ISBN: 978-93-6252-452-2 

IIP Series, Volume 3, Book 2, Part 6, Chapter 1 

                          ANASLYSIS OF NANOELECTROMECHANICAL SYSTEM BASED 

MICROMACHINED SENSOR 

                 

Copyright © 2024 Authors                                                                                                                      Page | 155 

0 5 10 15 20 25

0.000

0.001

0.002

0.003

0.004

0.005

0.006

 

 

D
is

p
la

ce
m

en
t 

(A
n

gs
tr

om
)

Radius (micrometer)

 
Figure 3: Variations of Displacement with Radius 

 

In Fig.4, it is showing that the mechanical impedance of the membrane reductions 

with the upsurge in the frequency to the point of resonance frequency at 6.7 MHz wherever 

the mechanical impedance is approximately near to the acoustic impedance of the air and 

later increases gradually. 
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Figure 4: Variations of Mechanical Impedance with Frequency 

 

The coupling factor is intensifications with the increase in DC voltage as shown in 

Table 2. As soon as the radius of the membrane upsurges the area also surges and the 

coupling factor rises with the escalation in the value of radius/area with respect to the 

increase in DC voltage. 
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Table 2: Coupling Factor with DC Voltage While Changing the Radius/Area 

 

SL.NO DC 

Voltage 

Coupling factor 

at 
625 10a m   

Coupling factor 

at 
612 10a m   

Coupling factor 

at 
650 10a m    (volts)   

  
1  2  

1. 10 1.40E-07 3.40E-08 5.95E-07 

2. 20 2.90E-07 6.85E-08 1.19E-06 

3. 30 4.30E-07 1.03E-07 1.79E-06 

4. 40 5.80E-07 1.37E-07 2.38E-06 

5. 50 7.20E-07 1.71E-07 2.98E-06 

6. 60 8.70E-07 2.05E-07 3.57E-06 

7. 70 1.01E-06 2.74E-07 4.17E-06 

    

The Table 3 depicts that despite the fact exchanging the thickness of the membrane, 

coupling factor also changes. Again the thicknesses of the membrane upsurges from the 

coupling factor will shrinkage with respect to intensification in DC Voltage. 

 

Table 3: Coupling factor with DC voltage while changing membrane thickness 

 

SL.NO DC Voltage Coupling factor 

at 

 

 

 
60.6 10tl m   

Coupling factor 

at 

 
60.4 10tl m   

Coupling factor 

at 
60.8 10tl m    (volts)   

1  2  
1. 10 1.40E-07 1.52E-07 1.37E-07 

2. 20 2.90E-07 3.03E-07 2.75E-07 

3. 30 4.30E-07 4.55E-07 4.12E-07 

4. 40 5.80E-07 6.06E-07 5.49E-07 

5. 50 7.20E-07 7.58E-07 6.87E-07 

6. 60 8.70E-07 9.10E-07 8.24E-07 

7. 70 1.01E-06 1.06E-06 9.61E-07 

 

 In Table. 4 it shows that when the gap thickness increases the coupling factor with DC 

voltage will decrease whereas the increase in DC voltage increases the coupling factor. 

 

Table 4: Coupling Factor with Respect to DC Voltage While Changing Gap 

Thickness 

 

SL.NO DC Voltage Coupling 

factor at 
61 10al m   

Coupling factor 

at 
60.5 10al m   

Coupling 

factor at 
61.5 10al m    (volts)   

1  2  

1. 10 1.40E-07 4.90E-07 6.73E-08 

2. 20 2.90E-07 9.80E-07 1.35E-07 
3. 30 4.30E-07 1.47E-06 2.02E-07 

4. 40 5.77E-07 1.96E-06 2.69E-07 

5. 50 7.20E-07 2.45E-06 3.36E-07 

6. 60 8.70E-07 2.94E-06 4.04E-07 

7. 70 1.01E-06 3.43E-06 4.71E-07 
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 The resonance frequency decreases with the intensification in radius in together the 

two different formulas with intrinsic stress and without intrinsic stress (Fig. 5). 

 

5 10 15 20 25 30 35

0

20

40

60

80

100

120

2

1
2.4048

2
r

T
f

a 


0
1 2 2

0.47
(1 )

t
r

l Y
f

a  




 

 

R
es

on
an

ce
 f

re
q

u
en

cy
 (

M
H

z)

Radius (micrometer)

 fr1

 fr2

 
Figure 5: Variations in Resonance Frequency With Radius 

 

 The Table 5 depicts that for diverse gaseous, liquid and solid substances the acoustic 

impedance value is different with which we will get different equivalent impedance. The 

equivalent resistance increases from gaseous particles to liquid and to the solid. 

 

Table 5: Equivalent Resistance with Respect to Acoustic Impedance 

 

SL.NO. Names Acoustic impedance aZ  Equivalent resistance 

eqR  1. Air 400 1359.2 
2. Oxygen 449 1525.7 

3. Castor oil 1.43E+06 4.86E+06 
4. Water 1.48E+06 5.03E+06 
5. Sea water 1.54E+06 5.23E+06 

6. Glycerine 2.42E+06 8.22E+06 
7. Aluminium 1.70E+07 5.78E+07 

8. Steel 4.70E+07 1.60E+08 
 

 

V. CONCLUSION 

 

 In this chapter the membrane of CMUT when subjected to AC bias then displacement 

of membrane decreases with the intensification in the radius of membrane. Here the 

resonance frequency is found at 6.7 MHz which can be suitable to make a device. The 

mechanical impedance of the circular membrane is found nearly equal to acoustic impedance 

of air which makes the CMUT more preferable in a device. The resonance frequency is found 

here with and without intrinsic stress which are being used to determine the stress area. In the 

electrical equivalent circuit of CMUT the acoustic and mechanical impedance must kept in 
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series instead of parallel, so that the total load didn’t get zero. It is also clear that for larger 

bandwidth the thickness of membrane and gap thickness must be small as possible and the 

DC bias voltage should be kept high. 
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