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A new tunable structure with a Three Leaf Clover (TLC) geometry has been proposed for use in diaphragm-
based acoustic pressure sensors. The sensitivity and frequency response of this new structure, which will be
an alternative to conventional circular diaphragms, was accomplished using Finite Element Method (FEM)
and numerical analysis techniques. As a result of the analysis, sensitivity and frequency response approaches
were obtained for the tunable-TLC structure. These approaches provide researchers to design diaphragms
more convenient. Conventional circular diaphragms can be easily converted to TLC diaphragms by means of
micro-electromechanical systems (MEMS) thus can be tuned up to 5 times for sensitivity and up to 1/3 times
the fundamental frequency without altering the thickness and radius of the diaphragm. Obtained approach
expressions were compared with FEM results for practical design purposes in a wide range of tunable parameters,
and the average errors were below 2.5% for the sensitivity and below 0.5% for the fundamental frequency

response, respectively.

1. Introduction

Diaphragm-based fiber optic sensors have been utilized in many
application areas due to their high sensitivity, small size, immunity to
electromagnetic interference, flexibility, easy adaptability to construc-
tion, low energy consumption and resistance to severe environmental
conditions. Some of these are biomedical [1,2], gas detection [3—
5], underwater applications [6-8], infrasound [3,9,10] and ultrasound
applications [8,11,12], acoustics [13-16], pressure [17-19], acoustic
pressure [20-22], and partial discharge [23-25].

Diaphragm-based sensors are most commonly consisted of with the
principle of Extrinsic Fabry—Perot Interferometry (EFPI) [2]. Similarly,
the most common use of the Fabry-Perot (FP) interferometry is in
diaphragm-based applications where one of the two reflective surfaces
is formed with a diaphragm [19-26]. Since the diaphragm is the most
important part of the diaphragm-based EFPI fiber acoustic pressure
sensors [27], the operating performance of the sensor is directly de-
termined by the diaphragm design. The most important parameters
affecting this performance are operating range, sensitivity, linearity
and tunability. These are achieved by center deflection and frequency
response analysis, which are the two most important characters of
the diaphragm [12]. Sensitivity and frequency response of the sensor

can be adjusted by changing the thickness and surface length of the
diaphragm. For example, reducing the thickness of the diaphragm
increases sensitivity, however, this situation may not suitable for each
diaphragm material, because it is a difficult process to produce the
diaphragm in sub-micrometer thickness for the most commonly used
silicon or silica materials [18,21]. Although another way to increase
sensitivity is to increase the surface length of the diaphragm, this results
in large sensing tips which are not useful for sensor miniaturizations. In
many studies, the effect of diameter on the frequency and sensitivity
has not been utilized since the inner diameter (125 pm) of the standard
ceramic ferrules determines the size of the diaphragm [11,18,21,25].
Considering these restrictions, one can conclude that tuning can be
made much easier with geometries that have parameters other than
thickness and surface length. With the aid of the developing Micro
Electromechanical Systems (MEMS), it is easy to produce diaphragms
in desired geometries [23,24,28,29].

In this study, the sensitivity and frequency response of the diaphragm
geometry proposed as Three Leaf Clover (TLC) with an innovative
approach to conventional circular diaphragm geometry is analyzed by
Finite Element Method (FEM) and analytical methods. As a result of
FEM and theoretical analysis, an approximate expression is developed
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Fig. 1. The structure of diaphragm-based fiber optic EFPI sensor system.

for the TLC-shaped diaphragm. Thus, it is aimed to provide ease of
design for sensor sensitivity and operating frequency. It has also become
possible to produce tips with different frequency and sensitivity values
without changing the diaphragm diameter and thickness. It has been
shown that the sensitivity and the fundamental resonance frequency of
the current sensor can be adjusted to 5 times and 1/3 times the desired
value, respectively, without changing the diameter and thickness values,
thanks to the proposed geometry.

2. Materials and methods
2.1. Conventional diaphragm geometry

Optical interference theory and diaphragm dynamic vibration analy-
sis constitute the two basic principles of diaphragm-based EFPI sensors.
The optic intensity at the sensor output is determined by the two
basic mechanisms, which are optical interference theory and diaphragm
dynamic vibration analysis. Fig. 1 shows that operating principle of
this sensor system, which consists of a sensor tip, a semiconductor
light emitter capable of operating in different wave lengths, an optical
receiver and fibers providing the connection between the components.
A 3 dB fiber coupler is used to receive the reflected signal and reduce the
optical feedback which comes back to the source. The sensor tip consists
of two interfaces, the first one is the fiber-air interface and the other
one is the air-diaphragm interface. When the light beam emerging from
the light source reaches the sensor tip, it encounters two the different
interfaces. A part of the light is reflected from the first interface and the
remaining part reaches the diaphragm surface through the air gap. A
large part of the light beam is also reflected from the second interface
and comes back to the first interface and enters the fiber. The light beam
entering the fiber reaches the photodetector via passing through the
circulator [25]. The detector converts the light beam to the electrical
signal and transfers it to the signal processing unit. Thus, when the
diaphragm is exposed to an acoustic pressure while continuous multiple
reflections continue, a change in FP cavity occurs because of flexing of
the diaphragm. The change in the FP cavity causes a variation in the
phase of the light and this variation in phase affects the optic intensity
at the output through the interferometer. Detection is achieved when the
optic intensity at the output is related to the acoustic pressure acting on
the diaphragm surface.

Diaphragm-based EFPI sensors are based on the dynamic vibration
analysis of diaphragms in addition to the above-mentioned optical in-
terference theory [19,23,25]. The mechanical properties and geometric
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dimensions of the diaphragm material determine the sensitivity and
frequency response of the sensor system to acoustic pressure. The sensi-
tivity and frequency response of the sensor must match the measurand.
This is achieved if a diaphragm is designed which is sensitive to the
intensity and frequency of the acoustic pressure. Under applied pressure,
the center deflection of a circular and rigidly clamped round diaphragm
is given by [29]:
J 3(1-02) Pt )
T 16EP W
where v is Poisson’s ratio, P is applied pressure, E is Young’s modulus,
r and t are radius and thickness of the diaphragm, respectively. The
amount of the deflection at the center of the diaphragm depends on
the mechanical properties (i.e., v and E) of the diaphragm material and
geometric dimensions (i.e., r and ). The sensitivity (.5) to the amount
of the deflection under unit pressure is defined by [10]:

s=2
P

The sensitivity increases with increasing amount of the radius and
decreases with increasing thickness. The fundamental natural frequency
of a circular and fixed diaphragm is [14]:

s_lo2n [E
27r? 12p(1 — v2)

where p is the mass density of the diaphragm. Sensitivity, as well
as the frequency response, depends on the material properties and
geometric dimensions. The effect of the radius and the thickness on
the frequency is the opposite of the effect on sensitivity. That is, while
the increasing amount of radius reduces the frequency, the increased
amount of thickness increases the frequency.

(2)

3

2.2. New geometric approach for diaphragm design

The design of the sensors at the desired frequency and sensitivity
values is of great importance for the detection of the measurand. For
example, to obtain narrowband and high sensitivity acoustic sensors,
the sensor should be operated the values where close to the resonance
frequency. In some cases, diaphragm-based EFPI sensors require a
wide range of flat frequency response, which must be at least three
to five times greater than the highest frequency value of measured
frequency [29]. Similarly, sensors that will detect infrasound [10]
and ultrasound [8] signals should have different sensitivities. To
achieve this, there are different diaphragm geometries in the litera-
ture [12,23,24,30,31], although, these geometries are not as common
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Table 1
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Fig. 2. The structure of diaphragms (a) TLC (b) Conventional circular.

Sensitivity S (nm/kPa) of TLC for r; = r,/2 and Circular Diaphragms (CD).

r,(pm) Thickness 1 = 5 pm Thickness 7 = 10 pm Thickness 7 = 15 pm Thickness 7 = 20 pm

CD TLC CD TLC CD TLC CD TLC

a =120° to 10° a =120° to 10° a =120° to 10° a =120° to 10°

300 160.93 160.93-564.40 19.98 19.98-71.17 5.97 5.97-21.23 2.53 2.53-9.05
400 509.92 509.92-1762.8 63.69 63.69-221.75 18.78 18.78-66.09 7.88 7.88-27.98
500 1244.3 1244.3-4249.1 155.50 155.50-535.03 45.85 45.85-158.97 19.31 19.31-67.53
600 2582.8 2582.8-8714.0 321.86 321.86-1096.2 94.85 94.85-326.44 40.26 40.26-138.27
700 4779.7 4779.7-15913 597.98 597.98-2011.5 176.95 176.95-597.52 74.38 74.38-253.36

as circular diaphragms. Circular geometries are very common due to
the fact that they are compatible with standard fiber components and
the mathematical models are available [3,4,6,10,27,11,13-16,18-22].
Many researchers used Egs. (1) and (3) when performing diaphragm
designs [10,14,25,29]. The sensitivity and the frequency response of
the conventional circular diaphragm are controlled by two geometric
dimensions (Fig. 2b). Since, the limitations mentioned in Section 1 can
occur for both parameters, there is need for tunable structures with
different sensitivity range and frequency responses by including the
influence of other design parameters.

In our study, a diaphragm geometry in the form of a Three Leaf
Clover (TLC) is shown in Fig. 2a. This structure will have higher tunabil-
ity because it contains more parameters than the conventional circular
geometry. Due to the introduced geometry, sensor tips with different
sensitivity and frequency ranges can be produced in cases where the
diaphragm thickness and diameter cannot be changed. Contrary to
other studies, the proposed TLC geometric approach confirms itself
by reaching the conventional diaphragm structure at the limit values.
Another interesting advantage of the new geometry is that there will be
no need for additional external air hole to compensate the external and
internal pressures [3,4,13,22].

3. Numerical analysis

Different numerical values were selected describing the TLC di-
aphragm, outer radius r,, inner radius r;, thickness ¢ and leaf angle «a. Fi-
nite Element Method (FEM) based numerical simulation was performed
by using static structural analysis to examine the effects of these param-
eters on the deformation reaction and modal analysis was performed
for the frequency response. The effects of TLC diaphragm parameters
on sensor sensitivity and frequency response were investigated. Finally,
diaphragm deflection and frequency response equations were produced
as a result of these analyzes.

In the analyzes, silica (SiO,) was selected as the diaphragm material.
Since our main goal in this work is to develop a general approximation
model, the parameters have been chosen over a wide range. In other
words, the diaphragms to be produced with the selected parameters will
have very different sensitivity ratings.

3.1. Static structural analysis of diaphragm deflection

For the diaphragms formed with thicknesses 7 of 5, 10, 15 and 20 pm,
and the outer radius r, values are chosen as 300, 400, 500, 600 and
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700 pm, respectively. During the analysis, the inner radius r; is increased
up to the outer radius, and the leaf angle a values were increased from
10° to 110° with 10° of steps. The obtained static structural analysis
results are shown in Figs. 3 and 4 for the thickness values of 10 pm and
15 pm, respectively.

As seen in Figs. 3 and 4, the sensitivity decreases with increasing the
diaphragm thickness and decreasing the diaphragm outer radius. It is
determined that there is a proportion of S « 1/ between sensitivity
and thickness. In addition, there is also a proportion of S « r‘; between
sensitivity and outer radius. This is also compatible with Eq. (1), which
is applied to conventional circular diaphragms (CD). Thus, the effect of
the thickness and the radius on the circular geometries are valid for the
TLC diaphragm. When the inner radius is chosen to be equal to half of
the outer radius or greater than half of the outer radius, r; > r,/2, the
results come close to each other. From the numerical results obtained, it
is determined that there is a proportion of .S « 1/ \/Z is between the leaf
angle and sensitivity. Also, when inner radius is equal to half of outer
radius, r; = r,/2, the dynamic range reaches the highest value. The
general nature of the graphs created for diaphragms with thickness of
5 pm and 20 pm is similar to those given in Figs. 3 and 4. Thus these
interpretations are also valid for diaphragms with thickness of 5 pm
and 20 pm. By changing these parameters, diaphragms with a degree of
sensitivity that scan a very large scale have been created. This situation
is shown in Table 1. For example, the first row of Table 1 summarizes
that the sensitivity for + = 5 pm and r, = 300 pm can be tuned between
160.93-564.40 nm/kPa for TLC diaphragm while it remains constant at
160.93 nm/kPa for CD diaphragm.

3.2. Modal analysis of diaphragm natural frequency

For the diaphragms formed with thicknesses  of 5, 10, 15 and 20 pm,
and the outer radius r, values are chosen as 300, 400, 500, 600 and
700 pm, respectively. During the modal analysis, the inner radius r; is
increased up to the outer radius, and the leaf angle « values are increased
from 10° to 110° with 10° of steps. The obtained modal analysis results
are shown in Figs. 5 and 6 for the thickness values of 10 pm and 15 pm,
respectively. The general nature of the graphs created for diaphragms
with thickness of 5 pm and 20 pm is similar to those given in Figs. 5 and
6.

As can be seen from Figs. 5 and 6, the fundamental resonance
frequency increases with increasing thickness of the diaphragm, and
there is a proportion of f o« ¢ between the fundamental resonance
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Fig. 3. The Change of the sensitivity ratings of the TLC and the conventional Circular Diaphragms (CD) according to the angle at t = 10 pm thickness for different
geometric parameters: (a) r, = 300 pm; (b) r, = 400 pm; (c) r, = 500 pm; (d) r, = 600 pm.

Table 2

Fundamental resonance frequency f (kHz) of TLC for r; = r,/2 and Circular Diaphragms (CD).

r, (pm) Thickness t =5 pm Thickness t = 10 pm Thickness t = 15 pm Thickness t = 20 pm
CD TLC CD TLC CD TLC CD TLC

a=10° to 120° a=10° to 120° a=10° to 120° a=10° to 120°
300 152.53 68.633-152.53 304.84 135.84-304.84 456.45 201.85-456.45 606.14 266.78-606.14
400 85.78 38.613-85.78 171.58 76.698-171.58 257.21 114.30-257.21 342.41 151.47-342.41
500 54.90 24.752-54.90 109.81 49.187-109.81 164.81 73.451-164.81 219.45 97.420-219.45
600 38.12 17.235-38.12 76.26 34.225-76.26 114.57 51.103-114.57 152.39 67.939-152.39
700 28.02 12.656-28.02 56.02 25.190-56.02 84.04 37.610-84.04 112.12 50.003-112.12

frequency and the thickness. As the outer radius value increase, the
frequency decreases and there is a proportion of f « 1/r,2 between
the frequency and the outer radius. This is also compatible with Eq. (3),
which is applied to conventional circular diaphragms. The effect of the
thickness and radius on the natural frequency for the circular diaphragm
is also valid for the TLC diaphragm. When the inner radius is chosen to
be equal to half of the outer radius or greater than half of the outer
radius, r; > r,/2, the results are come close to each other. From the
numerical results obtained, it is determined that there is a proportion of
f « a'/3 between the leaf angle and frequency. Also, when inner radius
is equal to half of outer radius, i.e. r; = r,/2, the dynamic range gets the
highest value. These interpretations are also valid for diaphragms with
thickness of 5 pm and 20 pm. By changing these parameters, diaphragms
with a wide range of frequency values have been created. This situation
is shown in Table 2. For example, the first row of Table 2 points out that
the frequency response for t = 5 pm and r, = 300 pm can be tuned from
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68.633 kHz to 152.53 kHz for TLC diaphragm while it remains constant
at 152.53 kHz for CD diaphragm.

3.3. Effect of material properties on diaphragm performance

After the effects of the geometric dimensions on the sensitivity and
the frequency response were determined, the analysis was performed
by using the circular diaphragm equations to find out the effect of the
material properties of the diaphragm. For this purpose, the results of
the pre-made static structural analysis using SiO, and the contribution
of the material properties in Eq. (1) were used as seen in Eq. (4):

2 4
S dsio, 3 (1 _USi02>r
Si0y — P - 16E5i02t3

1-0v%,
—ax 5102(4)

Esio,

_ 2
3 1=050,

T3S

Esio,
where a, represents a constant which is only depending on the geo-
metrical dimensions. The analysis results for SiO, were normalized by
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Fig. 4. The Change of the sensitivity ratings of the TLC and the conventional Circular Diaphragms (CD) according to the angle at t = 15 pm thickness for different
geometric parameters: (a) r, = 300 pm; (b) r, = 400 pm; (c) r, = 500 pm; (d) r, = 600 pm.

dividing into SiO, material properties (E = 73 GPa, v = 0.17, p = 2200
kg/m3, [32]). Subsequently, when the value of SiO, sensitivity is divided
by the values of SiO, and the result is multiplied by the values of silicon
(Si) (E = 163 GPa, v = 0.27, p = 2330 kg/m3, [33]):, the sensitivity value
of Si is obtained. This is given in Eq. (5).

2
Ssio, 1-vg;
Ssi=— 5 (%)
1=Vsi0, Si
Esio,

The consistency of this approach according to the numerical results
will give us an important way to understand the effects of material
properties.

Eq. (5) was tested with FEM results by using different geometric
dimensions for the TLC diaphragm and the errors for Eq. (5) are under
2%. These results were shown with error bars in Fig. 7. The average
error was found to be 1.03%.

To understand the effects of material properties on sensitivity,
we repeated the analyzes regarding the frequency response. For this,
the results of the pre-made the modal analysis using SiO, and the
contribution of the material properties in Eq. (3) were used:

foo = 10211 Esio, 1021 Esio,
SiO, — =
T 20\ 20510, = 050) 2/ 12202\ Psi0,(1 = Vo)
Ee.
= bx SiOy (6)

2
Psio,(1 = Vg0,

where b represents a constant, which is only depending on the ge-
ometrical dimensions. The analysis results for SiO, were normalized
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Table 3
Effects of t, r,, « and material properties on S and f.

t r, a Material properties
itivi 3 4 12
Sensitivity (S) 1/t r, cxl/\/a x
Fundamental frequency (f) ot «1/r,> xa'/? o« £

p(1=0?)

by dividing into SiO, material properties. Then, we obtain the natural
frequency value of Si when the result is multiplied by the values of
silicon (Si):

[sio Eg;
fsi= — X X

2
Esio, psi(l =vg,)

)

5]
p5i0, 1=V,

The Eq. (7) approach was tested with FEM results by using different
geometric dimensions for the TLC diaphragm and the errors for Eq. (7)
are under 1%. These results were shown with error bars in Fig. 8. The
average error was found to be 0.22%.

3.4. An approach for TLC diaphragm

An approach that does not require multiple simulation processes for
TLC diaphragms by combining all the analysis results from Sections 3.1-
3.3 is developed in this section. Table 3 summarizes the effects of
TLC diaphragm parameters on diaphragm sensitivity and fundamental
frequency response.
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Fig. 5. The frequency response of the TLC and the conventional Circular Diaphragms (CD) according to the angle at + = 10 pm thickness for different geometric

parameters: (a) r, = 300 pm; (b) r, = 400 pm; (c) r, = 500 pm; (d) r, = 600 pm.

When the condition of r; = r,/2 mentioned in Section 3.1 is met, the
dynamic range is maximized, conditions of S « 1/4/a and f « a'/? are
derived, and also, design simplicity is established. Egs. (8) and (9) show
the expressions for the sensitivity and fundamental frequency response
of the regression analysis (R> = 0.9988 for sensitivity and R?> = 0.9989
for fundamental frequency) on the static structural and modal analysis
results with different ¢, r, and a values from the TLC constructions
satisfying the condition r; = r, /2.

d 3(1=02)
Srrc = T;C = ( ) Z—ir=r,/2 (8)
16Et34/a/120°
10.211(a/120°)1/3 E
= s =r,/2 9
fric 2272 1/ 12501 — %) ri=r,/ )

Egs. (8) and (9) are the most important contributions of our work
because they can represent the sensitivity and fundamental frequency
of a tunable diaphragm with a simple but effective way. In order to see
the utility ranges of Egs. (8) and (9), we generated .S and f values for
different parameters selected over a wide range. FEM analyzes of TLC
structures with the same geometry were also performed and the results
were compared in Figs. 9 and 10 with error bars. The average error was
found to be 2.38% and 0.22% for the sensitivity and the fundamental
frequency response, respectively. Note that, our main goal in this work
was to present a simple way for design purposes. Egs. (8) and (9) have
been obtained after 1488 3d drawings and 2976 total computations
belonging to the drawings. We hope these computations will help to
an easy MEMS fabrication.
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Egs. (10) and (11) represent the upper boundary conditions of
Egs. (8) and (9) for values of the leaf angle.

a_l,i[nzl()o STLC = Scircular (10)
lim o fTLC = fcircular (11)
a—120

When the boundary condition of @ = 120° is satisfied, TLC approxi-
mates to the conventional circular structure. As can be shown in Figs. 9
and 10, S and f values are overlapped when a goes to 120° . On the
other hand, when the leaf angle, a, goes to the lower limit of 5° , the
following relationships exist:

(}i_)n;o Srrc =5 X Seireutar 12
lim fTLC — fcircular (13)
a—5° 3

In this case, when the FEM results were compared with the results
of the approach proposed in this work, the average errors were less
than 2.5% for the sensitivity and less than 0.5% for the fundamental
frequency response, respectively.

Our calculations show that sensitivity and the frequency response
the measurement range can be tuned between 2.53-15913 nm/kPa,
12.656-606.14 kHz, respectively. Also, the measurement range can be
adjusted from 0.1 Pa for FP cavity length change of 1.59 nm to 2.37
MPa for the diaphragm’s mechanical strength limit of 6 pm. Generally,
in order to ensure the linearity of the deflection at the center point,
the deflection amount should be less than 30% of the diaphragm
thickness [34].
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4. Conclusions

For the first time in the literature, we proposed that a TLC-shaped
diaphragm geometry would provide significant advantages to be able to
design simplicity for the diaphragm-based EFPI fiber acoustic pressure
sensors. For this purpose, we have achieved a wider operating range
by increasing the number of parameters used in tuning, so that the
sensor can precisely respond to the physical parameter being measured.
We have analyzed both the sensitivity and the frequency response of

20

this new structure using finite element method and numerical analysis
techniques. As a result of the analyzes, it has been shown that we
can increase the sensitivity of the acoustic sensor by about 5 times
without changing the diameter and thickness when we converted a
circular diaphragm to TLC diaphragm. In addition, the sensor can
be capable of taking a value up to 1/3 of its original fundamental
resonance frequency value and narrow band sensors can be acquired
which can operate at values close to the desired frequency value.
Many researchers who design diaphragm-based sensor for acoustic
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pressure benefit from the analytical models of circular diaphragms
in the literature. For this reason, we have obtained sensitivity and
natural frequency approaches for TLC-like structures. We compared the
obtained approaches with the FEM-based simulation results. In addition,
since TLC will provide pressure balance of the sensor tip because of its
geometrical structure, it does not be required to drill holes on the sensor
tips.
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