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Dynamic and Stationary Performance Analysis
of Diaphragm Based Acoustic Pressure Sensor
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Abstract: Pressure sensing and measurement are of utmost
importance in many of the process industries and biomedical
applications. The key element of the pressure sensor is diaphragm
and the diaphragm design including shape and dimensions play a
major role in sensitivity of pressure sensor irrespective of the type
of sensor viz. capacitive, piezoresistive or piezoelectric sensor. The
acoustic pressure sensors require the proper analysis of dynamic
performance of the key element since the acoustic source is
dynamic pressure. This paper presents the stationary and dynamic
performance analysis of diaphragm for piezoelectric acoustic
pressure sensor. The analysis has been done for better deflection
of the diaphragm and optimized stress and strain in order to
achieve maximum sensitivity. In design step, at first the
diaphragm is analysed for natural frequency, modal frequencies
and bandwidth of the structure since the piezoelectric resonant
sensors can be used for sensing whenresonant frequency of the
membrane is at least 3 to 5 times the highest applied frequency
and for energy harvesting applications, when it is almost equal to
the applied frequency.Hence, a comparison of shapes of
diaphragm, with their fundamental and modal frequencies,
deflection, and stress and strain is established. Further a resonant
sensor structure is also analyzed for dynamic performance with
cavity neck of different size to understand the importance of cavity
neck in dynamic performance of the sensor. The circular
diaphragm is found be the best choice from the point of view of
maximum deflection and natural frequency and the structure with
cavity neck has better bandwidth and deflection.
Keywords: Acoustic Sensor, Diaphragm Based, Natural
Frequency, Piezoelectric.

The design and fabrication of the diaphragm-based pressure
sensor is of focused research to increase the sensitivity,
voltage generated and optimizing the natural frequency in
acoustic range and increasing the bandwidth by different
manufacturing technologies like bulk and surface
micromachining.[1]-[5]. These sensors work on the principle
piezoelectricity which generation of charge takes place when
diaphragm deflects due to applied acoustic pressure. Better
sensitivity is achieved when the deflection is better which may
be achieved by thinner diaphragm. But the linearity of the
operation under more pressure and variation of the deflection
of the diaphragm under the application of varying acoustic
frequency are depending on the shape and dimensions.
The resonant acoustic sensors work on the principle similar to
occurrence of resonance in RLC network. When acoustic
pressure is guided though neck to the cavity, the acoustic
pressure gets amplified and is much higher than the input
pressure when the device is working under resonance [6]-[7].
The other side of the device can be constructed as a
diaphragm and the deflection of the diaphragm can be
converted into equivalent voltage through a piezoelectric
layer deposited on the diaphragm. The conceptual diagram is
as shown in fig.1.

I. INTRODUCTION
Piezoelectric acoustic pressure sensors often find applications
in automotive, aerospace and biomedical engineering. These
sensors can be miniaturized, no external power supply
needed, very sensitive with good performance and can be
mass produced. The diaphragm is the key element and the
diaphragm design can be done by Finite Element Modeling
(FEM) to analyze the deflection, stress and strain distribution,
natural frequency and the dynamic performance parameters.
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Fig.1. Conceptual Resonance based acoustic sensor.
The design of the diaphragm demands the dynamic
parameters analysis of the structure like natural frequency,
deflection and stress and strain distribution. Numerical
methods like Finite Element Methods are very useful for the
prediction of the physical systems’ behavior when the
phenomenon has more than one physics involved. The
prediction is more realistic with initial conditions of stress/
strain and shape functions of the elastic element may be
simulated [8]. The miniaturization of the structure is
suggested due to the requirement of the source frequency in
acoustic range and the natural frequency of the structure has
to match with this for energy harvesting and should be at least
three to five times highest applied frequency for sensing
applications [9].
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II. DESIGN OF THE DIAPHRAGM
The mechanical properties of the material used for diaphragm
and the physical dimensions of the structure decide the
sensitivity and frequency response of the acoustic pressure
sensor [10]. The important parameters to be considered for
acoustic signal sensing and acoustic energy harvesting for
piezoelectric method are magnitude of the voltage generated
and the natural frequency of the structure which are
determined as dynamic response.
The proposed acoustic sensor structure is consisting of a
Silicon diaphragm and the cavity is formed by back etching
the silicon wafer. The piezoelectric layer sandwiched between
two aluminum electrodes is deposited on the diaphragm. The
structure is as shown in fig.2.

Fig.2. The structure with Silicon diaphragm and cavity with
neck.
From fig.2, it is clear that the diaphragm being the key
element converts the amplified acoustic pressure due to
resonance into mechanical deflection and strass/strain which
is further converted into electric potential by the piezoelectric
layer deposited on the diaphragm.
The electric potential generated during piezoelectric
phenomenon is given by the expression (1)
(1)
Where ,
E is Young's modulus or Modulus of elasticity of the material
in Pa.
d33 is the piezoelectric charge coefficient.
ℇ is the applied strain.
dA is the area of the electrodes in m2.
C is the capacitance of the structure in farad [9].
From (1), it is clear that the voltage generated depends on the
strain applied to the diaphragm along with the material
properties like Young’s modulus and piezoelectric charge
coefficient of the material. It also a dependent factor of area of
the electrode within which piezoelectric layer is sandwiched
and also the capacitance of the piezoelectric structure. Hence
the diaphragm design should be done to get better strain and
maximum deflection. Also in order to get better dynamic
performance of the diaphragm, the shape and dimensions of
the diaphragm are to be designed for the acoustic range of
Sound Pressure Level (SPL) and frequency.
III. GEOMETRIC APPROACH OF DIAPHRAGM
DESIGN
Simulation has been carried out for the dynamic performance
analysis of diaphragm with different shapes that are
practically feasible in MEMS fabrication like square, circular
and rectangular. Further the dimensions like thickness and
radius have been considered for analysis keeping in mind the
practical fabrication feasibility. Finally, the entire structure
with cavity as shown in fig.2 (Excluding Piezoelectric layer)
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has been simulated with and without neck understand the
effect of cavity on the dynamic performance of the structure.
A. Shape of the diaphragm
In order to analyze the performance of different shapes of
diaphragm, the dimensions are chosen in such a way that the
total area exposed to the acoustic pressure is same for all the
shapes. The stationary analysis is carried out to understand the
deflection, stress and strain range for unidirectional value and
dynamic analysis is carried out to analyze the natural
frequency, modal frequency and variation of displacement
with respect to the variation of frequency.
i. Square
The side length of square shaped diaphragm is assumed to be
All the sides of the diaphragm are hinged and the
pressure of 1 Pa is applied on the plain surface of the
diaphragm from downwards so that the deflection and stress/
strain destitution can be understood. This detail is further
utilized to decide the area of depositing the piezoelectric
material. The dynamic performance was carried out by Eigen
frequency study and frequency domain study with input
pressure 1 Pa applied from bottom and frequency range from
100 Hz to 100 KHz taking into consideration first six Eigen
frequencies.
a. Stationary Performance
The maximum deflection for the given pressure is given by
(2).
Wmax=

(2)

The maximum stress is given by (3),
σmax=

(3)

Where,
P is the pressure in N/m2
a is side length in µm
h is the diaphragm thickness in µm.
E is the Modulus of elasticity in Pa.
The simulated results for square shaped diaphragm having
side length 5317.7 µm and thickness 30 µm are as shown in
fig.3. The diaphragm deflection, displacement, stress and
strain along line passing through the centre are as shown in
fig.3.a, 3.b. 3.c and 3.d.
b. Dynamic Performance
The dynamic performance of the square shaped diaphragm is
as shown in fig.4. The Fourth modal frequency displacement,
displacement for all modal frequencies, frequency vs
displacement for first modal frequency and frequency vs
displacement for first and second major frequencies are as
shown in fig.4.a,4.b, 4.c and 4.d.
ii. Circular
The radius of circular shaped diaphragm is assumed to be a.
All the sides of the diaphragm are hinged and the pressure of 1
Pa is applied on the plain surface of the diaphragm from
downwards so that the deflection and stress/ strain destitution
can be understood. This detail is further utilized to decide the
area of depositing the piezoelectric material. The dynamic
performance was carried out by Eigen frequency study and
frequency domain study with input pressure 1 Pa applied from
bottom and frequency range from 100 Hz to 100 KHz taking
into consideration first six Eigen frequencies.
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The dimensions of the rectangular diaphragm is assumed to be

a. Stationary Performance
The maximum deflection is given by (4).
Wmax

width (π/2)a and length 2a . All the sides of the diaphragm
)

(4)

The maximum stress is given by (5),
σmax=

(5)

Where,
P is the pressure in N/m2
R0is the diaphragm radius in µm
t is the diaphragm thickness in µm
v is Poisons ratio (unit less)
E is the Modulus of elasticity in Pa [11].
The simulated results of circular diaphragm having radius
3000 µm and thickness 30 µm are as shown in fig.5. The
diaphragm deflection, displacement, stress and strain along
line passing through the centre are as shown in fig.5.a, 5.b. 5.c
and 5.d.

are hinged and the pressure of 1 Pa is applied on the plain
surface of the diaphragm from downwards so that the
deflection and stress/ strain destitution can be understood.
This detail is further utilized to decide the area of depositing
the piezoelectric material. The dynamic performance was
carried out by Eigen frequency study and frequency domain
study with input pressure 1 Pa applied from bottom and
frequency range from 100 Hz to 100 KHz taking into
consideration first six Eigen frequencies.
a. Stationary Performance
The maximum deflection for the given pressure is given by
(7).

Wmax

The maximum stress in the middle of each edge is given by (8)

b. Dynamic Performance

σmax=

The undamped natural frequency of circular diaphragm is
given by the expression (6).

(6)
Where,
t is the thickness of the diaphragm in µm.
E is the Young’s Modulus or Modulus of elasticity of the
material in Pa.
v is the Poison’s ratio
R0 is the radius of the diaphragm in µm.
ρ density of the material in kg/m3 [12].

(8)

Where,
P is the pressure in N/m2
ɑ and b are side lengths in µm
h is the diaphragm thickness in µm.
E is the Modulus of elasticity in Pa.
The simulated results for rectangular shaped diaphragm
having side lengths 4712.4 µm X 6000 µm and thickness 30
µm are as shown in fig.7. The diaphragm deflection,
displacement, stress and strain along line passing through the
center are as shown in fig.7.a, 7.b. 7.c and 7.d.

iii. Rectangular

Fig.3.a) Square diaphragm deflection b) Deflection c) Stress d) Strain.
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Fig.4.a) Fourth modal frequency displacement b) Displacement for all modal frequencies c) Frequency vs Displacement
for first modal frequency d) Frequency vs Displacement for first and second major frequencies.

Fig.5.a) Circular diaphragm deflection b) Deflection c) Stress d) Strain.

Fig.6.a) Fourth modal frequency displacement b) Displacement for all modal frequencies c) Frequency vs Displacement
for first modal frequency d) Frequency vs Displacement for first and second major frequencies.
b. Dynamic Performance
The dynamic performance of a rectangular diaphragm is as
shown in fig.8. The Fourth modal frequency displacement,
displacement for all modal frequencies, frequency vs
displacement for first modal frequency and frequency vs
displacement for first and second major frequencies are as
shown in fig.8.a,8.b, 8.c and 8.d.
A comparison table of all the three feasible major shapes viz.
Square, circular and rectangular is as shown in Table-I
From Table-I and the above analysis, the following
conclusion is drawn.
i. The maximum centre deflection happens in circular
diaphragm. However, the range of stress at the edges is
found to be less in circular diaphragm. The maximum range
of unidirectional stress and strain is available for circular
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diaphragm which is useful for deposition of piezoelectric
material in that range.
ii. The natural frequency being one of the important factors in
diaphragm design for acoustic applications, circular
diaphragm has least value of first mode of vibration
frequency [13].
From the above conclusions, it can be derived that the circular
diaphragm was chosen over the other shapes for the pressure
sensing and energy harvesting applications.
Further, according to (6), the radius and the thickness of the
diaphragm are also important factors which decide the natural
frequency. Hence, the analysis of these parameters has also
been carried out.
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Fig.7.a) Rectangular diaphragm deflection b) Deflection c) Stress d) Strain.

Fig.6.a) Fourth modal frequency displacement b) Displacement for all modal frequencies c) Frequency vs Displacement for first
modal frequency d) Frequency vs Displacement for first and second major frequencies.
Table-I. Comparison Table of different shapes of diaphragm.
Shape

Square

Dimension

Maximum

Natural

Maximum

Maximum

(µm)

Displacement(µm)

Frequency (Hz)

Stress(N/m2)

Strain

5317.7

0.0024

15652

7500(Tensile)

2.3X10-8

(Side length)
Circular

3000 (Radius)

4000(Compressive)
0.003

13940

2.5 X10-8

6300 (Tensile)
4800 (Compressive)

Rectangular

4712.4X

0.0022

16357

2.0 X10-8

8500 (Tensile)

6000

4000(Compressive)

B. Radius of the diaphragm
The silicon circular diaphragm of thickness 30 µm is analyzed
for different diameter. The eigen frequency study has been
carried out to tabulate the natural frequency of the structure.
The simulated structures with radius varying from 500 µm to
4000µm are as shown in fig 7.a,7.b,7.c,7.d and 7.e
respectively.
From (6), it is clear that the natural frequency of the structure
is inversely proportional to the square of the radius of the
circular diaphragm. The simulated results are tabulated in
Table-II.
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Table-II. Radius vs natural frequency for circular diaphragm.
Sl.No. Radius (m)
Frequency (Hz)
1.

500

501100

2.

1000

125500

3.

2000

31367

4.

3000

10809

5.

4000

6805

From Table-II, it is clear that the circular diaphragm of radius
3000 µm to 4000 µm is suited for acoustic frequency range.
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However, the radius 4000 µm and above may lead to
fabrication difficulty like stiction due to large area and small
thickness during back etching of the structure. Hence circular
diaphragm of radius 3000 µm has been selected for design.
C. Thickness of the diaphragm
The thickness of the diaphragm is another major parameter
affecting the natural frequency. Hence, the silicon circular
diaphragm of radius 3000 µm is analyzed for different
thickness. The eigen frequency study has been carried out to
tabulate the natural frequency of the structure. The simulated
structures with thickness varying from 10 µm to 40µm are as
shown in fig 8.a,8.b,8.c,8.d and 8.e respectively.
From (6), it is clear that the natural frequency of the structure
is directly proportional to the square of the radius of the
circular diaphragm. The simulated results are tabulated in
Table-III.
Table III. Thickness vs natural frequency for a circular
diaphragm.
Frequency (Hz)
Thickness (m)
Sl.No.

fabrication feasibility. The structure has been simulated
without cavity neck and with cavity neck of variable radius.
A. Structure with open cavity (Without neck)
The simulation of the structure with open cavity is as shown in
fig.9. The analysis study has been done by Eigen frequency
study and frequency domain study. The Surface displacement
at natural frequency, the displacement at frequency variation
up to 100 kHz and Surface displacement and Eigen frequency
for second modal frequency is as shown in fig 9.a, 9.b and 9.c
respectively.
B. Structure with cavity Neck.
The simulation of the structure with cavity neck of radius
750µm is as shown in fig.10. The analysis study has been
done by Eigen frequency study and frequency domain study.
The surface displacement at natural frequency, the
displacement at frequency variation up to 100 kHz and
surface displacement and Eigen frequency for second modal
frequency is as shown in fig 10.a, 10.b and 10.c respectively.
The first modal frequency and displacement ranges for
structure with open cavity and that with cavity neck of 1500
µm diameter is as shown in fig. 11.a and 11.b respectively.
From fig.11, it is clear that the pressure amplification due to
resonance is better with cavity neck due to which the
displacement of 0.28 µm and also the first modal frequency is
less with cavity neck (11.076 kHz). The bandwidth is better
with cavity neck as compared to open cavity as shown.

1.

10

3603.9

2.

20

7206.8

3.

25

9007.9

4.

30

10809

V. CONCLUSION

5.

40

14411

The design analysis of diaphragm that can be used for
piezoelectric acoustic sensor has been designed and simulated
for stationary and dynamic performance analysis. At first, the
shape of the diaphragm is analyzed keeping the area applied
to the pressure constant. It is found that the circular
diaphragm has better response as compared to the other
conventional shapes. Further the radius and thickness of the
diaphragm are analyzed to match the acoustic frequency
range. It has been found that the circular diaphragm having
radius 3000 µm and thickness 30 µm has fabrication
feasibility and the natural frequency in acoustic range.

From Table-III, it is clear that the circular diaphragm of
thickness 30 µm is suited for acoustic frequency range.
IV. STRUCTURE ANALYSIS
The final proposed structure has been simulated with 30 µm
thick and 3000 µm radius diaphragm and upon which a
piezoelectric layer of 1 µm sandwiched between two
Aluminum electrodes of 300 nm. The cavity has been formed
by back etching the silicon wafer by a depth of 300 µm. The
dimensions are chosen keeping in mind the structure

Fig.7.Simulated Eigen frequency study of a circular diaphragm with radius a)500 µm b)1000 µm c) 2000 µm d)3000 µm
e) 4000 µm.
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Fig.8.Simulated Eigen frequency study of a circular diaphragm with thickness a)10 µm b)20 µm c) 25 µm d)30 µm e) 40
µm.

Fig.9. Structure without cavity neck. a) Surface displacement and Eigen frequency for natural frequency b) Frequency
vs displacement c) Surface displacement and Eigen frequency for second modal frequency.

Fig.10. Structure with cavity neck. a) Surface displacement and Eigen frequency for natural frequency b) Frequency vs
displacement c) Surface displacement and Eigen frequency for second modal frequency.

Fig.11. Frequency vs displacement graph. a) with open
cavity b) with cavity having neck of 1500 µm diameter.
These dimensions are further utilized to design the complete
sensor structure with cavity. The analyses are also done to
understand the effect of cavity neck on the dynamic response.
From the simulation, it was observed that the deflection was
better for the structure with cavity neck of diameter 1500 µm
due to amplification of pressure during resonance. All the
dimensions of the structure are
designed to make the fabrication
of the device feasible.
Retrieval Number F9262088619/2019©BEIESP
DOI: 10.35940/ijeat.F9262.088619
Journal Website: www.ijeat.org

4114

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

Dynamic And Stationary Performance Analysis Of Diaphragm Based Acoustic Pressure Sensor
REFERENCES
1.
2.

3.

4.

5.

6.
7.
8.

9.

10.

11.

12.

13.

W. H. Ko. 1986. Solid-state capacitive pressure transducers. Sensors
and Actuators. Vol. 10, pp. 303–320.
H. L. Chau and K. D. Wise. 1987. Scaling limits in batch-fabricated
silicon pressure sensors. IEEE Trans. Electron Devices. Vol. ED- 34,
pp. 850–858.
K. Suzuki, S. Suwazono and T. Ishihara. 1987.Cmos integrated silicon
pressure sensor. IEEE J. Solid-State Circuits. Vol. SSC-22, pp. 151–
156.
J. T. Kung. and H.-S. Lee. 1992. An integrated airgap-capacitor
pressure sensor and digital readout with sub-100 attofarad resolution.
IEEE J.Microelectromech. Syst. Vol. 1, pp.121–129.
C. H. Mastrangelo, X. Zhang. and W. C. Tang. 1996,
Surface-micromachined capacitive differential pressure sensor with
lithographically defined silicon diaphragm. IEEE J. Microelectromech.
Syst. Vol. 5, pp. 89–105.
M. Rossi, Acoustics and Electroacoustics, Artech House: Norwood,
MA, p. 245308. 1988.
D.T. Blackstock, Fundamentals of Physical Acoustics, John Wiley &
Sons, Inc.: New York, p. 153-156. 2000.
Stephen Brian Horowitz, Development of a MEMS-Based Acoustic
Energy Harvester, Doctoral Thesis, Graduate school of the University
of Florida (2005).
Sherif Saleh Ahmad et.al, Electronics Research Institute, Cairo, Egypt,
CEERI, Pilani, India, “Design and Fabrication of Piezoelectric
Acoustic Sensor”, Proceedings of the 5th WSEAS Int. Conf. on
Microelectronics, Nanoelectronics, Optoelectronics, Prague, Czech
Republic, 2006 (pp92-96).
SekipEsatHayber, Timucin Emre Tabaru, Omer GalipSaracoglu, A
novel approach based on simulation of tunable MEMS diaphragm for
extrinsic Fabry–Perot sensors, Optics Communications 430 (2019)
14–23, https: //doi.org/10.1016/j.optcom.2018.08.021.
Design Considerations for Diaphragm Pressure Transducers, Strain
gauges and Instruments, Tech Note TN-510-1, Micro –Measurements,
Nov.2010.
Ambarish G Mahopatra, Design and Implementation of Diaphragm
Type Pressure Sensor in a Direct Tire Pressure Monitoring System
(TPMS) for Automotive Safety Applications, International Journal of
Engineering Science and Technology (IJEST).
K. Y. Madhavi, et.al. Diaphragm Design for MEMS Pressure Sensors
using a Data Mining Tool, Proceedings of the World Congress on
Engineering 2011 Vol II, WCE 2011, July 6 - 8, 2011, London, U.K.

Dr. H M Ravikumar has a doctorate from IIT Bambay in
Electrical Engineering. He is currently working as
Professor in Electrical and Electronics Engineering, Nitte
Meenakshi Institute of Technology, Bangalore. His areas
of interest are power system operation and control,
Reliability Engineering, AI applications in Power systems, Fuzzy logic and
neural network and renewable energy. He has published several papers in
Reliability Engineering, AI applications in power systems and fuzzy logic,
Power quality and renewable energy in several peer reviewed journals.

AUTHORS PROFILE
Mrs. Vasudha Hegde is currently working as Associate
Professor in Department of Electrical and Electronics
Enegineering, Nitte Meenakshi instutute of
Technology, Bangalore. She has done her
undergraduate degree in Electrcical and Electrconics
Engineering and Masters degree in Computer
Applicatios in Industrial Drives. She is persuing her Research in energy
harvesting using MEMS Sensors. Her research interestes are MEMS
Sensors, Piezoelectric Sensors, Renewable Energy, Industrial Drives and
low power electronic devices. She has published several papers in
international conferences and peer reviewed journals.
Dr. Siva S Yellampalli has a Doctorate in Electrical
Engineering. His areas of concentration are hardware
design, VLSI, integrated circuit design, and embedded
systems. He is currently working in the Research and
Training Division at UTL Technologies Ltd in the field of
Communication and Low Power VLSI Design, and Verification and MEMS
sensors. His expertise and experience can be summarized as , proficient in
systems level design and validation using microprocessors, ADCs, DACs,
and FPGAs, Strong problem solving techniques and excellent lab debugging
skills, Extensive academic and research experience in IC design, VLSI, MOS
and bipolar devices, semiconductor device physics, and device modelling,
He also has experience with L-Edit, Cadence, SPICE, VHDL, Verilog,
C/C++, MATLAB, LabView. He has published several papers in IC design
for peer-reviewed journals and international conferences with specialties
Hardware systems level design, IC design, physical modelling, chip
testing/validation, embedded systems.

Retrieval Number F9262088619/2019©BEIESP
DOI: 10.35940/ijeat.F9262.088619
Journal Website: www.ijeat.org

4115

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

