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Abstract: In this study, the effects of mesa dimensions on sensor response in diaphragm-based Fabry-
Perot fiber optic sensors (FOSs) were investigated in detail. Mesa diaphragms, also called center-
embossed diaphragms, have been discussed sufficiently in the literature, but the effect of mesa thickness 
on sensor performance has not been discussed in detail. Moreover, there is no precise analytical solution 
for such diaphragms. For this reason, diaphragms with different thicknesses and radii were selected, and 
the deflection and frequency responses of the diaphragm according to the applied acoustic pressure were 
analyzed using the ANSYS software, depending on whether the mesa is thinner or thicker than the 
diaphragm. If the thickness of the mesa is smaller than the thickness of the diaphragm, the center 
deflection changes drastically. However, if the thickness of the mesa is two times greater than the 
thickness of the diaphragm, there is no significant change in the deflection results. Similarly, if the mesa 
thickness is thinner than the diaphragm, the sensor’s frequency response changes drastically with 
increasing mesa radius. In cases where the mesa thickness is larger than the diaphragm thickness, the 
frequency response changes less. According to the results, mesa dimensions should be considered when 
designing a mesa diaphragm-based Fabry-Perot FOS. 
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Fabry-Perot İnterferometre Tabanlı Sensörlerde Mesa Boyutlarının MEMS Diyaframlar Üzerine 
Etkisi 

Öz:  Bu çalışmada diyafram tabanlı Fabry-Perot boşluklu fiber optik sensörlerde mesa boyutlarının 
sensör tepkisine etkileri detaylı olarak incelenmiştir. Literatürde ortası yükseltilmiş veya mesa olarak 
adlandırılan diyaframlar yeterince tartışılmış fakat mesa kalınlığının sensör performansına etkisi detaylı 
tartışılmamıştır. Bu tarz diyaframların kesin analitik çözümü ise bulunmamaktadır. Bu nedenle farklı 
kalınlık ve yarıçapa sahip diyaframlar seçilerek mesanın diyaframdan ince olması ve kalın olması 
durumlarına göre diyaframın, uygulanan akustik basınca göre esneme ve frekans tepkileri ANSYS 
programı kullanılarak analiz edilmiştir. Mesanın kalınlığı diyaframın kalınlığından küçük olması 
durumunda merkez esnemesi ciddi olarak değişmektedir. Ancak mesa kalınlığının diyaframın 
kalınlığından 2 kat büyük olması durumunda ise esneme sonuçlarında ciddi bir değişim olmamaktadır. 
Benzer şekilde mesa kalınlığının diyaframdan ince olması durumda sensörün frekans cevabı artan mesa 
yarıçapı ile ciddi olarak değişmektedir. Mesa kalınlığının diyafram kalınlığından daha büyük olduğu 
durumlarda ise frekans cevabı daha az değişmektedir. Elde edilen sonuçlara göre mesa diyafram tabanlı 
Fabry-Perot boşluklu fiber optik sensör tasarlanırken mesa boyutları dikkate alınmalıdır. 
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1. INRODUCTION 

Fiber optic sensors (FOSs) have a wide dynamic range, high sensitivity, electrical isolation, 
small size, and resist harsh environments (Nuclear Regulatory Commission, 1994, Lű, 2015). 
Thanks to these advantages, it has broad application areas. Some of these application areas are 
temperature sensing in composite materials (Ramakrishnan et al., 2016), triaxial strain 
measurement (Mawatari et al., 2008), underwater acoustic applications (Cranch et al., 2003), 
biomedical applications (Tosi et al., 2018), aero-engine application (Fernández et al., 2021), 
smart textile applications (El-Sherif et al., 2000), structural health monitoring (Alwis et al., 
2021), space applications (Jin et al., 2020), marine environment and marine structural health 
monitoring (Min et al., 2021), biogas reactors (Şahin & Khyber 2021), power transformer 
monitoring (Betta et al., 2001). Since the detection is done through light in FOSs, the 
measurement speed and continuous sampling make them the main reason for preference. FOSs 
are designed in different configurations according to the parameter to be measured (Sripriya & 
Jeyalakshmi, 2007). The most sensitive sensing configuration is the interferometric one among 
the FOSs. FOSs with Fabry-Perot interferometers (FPIs) are the most sensitive among them. 

Pressure sensors based on the FPI have shown promising results for obtaining static and 
dynamic pressure measurements. Many studies were carried out with diaphragms with different 
geometric dimensions and made of different materials (Sun et al., 2007, Chin et al., 2007, Totsu 
et al., 2004). The sensors spread over an extensive area such as biomedical (Poeggel et al., 
2015), gas detection (Gong et al., 2018), underwater applications (Wang et al., 2014), 
infrasound (Liao et al., 2017), and ultrasound applications (Rong et al., 2017), acoustics (Mao et 
al., 2017), pressure (Xu et al., 2012), acoustic pressure (Cheng et al., 2015), partial discharge in 
power transformers (Deng et al., 2001). These sensors consist of a fiber end surface and a 
diaphragm sensitive to the acoustic signal (Hayber et al., 2018). Acoustic pressure sensors are 
being investigated extensively (Wang et al., 2014). Among the factors determining the pressure 
sensitivity of Fabry-Perot sensors are the diaphragm material and the dimensions. The light 
from the optical fiber is modulated and detected by the deflection of the diaphragm under 
pressure. 

Misalignment between the fiber and the diaphragm during manufacture causes uncertainty 
in the light intensity reflected into the fiber. An embossment added to the diaphragm increases 
the flatness in the middle of the diaphragm. In this case, the loss of light reflected from the 
diaphragm is reduced (Sun et al., 2008). Although analytical solutions have been described for 
flat diaphragm sensors, there is no complete analytical solution including all mesa parameters 
for mesa diaphragms. In the study of Padron et al., an analytical model is valid when the mesa 
thickness is at least six times greater than the diaphragm thickness. In the study of Sun et al., a 
design guideline is given for cases where the thickness of the mesa is not greater than the 
thickness of the diaphragm. The study made by Ge et al. differs from models discussed by 
Padron et al. and Sun et al. with an unconditional analytical model that includes all diaphragm 
and mesa parameters. Since these analytical models are not precise and are obtained from 
certain approaches, they need simulation and experimental validation. 

Moreover, a center-embossed MEMS structure was used in different studies such as 
pressure sensors (Ge et al., 2008, Yıldız, 2021), micro pressure sensors with a silicon diaphragm 
(Tian et al., 2018), catheter applications (Katsumata et al., 2000), FPIs (Padron et al., 2010), 
medical applications (Totsu et al., 2004). When all the literature is examined, there is no 
detailed frequency analysis of the mesa diaphragm’s thickness according to the main 
diaphragm’s thickness. In literature, a limited case was investigated by Sun et al. where the ratio 
of the mesa and the diaphragm’s radius is 0.186. In addition, when the applied articles are 
examined, the mesa radius varies, but there is no detailed study to reveal the nature of the 
frequency response to these changes. 

In the present study, the effects of mesa thickness and radius on MEMS diaphragms were 
investigated by ANSYS simulations. Static structural and modal analyses are conducted to 
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understand mesa diaphragms’ deflection and frequency response. There are different numerical 
approaches related to the deformation of mesa-structured diaphragms. The existence of different 
models in the literature to analyze the deflection of center-embossed diaphragms reveals the 
necessity of verifying these results with simulation or experimental results. The effect of mesa 
thickness and radius on deflection has been analyzed from thin to thick mesa dimensions. The 
frequency response of the different mesa dimensions is also obtained for MEMS diaphragms as 
a novel. The presented study analyzes in detail that the frequency response may differ. In our 
study, the cases where the mesa and diaphragm thickness ratio is less than one and greater than 
one are shared with the literature. 

2. MATERIAL AND METHOD 

2.1. FPI with Mesa Diaphragm 

The system shown in Figure 1 consists of a sensor tip, a semiconductor light emitter that 
can operate at different wavelengths, an optical receiver, and fibers that connect components. 
The 2×1 fiber coupler is used to transmit light to the diaphragm and transmit reflected light to 
the detector. The incidence light is first reflected from the end of the fiber. The remaining light 
passes through the air gap and is partially reflected from the diaphragm surface. As seen in 
Figure1a and Figure 1b, these multiple reflections reach the optical receiver over the same fiber. 

 
Figure 1: 

Schematic representation of MEMS diaphragm-based fiber optic Fabry-Perot Interferometric 
sensor structure; 

a. Conventional diaphragm, b. Mesa diaphragm 

Center deflection and frequency response are two essential characteristics of a diaphragm 
(S. E. Hayber et al., 2019). The diaphragm vibrates in a specific resonance frequency range in 
response to the applied pressure. This vibration is detected in the photodetector by reflecting a 
laser beam sent from the other side of the diaphragm. The illustration of the sensing mechanism 
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is given in Figure 1a and Figure1b. The mesa structure provides the advantage of flatness in the 
center of the diaphragm (Ge et al., 2008) (Ge et al., 2016). However, not considering the 
dimensions of the mesa structure in the design can be a disadvantage to the sensor’s sensitivity 
(Ş. E. Hayber & Aydemir, 2021). For this reason, the effects of mesa dimensions on the sensor 
response were examined in detail in this study. 

For ANSYS simulations, silica (E=73GPa, µ=0.17, d=2200kg/m3) is selected both for the 
mesa and main diaphragm. Mesh settings are selected as resolution ‘2’ by activating the 
program-controlled “adaptive sizing” option. At the same time, the transition option has been 
set to ‘slow’ to get more precise results. Dimensions of diaphragm parameters used in this study 
are given in Table 1. In Figure 2, rd and rm represent the diaphragm and mesa radius, and td and 
tm represent the diaphragm and mesa thickness. 

 
Figure 2: 

Mesa-Diaphragm structure and its parameters 

Table 1. Dimensions of diaphragm parameters used in this study 

Main  
Diaphragm  

Name 

Main 
Diaphragm 
Dimension 

(rd, td) 

Variable  
Mesa  

Radius 
rm 

Variable  
Mesa 

Thickness 
tm≤td 

Variable  
Mesa 

Thickness 
tm≥td 

MD1 100µm, 1µm 0–90µm 
(10µm step) 

0.2µm–1µm 
(0.1µm step) 

1µm–10µm 
(1µm step) 

MD2 300µm, 5µm 0–270µm 
(30µm step) 

0.5µm–5µm 
(0.5µm step) 

5µm–50µm 
(5 interval) 

MD3 500µm, 10µm 0–450µm 
(50µm step) 

1µm–10µm 
(1µm step) 

10µm–100µm 
(10µm step) 

According to the analytical solution proposed by Padron et al., the thickness of the mesa 
should be at least six times greater than the thickness of the diaphragm (Padron et al., 2008). 
The deflection equation for a diaphragm under pressure is expressed in Equation 1. In the 
analytical solution proposed by Sun et al., the mesa thickness provides a solution for cases 
where the diaphragm thickness is less than six times (Sun et al., 2008). According to them, the 
deflection equation for a mesa diaphragm under pressure is expressed in Equation 2. In another 
model proposed by Ge et al., there is no prerequisite, and the analytical solution includes the 
mesa thickness, unlike the other solutions above, as seen in Equation 3 (Ge et al., 2008). In this 
context, the simulation results are compared with this Equation 3. 

W1 = AP
P
E

(2rd)4

td3
 (1) 
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Here E is the Young modulus, µ is the Poisson’s ratio, and P is applied pressure. 

Diaphragm parameters used in the equations can be seen in Figure 2. 
Frequency response is vital in determining the frequency range in which the acoustic wave 

will be detected. While there is an analytical solution in the literature for conventional 
diaphragms (Hayber et al., 2018), there is no analytical approach for calculating the resonance 
frequency for mesa diaphragms. 

3. RESULTS AND DISCUSSION 

Since conventional diaphragms are deflected by a radius of curvature depending on applied 
pressure, the researchers used mesa diaphragms to flatten the center of the diaphragm. These 
processes are optimized carefully to detect acoustic signals with minimum loss. The results of 
ANSYS static structural and modal simulation are given in Figure 3a and Figure 3b, 
respectively. Figures correspond to one of the simulated mesa diaphragms (rd=300µm, 
rm=150µm, td=5µm, tm=10µm) made by SiO2 under 1Pa pressure. The simulations are repeated 
by changing the parameters of the main diaphragm and mesa for the same material and pressure. 
Since deflection results represent sensor sensitivity in the FPI, these results are examined in 
detail. 

Firstly, Figure 4 was obtained to understand the effect of the mesa radius as thinner than 
the diaphragm and thicker than the diaphragm for three different main diaphragm sizes (MD1, 
MD2, MD3) with Ansys Static Structural analysis. The figure shows the change in the varying 
mesa dimensions while remaining constant in diaphragm dimensions. Figure 4 shows the mesa 
diaphragm’s sensitivity (nm/kPa) depending on the change in the radius of the mesa. Since the 
sensitivity is S=d/P, it is directly proportional to the deflection in the center. In the analysis, the 
cases of mesa thickness being smaller and larger than the main diaphragm thickness were 
examined separately. 

Accordingly, Figure 4.a-c shows the first case where the mesa thickness is smaller than the 
main diaphragm. The main diaphragm thickness was chosen as 1µm, 5µm, and 10µm values for 
MD1, MD2, and MD3, respectively. Thus, the behavior of both very thin diaphragm structures 
and average thickness values will be understood. In all thickness values, it is observed that the 
sensitivity decreases with increasing the mesa radius as a general nature. In addition, the effect 
of mesa radius on sensitivity increases with increasing mesa thickness. Increasing the radius in 
thick mesa structures decreases the sensitivity rapidly. When the mesa thickness is 0.5µm, the 
dynamic range of sensitivity changes from 160nm/kPa to 140nm/kPa, with a change of 
20nm/kPa for the D2 diaphragm seen in Figure 4b. Whereas when the mesa thickness is 4.5µm 
for the same diaphragm, the dynamic range of sensitivity changes from 160nm/kPa to 40nm/kPa 
with a change of 120nm/kPa. In addition, as can be seen from the analysis results, this change 
differs in different mesa thicknesses. Similar results apply to the MD1 and MD3 given in Figure 
4a and Figure 4c, respectively. 
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Figure 3: 

Isometric view of the simulated mesa diaphragm (rd=300µm, rm=150µm, td=5µm, 
tm=10µm); 

a. Static Structural, b. Modal Analysis 

To better explain the effect of mesa thickness on the deflection behavior, rm=rd/2 is 
selected, and simulation and analytical solutions are compared for MD1, MD2, and MD3 
diaphragms in Table 2, Table 3, and Table 4, respectively. As seen from the tables and 
comparison graphs, in the case of tm<td, the diaphragm’s response changes drastically even at 
very thin mesa thicknesses. However, the current analytical model, which gives more accurate 
results for thick mesa structures, does not allow researchers to see this change. 

Figure 4d-f shows the second case where the thickness of the mesa is greater than the 
thickness of the main diaphragm. Similar to the first case, increasing the radius of the mesa 
tends to decrease the sensitivity. It has been observed that the dynamic range in all cases where 
the thickness of the mesa is twice the thickness of the main diaphragm remains almost the same 
in all cases. This result supports the conclusion suggested by Padron et al. that the mesa effect 
can be neglected if the mesa thickness is greater than the diaphragm thickness. According to this 
approach, the mesa thickness may be negligible in some cases, but the diaphragm deflection 
falls drastically with increasing mesa radius. It can be concluded that the mesa thickness should 
be kept lower than the diaphragm thickness in cases where sensitivity needs to be adjusted. As 
can be seen from the Table 2, Table 3, and Table 4 for MD1, MD2, and MD3 and its 
comparison graphs obtained for rm=rd/2, the mesa effect can be neglected when tm>2td. 
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Figure 4: 

Center deflection vs. mesa radius plots with varying tm a.-c. for tm<td, and d.-f. for tm>td 
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Table 2. The comparison of analytical and simulation results for MD1 
tm 

(µm) 
Simulation 

Results 
Analytical 

Results 
Graphical Comparison 

(rd=100µm, rm=50µm, td=1µm) 
0.1 1.758E-10 1.705E-10 tm≤td 

 

0.2 1.777E-10 1.678E-10 

0.3 1.552E-10 1.659E-10 

0.4 1.352E-10 1.644E-10 

0.5 1.205E-10 1.634E-10 

0.6 1.077E-10 1.626E-10 

0.7 9.682E-11 1.619E-10 

0.8 8.761E-11 1.614E-10 

0.9 7.975E-11 1.610E-10 

1 7.314E-11 1.607E-10 

2 4.233E-11 1.593E-10 tm≥td 

 

3 2.224E-11 1.590E-10 

4 1.931E-11 1.589E-10 

5 1.827E-11 1.588E-10 

6 1.783E-11 1.588E-10 

7 1.757E-11 1.588E-10 

8 1.737E-11 1.588E-10 

9 1.724E-11 1.588E-10 

10 1.713E-11 1.588E-10 
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Table 3. The comparison of analytical and simulation results for MD2 
tm 

(µm) 
Simulation 

Results 
Analytical 

Results 
Graphical Comparison 

(rd=300µm, rm=150µm, td=5µm) 

0.5 1.436E-10 1.105E-10 tm≤td

 

1 1.276E-10 1.087E-10 

1.5 1.134E-10 1.075E-10 

2 1.014E-10 1.066E-10 

2.5 9.129E-11 1.059E-10 

3 8.243E-11 1.053E-10 

3.5 7.553E-11 1.049E-10 

4 6.988E-11 1.046E-10 

4.5 6.523E-11 1.043E-10 

5 6.141E-11 1.041E-10 

10 4.491E-11 1.033E-10 tm≥td 

 

15 4.100E-11 1.030E-10 

20 3.971E-11 1.030E-10 

25 3.909E-11 1.029E-10 

30 3.883E-11 1.029E-10 

35 3.867E-11 1.029E-10 

40 3.870E-11 1.029E-10 

45 3.859E-11 1.029E-10 

50 3.852E-11 1.029E-10 
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Table 4. The comparison of analytical and simulation results for MD3 
tm 

(µm) 
Simulation 

Results 
Analytical 

Results 
Graphical Comparison 

(rd=500µm, rm=250µm, td=10µm) 

1 1.391E-10 1.065E-10 tm≤td 

 

2 1.237E-10 1.049E-10 

3 1.100E-10 1.037E-10 

4 9.842E-11 1.028E-10 

5 8.878E-11 1.021E-10 

6 8.084E-11 1.016E-10 

7 7.435E-11 1.012E-10 

8 6.905E-11 1.009E-10 

9 6.471E-11 1.006E-10 

10 6.115E-11 1.004E-10 

20 4.592E-11 9.958E-11 tm≥td 
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Figure 5: 

Frequency vs. mesa radius plots with varying; 
a.-c. for tm<td, and d.-f. for tm>td 

Contrary to deflection, there is not even an approximate analytic solution for the frequency 
response of mesa diaphragms in the literature. Figure 5 shows the frequency response of the 
mesa diaphragm depending on the change in the mesa radius. In the analysis, the cases of mesa 
thickness being smaller and larger than the main diaphragm thickness were examined 
separately. Mesa-induced varying frequency response analysis was investigated for three main 
diaphragms. 

Figure 5a-c shows the first case where the mesa thickness is smaller than the main 
diaphragm. In all thickness values, the diaphragm’s frequency response did not significantly 
change and remained constant until a certain radius value, depending on the increase in the 
radius of the mesa as a general nature. After this certain radius value, it showed an increasing 
trend. In addition, the effect of mesa radius on frequency response increases with increasing 
mesa thickness. Increasing the radius in thick mesa structures increases the frequency rapidly. 
When the mesa thickness is 0.5µm, the dynamic range of frequency response changes from 
152kHz to 160kHz, with a change of 8kHz for the MD2 diaphragm seen in Figure 5b. Whereas 
when the mesa thickness is 4.5µm for the same diaphragm, the dynamic range of sensitivity 
changes from 152kHz to 215kHz with a change of 63kHz. Similar discussions can be made in 
Figure 5a and Figure 5c, but there are some differences in the frequency response, which 
remains constant up to a certain radius value. In Figure 5a, the frequency response immediately 
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starts to change depending on the increasing radius of the mesa. At the same time, the behavior 
is different in Figure 5b and Figure 5c. In Figure 5b, a change in frequency is observed when 
the mesa radius is larger than approximately 75µm, whereas in Figure 5c, a change in frequency 
response is observed when the mesa radius is larger than approximately 150µm. After these 
certain radius values, these changes differ significantly at different mesa thickness values. 

Figure 5d-f shows the second case where the thickness of the mesa is greater than the 
thickness of the main diaphragm. In this case, a predictable behavior cannot be exhibited 
depending on the change in mesa thickness. The frequency response at different mesa 
thicknesses decreases to a certain radius value depending on the increasing radius and then tends 
to increase. In addition, the responses are like each other at varying thickness values. This 
situation is similar to the result of the sensitivity analysis. Accordingly, this second case is not 
valid where frequency response adjustments are needed. 

4. CONCLUSIONS 

This study analyzes the deflection and frequency response of the mesa diaphragms in detail 
depending on the different mesa thickness, mesa radius, diaphragm thickness, and diaphragm 
radius. While mesa diaphragms do not have an exact analytical solution in the literature, they 
are used to reduce sensor losses. Mesa diaphragm structures are often produced on demand, but 
sometimes they are formed when trying to coat very thin reflective metal. In the case of tm<td, 
mesa-induced deflection changes are neglected in the literature for FPIs. For this reason, 
according to ANSYS simulation results, there is a severe decrease in the center deflection of the 
sensor in the case of tm<td at different mesa thicknesses. This decrease in deflection directly 
indicates the loss of sensitivity of the sensor. Similarly, in the case of tm<td, the sensor’s 
frequency response also increases significantly with increasing mesa thickness and radius. In 
addition, the tm>td case has been examined separately with simulations, and the sensor’s 
sensitivity does not cause a severe change when tm>2td. However, while the mesa thickness is 
neglected in the literature, the radius of the mesa affects the sensitivity quite a lot, and it should 
be considered. It was concluded that changing mesa sizes caused less changes in frequency 
response. 

In this study, it is concluded that the sensitivity and frequency response of the diaphragm 
can be adjusted in the FPI according to the mesa dimensions. In addition, the results obtained 
can guide applications other than the FPI, where a mesa diaphragm is needed. 
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