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This thesis parametrically explores the nonlinear design sensitivity of a fiber optic 

pressure sensor (FOPS), based on selected thermo-mechanical failure mechanisms 

expected in the sensor diaphragm. The product under study is a miniature FOPS that 

can be embedded in, or installed on, a structure for pressure monitoring applications. 

The field operating conditions considered in this study are defined in terms of 

temperature and pressure The FOPS probe has a Fabry-Perot cavity, with the fiber tip 

and a miniature diaphragm acting as the two mirrors. The cavity length changes when 

the diaphragm deflects under pressure. However, due to field operating conditions, 



  

several failure mechanisms may affect the structural and optical characteristics of the 

sensor, such as nonlinear displacement of the diaphragm, cracks in the diaphragm, 

buckling of the diaphragm, high residual stresses in the optical fiber and deformations 

and failure in the epoxy sealant between the optical fiber and the steel casing. With 

the aid of nonlinear thermomechanical finite element analysis, this article investigates 

conflicting design constraints due to sensitivity and selected failure mechanisms in 

the sensor, e.g. nonlinear diaphragm deformation, diaphragm fracture and diaphragm 

buckling.     

The study is divided into three parts.  The first part of this study considers the 

mechanical loading due to external pressure which the FOPS will experience and 

gives design guidelines based on the nonlinear diaphragm deflection and stress 

predictions.  The second part accounts for the thermo-mechanical loading in which 

the FOPS is placed in a temperature drop and the resulting nonlinear in-plane 

compressive stresses and diaphragm deflections are analyzed.  In the third part of this 

study the combined effects of pressure and thermal loadings are examined for more 

realistic application conditions.  Design guidelines for both simultaneous and 

sequential changes in temperature and pressure are examined, to represent different 

working environments. 
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Chapter 1: Introduction 

 

In dynamic pressure sensors, the dynamic pressure is usually detected through the 

displacement of a thin diaphragm.  In this study, the diaphragm displacement is 

detected with a fiber optic sensor.  Fiber Optic Pressure Sensors (FOPS) are 

becoming increasingly popular because of their high sensitivity and low sensitivity to 

electromagnetic interference.  The sensing is based on detecting the optical phase 

change induced in the light as it propagates along the optical fiber.  Fabry-Perot 

sensors are a sub-category of these sensors and offer higher accuracy and better 

signal-to-noise characteristics than optical sensors based on Bragg gratings [16].  

These sensors can measure changes in pressure, displacement and temperatures.  The 

FOPS probe has a Fabry-Perot cavity, with the fiber tip and a miniature diaphragm 

acting as the two mirrors.  The cavity length changes when the diaphragm deflects 

under pressure resulting in detectable optical phase shifts. However, due to field 

operating conditions, several failure mechanisms may affect the structural and optical 

characteristics of the sensor, such nonlinear deformation of the diaphragm, and 

fracture and/or buckling of the diaphragm. Sources of failure in our study are in the 

diaphragm due to temperature and pressure.  Additional errors may occur due to fiber 

expansion, changes in refractive index and changes in air properties, but are not 

considered in this study. 
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Choosing a suitable diaphragm design is important for optimizing the sensor 

parameters because the sensitivity of the sensor is related to the behavior of the thin 

diaphragm.  Diaphragm thickness is an important factor in the sensitivity of the 

sensor.  As the diaphragm thickness is reduced, the sensitivity increases but at the 

expense of increasing the stresses and risk of fatigue damage and buckling failure 

under thermal stresses. Furthermore, the measurement range of the sensor decreases 

with thickness because of nonlinear response of the diaphragm to pressure loading. 

There has to be design optimization based on trade-offs between sensitivity and 

reliability margins.  To conduct the optimization, models must be developed that 

quantify the sensitivity of the sensor and the reliability margins, under pressure and 

thermal loading.  With the aid of finite element analysis, this thesis investigates the 

reliability of fiber optic sensor diaphragm under pressure and temperature loadings 

and its influence on the design optimization of the diaphragm. 

 

1.1 Background and Literature Review 

Studies have been reported in the literature to optimize FOPS diaphragm sensitivity.  

Shilpak and Dugungi [1] conducted static analyses of a clamped circular plate under 

initial tension and studied the plate behavior and when the plate transitions into a 

membrane/thin diaphragm in terms of tension parameter k.   This transaction occurs 

over the range 1<k<20.  Where the behavior is that of a thin plate for k<1, and when 

k>20, the plate behaves like a thin membrane. Yu and Balachandran [2] studied the 

diaphragm response in terms of this tension parameter k and showed that the analysis 

and the results can be used to design a sensor diaphragm to maximize sensitivity.  In 
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recent work [3-5] there has been emphasis on the design studies conducted in fiber 

optic sensors field to optimize the sensitivity of the sensors by studying the 

diaphragm deflection.   

 

If the diaphragm experiences compressive radial stresses due to thermo-mechanical 

constraints from the sensor housing, the sensor may become unstable and out of plane 

buckling may occur without any external forces being present [7]. This phenomenon 

is known as thermal buckling, and the temperature corresponding to the critical load 

is called the buckling temperature [8].  Beyond this critical load, deformations are not 

proportional to the applied pressure, and these deformations may become 

considerable and may rupture the diaphragm [7]. In the previous work of Majeed et. 

al. [9], design margins were investigated not only for the sensitivity of the thin 

diaphragm but also for the stresses developed on the diaphragm, which are critical to 

failure and optimized the design of the same FOPS with respect to sensor sensitivity 

and fracture due to excessive stresses on the diaphragm.  Majeed et. al. [1] put forth 

design margins for the optimal design of the FOPS diaphragm under external pressure 

loading only.  In reality, the FOPS will not only be exposed to a changing pressure 

environment, but also a varying temperature will be a factor in the loading conditions.   

1.2 Problem Statement and Objectives 

The internal construction of the fiber optic pressure sensor, FOPS, under study is 

shown in Fig. 1-1. The point of interest in this model is the thin diaphragm circled. 

The FOPS must withstand environmental temperature changes in operation.  When 

the temperature drops, the outer steel shield will shrink more than the inner silicon 
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probe housing and the thin silicon diaphragm.  The resulting compressive radial 

stress in the diaphragm may cause the diaphragm to buckle as the thickness is 

reduced for better sensitivity.  Thus the diaphragm thickness must be studied to 

minimize the risk of buckling.  This study investigates a design margin for not only 

the sensitivity of the thin diaphragm but also the bending and buckling stresses 

developed on the diaphragm, which are critical to failure. 

 

 

Fig. 1.1  Internal construction of the fiber 

optic pressure sensor (FOPS)  

1.4 Organization of Thesis 

This thesis is divided into three chapters following the introduction.  Two of these 

chapters are taken directly from a paper which is being submitted for publication. 

Chapter 2 discusses the design optimization of FOPS under external pressure loads, 

both linear and nonlinear results are discusses.  Chapter 3 discusses the design 

optimization of FOPS under external thermal loads and then a combination of 

Optical 

Diaphragm 

20 mm 

2.5 mm 
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pressure and thermal loads. These discussions are followed by the conclusions in 

Chapter 4. 

Chapter 2: Design Study of Fiber Optic Pressure Sensors at 

Ambient Temperature 

 

The text of this chapter is taken from a paper that has been submitted for publication.  

This paper investigates the design margins under pressure loading, at ambient 

temperature.  The measurement sensitivity and static linear operating range of the 

diaphragm are parametrically assessed.  The stress-margins due to pressure-induced 

stresses in the diaphragm are also assessed.  This paper is organized as follows.  In 

Section 2.2, a linear FEA modeling approach is described.  The accuracy of the model 

is assessed in Section 2.3 with linear analytic results.  Parametric design methodology 

is presented in Section 2.5, followed by a nonlinear study of the operating range in 

Section 2.6 and conclusions in Section 2.7. 
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Abstract 

 This paper parametrically explores the nonlinear design sensitivity and design 

margins of a fiber optic pressure sensor (FOPS), based on the potential failure 

mechanisms expected in the sensor diaphragm. The product under study is a 

miniature FOPS that can be embedded in, or installed on, a structure for pressure 

monitoring applications. The field operating conditions considered in this study are 

defined in terms of the operating pressure The FOPS probe has a Fabry-Perot cavity, 

with the fiber tip and a miniature diaphragm acting as the two mirrors. The cavity 

length changes when the diaphragm deflects under pressure. However, due to field 

operating conditions, several failure mechanisms may affect the structural and optical 

characteristics of the sensor, such as nonlinear displacement of the diaphragm, cracks 

in the diaphragm, buckling of the diaphragm, high residual stresses in the optical fiber 
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and deformations and failure in the epoxy sealant between the optical fiber and the 

steel casing. With the aid of nonlinear thermomechanical finite element analysis, this 

article investigates conflicting design constraints due to measurement sensitivity and 

selected failure mechanisms in the sensor diaphragm, eg. nonlinear diaphragm 

deformation, and diaphragm fracture under pressure loading.  The severity of each 

mechanism is investigated by parametric design sensitivity studies.  

     Keywords: Fiber-optic pressure sensor; Fabry-Perot interferometer; nonlinear 

finite element analysis, parametric design optimization 

 

2.1 Introduction 

In dynamic pressure sensors, the dynamic pressure is usually detected through the 

displacement of a thin diaphragm.  In this study, the diaphragm displacement is 

detected with a fiber optic sensor.  Fiber Optic Pressure Sensors (FOPS) are 

becoming increasingly popular because of their high sensitivity and low sensitivity to 

electromagnetic interference.  The sensing is based on detecting the optical phase 

change induced in the light as it propagates along the optical fiber.  Fabry-Perot 

sensors are a sub-category of these sensors.  They offer higher accuracy than any 

other fiber optic sensor and use broadband white-light.  These sensors can measure 

changes in pressure, displacement and temperatures.  The FOPS probe has a 

Fabry-Perot cavity, with the fiber tip and a miniature diaphragm acting as the two 

mirrors.  The cavity length changes when the diaphragm deflects under pressure 

resulting in detectable optical phase shifts. However, due to field operating 

conditions, several failure mechanisms may affect the structural and optical 
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characteristics of the sensor, such nonlinear deformation of the diaphragm, and 

fracture of the diaphragm. Choosing a suitable diaphragm design is important for 

optimizing the sensor parameters because the sensitivity of the sensor is related to the 

behavior of the thin diaphragm.  Diaphragm thickness is an important factor in the 

sensitivity of the sensor.  As the diaphragm thickness is reduced, the sensitivity 

increases but at the expense of increasing the stresses and risk of fatigue damage and 

buckling failure under thermal stresses. Furthermore, the measurement range of the 

sensor decreases with decreasing thickness because of large nonlinear deflection of 

the diaphragm in response of to pressure loading. The design needs to be optimized 

based on trade-offs between sensitivity and reliability margins.  To conduct the 

optimization, models must be developed that quantify the sensitivity of the sensor and 

the design margins, under pressure and thermal loading.  With the aid of nonlinear 

finite element analysis, this study investigates the sensitivity and design margins of a 

fiber optic sensor diaphragm under pressure and temperature loadings and their 

influence on the design optimization of the diaphragm. 

Studies have been reported in the literature to optimize FOPS diaphragm 

sensitivity.  Shilpak and Dugungi [1] conducted static analyses of a clamped circular 

plate under initial tension and studied the plate behavior and when the plate 

transitions into a membrane/thin diaphragm in terms of a non-dimensional tension 

parameter k which is proportional to the square-root of the tension loading and the 

radius of the clamped plate, and inversely proportional to the bending stiffness of the 

clamped plate. This transition occurs over the range 1<k<20.  Where the behavior is 

that of a thin plate for k<1, and when k>20, the plate behaves like a thin membrane. 
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Yu and Balachandran [2] studied the diaphragm response in terms of this tension 

parameter k and showed that the analysis and the results can be used to design a 

sensor diaphragm to maximize sensitivity.  In recent work [3-5] there has been 

emphasis on the design studies conducted in fiber optic sensors field to optimize the 

sensitivity of the sensors by studying the diaphragm deflection.  This paper 

investigates a design margin for not only the sensitivity of the thin diaphragm but also 

the stresses developed on the diaphragm, which are critical to failure and buckling. 

The rest of this article is organized as follows.  In Section 2.2, a linear FEA 

modeling approach is described.  Model is validated in Section 2.3 and results are 

presented in Section 2.4. Then the design optimization is presented in Section 2.5, 

followed by a nonlinear study in Section 2.6 and conclusions in Section 2.7. 

 

2.2 FEA Model 

The approach for finite element modeling of the FOPS is described in this section.  

Section 2.2.1 discusses the modeling of the FOPS for FEA and Section 2.2.2 

discusses the material properties of the FOPS. 
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2.2.1 FEA Model 

 

Fig. 2.1. Internal construction of the FOPS 

The internal construction of the fiber optic pressure sensor (FOPS) under study is 

shown in Fig. 2.1. Instead of a full 3-D model, a more efficient 2-D axis-symmetric 

finite element model in view of the axial symmetry of the structure and loading. 

Details of the model are illustrated in Fig. 2.2. The point of interest in this model is 

the thin diaphragm circled in Fig. 2.1. In this case, there are two different types of 

axis-symmetric elements used. 1-D, axis-symmetric, 2-node, shell elements are used 

for the diaphragm and 4-noded-brick elements are used to model the rest of the FOPS 

body, which includes the shield, probe housing and the adhesive. The rotation of the 

shell elements is constrained to the brick element such that the shell element is always 

perpendicular to the brick element even after it has deformed.   Fig. 2.2(a) shows the 

entire sensor under pressure loading and boundary conditions (arrows indicate the 

pressure loading, hash markings indicate the boundary loading condition (different 

materials as assigned different colors for better visualization) and Fig. 2.2(b) shows a 

closer view of the diaphragm. The tip of the sensor is exposed to a boundary 

Diaphragm 
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condition of 1 bar of pressure which also acts on the sensor diaphragm. The top is 

under a zero pressure boundary condition and is constrained in all three degrees-of-

freedom (Fig. 2.2(a)).  Symmetry condition is applied along the axis of symmetry 

along the axial direction.  

 

 

 

(a) (b) 

Fig. 2.2(a) Axisymmetric FEA model showing FOPS 

temperature loading and boundary conditions. Different 

materials are color-coded.  (b) Detail A, a  closer look at the 

meshed diaphragm  

 

2.2.2 Material Properties 

The FOPS consists of three different materials.  The outer shield, which encompasses 

the probe housing, is made from steel.  The probe housing and the diaphragm are 

Silicon 

Sensor 

Diaphragm Silicon Sensor 

Diaphragm (See 

Detail A) 

Silicon 
Probe 
Housing ∆T<0 

Detail A 

Steel Shield 
Adhesive 
(Epoxy) 

Axis of Symmetry 
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made of silicon material. The material properties are listed in the Table 2.1 below and 

the different material locations are illustrated in Fig. 2.2(a) with different colors.    

 

 

 

Table2.1. List of material properties used in the FEA model 

 
Steel 

(Shield) 

Silicon (Probe 

Housing and 

Diaphragm) 

Adhesive 

Density (kg/m3) 7820 2330 1720 

Poisson’s ratio 0.27 0.28 0.28 

Young’s modulus (GPa) 200 112.4 - 165 2.26 

Coefficient of thermal expansion (K-1) 15.2E-6 3.2E-6 191E-6 

 

2.3 FEA Model Validation  

 

The FEA model development for the FOPS is guided by a simplified preliminary 

linear analytic model of a simple pressure loaded plate. Bending of the thin circular 

diaphragm in the FOPS can be simply modeled as a thin circular elastic plate with 

uniform transverse pressure loading.  The finite element solution for this simplified 
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problem can be compared to the known elastic solution given by Timoshenko [9].  

The plate is made of silicon with Young’s modulus 112.4 GPa and Poisson’s ratio of 

0.28.  The radius of the disk is 50µm and the thickness is 5µm.  The plate is clamped 

at the boundary and is loaded with a uniform pressure load p (=1.0 bar), as shown in 

Fig. 2.3.  Since the thickness to diameter ratio is low (0.05), we use Kirchhoff’s plate 

formulation for the analytic solution. 

 

Fig. 2.3. Clamped Circular plate with 

uniform pressure loading, P 

 

2.3.1 Analytic solution (Kirchhoff Plate Formulation) 

The maximum displacement and the maximum stress of the diaphragm using 

Kirchhoff approach for a plate is expressed as [9]: 

���� �
��

�	


	

,                                                                      (2.1) 

���� �
���

	
�

�

                                                             (2.2) 

where wmax is the displacement, σmax is the max stress, P is the pressure; r is the radius 

of the disk, t is the plate thickness and D, the flexural rigidity, is given by [9]: 
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�
�

��������
 ,                                                                     (2.3) 

where E is the Young’s modulus, t is the thickness and v is the Poisson’s ratio. 

Substituting numerical values of our case: E= 112.4 GPa, p=1bar, r= 50µm, v= 0.28 

and t= 5µm, we obtain the deflection to be 7.7nm and stress to be 7.9 MPa. 

2.3.2 FEA Model 

The circular silicon diaphragm presented in Sec. 3.1 is modeled with an axisymmetric 

shell element with a user defined thickness.  The axis-symmetric FEA model of the 

thin plate, meshed with 10 elements, is shown in Fig. 2.4. The model is constrained in 

the axial and the radial direction at its circumperence and the rotation is also set to 

zero there.  At its center, the diaphragm is free to move in the axial direction but is 

constrained in the radial direction and the rotation is also set to zero here.  Symmetry 

boudary condition is also applied to the center of the diaphragm. And the material and 

geometry properties of E= 112.4 GPa,  r= 50µm, v= 0.28 and t= 5µm were input just 

as they were for the analytic model. 

 

Fig. 2.4. Meshed axisymmetric model 

 

Under the pressure load of p=1bar, the max deflection at the diaphragm center, 

obtained from FEA solution, is 8.0nm for 1 bar pressure and the max stress at the 

diaphragm edge is 6.4 MPa.  The solution obtained from the FEA model matches the 
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analytic solution based on Kirchhoff approach, given in Sec. 3.1, within 4%.  The 

FEA solution is a bit higher due to the fact that Kirchhoff’s approach assumes the 

diaphragm as a plate, and ignores the additional compliance due to membrane 

stretching and transverse shear deformations, both of which are included in the FEA 

shell element chosen in this study.  This error is considered acceptable and the 

number of elements of the diaphragm is fixed at 10 for this part of the study. In the 

FEA model of the entire sensor assembly, the absolute displacement of the diaphragm 

is expected to be larger than the value estimated above, because the probe housing 

also deforms under external pressure. However, the displacement of the diaphragm’s 

center point relative to its circumference is expected to be very close to the analytic 

and FEA solutions of the simple clamped diaphragm presented earlier.  

2.4 Parametric Results of FOPS Linear FEA Model  

As mentioned above, the item of interest is the sensor diaphragm shown in Fig. 2.1.  

The diaphragm nominal dimensions are 100µm diameter and 5µm thickness. When 

subjected to 1.0 bar pressure, as shown in Fig. 2.2(a), the resulting maximum 

deflection is 9.1nm at the geometric center of the diaphragm, as shown in Fig. 2.5(a).  

The deflection is higher than either the analytic solution or the FEA model of a 

simple clamped shell, due to the fact that the periphery of the diaphragm is no longer 

constrained in the axial direction.  The diaphragm will experience an axial deflection 

at the center as well as the periphery which is found to be 1.1 nm.  The corresponding 

maximum principal stress due to diaphragm bending is 6.9 MPa and it occurs near the 

diaphragm periphery at the bottom surface, as shown in Fig. 2.5(b).  
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(a) (b) 

Fig. 2.5. (a) Deflection of the sensor diaphragm under pressure 

loading of 1.0 bar (magnified 5K times) and (b) principal 

stresses in the diaphragm 

 

2.5 Design Investigations for Diaphragm Thickness  

Once the 5µm thick Silicon diaphragm was analyzed under the working loading 

condition of 1.0 bar pressure, the thickness of the diaphragm was varied between 1µm 

and 5µm to study its effect in the linearized FEA model, on the sensitivity and on the 

stress margins in the diaphragm based on fracture. 

  

2.5.1 Linearized Stress Margins: Diaphragm Fracture 

 

The maximum stress in the diaphragm obtained from FEA simulations are compared 

against silicon fracture strength, which is fixed here at 7000 MPa [17].  The predicted 

maximum principal stress (6.9 MPa), due to 1.0 bar pressure loading, is clearly much 

9.1 nm 0 nm 6.9 MPa -0.17 MPa 



 

 

less than the fracture strength

the stress in the diaphragm 

demonstrates the linearized FEA prediction of the 

ratio (max principal stress/
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While the sensitivity varies inversely with the diaphragm thickness, the stress margin 

increases as the thickness increases. Fig. 2.7 summarizes these results. In this figure, 

two normalized indices are introduced; namely, (1) normalized diaphragm sensitivity, 

which is the ratio of the diaphragm maximum displacement (measured at 1.0 bar ) to 

diaphragm thickness and (2) pressure loading safety factor, which is the ratio of 

Silicon fracture strength (measured at 1.0 bar pressure) to the maximum first principal 

stress in the diaphragm. These graphs clearly illustrate the competing trade-offs 

between design sensitivity and design margins.  To find the absolute sensitivity and 

design margins, the results should be scaled by the magnitude of the pressure change.   

Clearly this simplified linearized result cannot be used beyond pressures that cause 

deflection in excess of about 30% of the thickness of the plate, since nonlinear effects 

can no longer be ignored beyond this deflection magnitude.  As an example, this 

linear analysis is not accurate enough for results at 10 bar pressure, for any diaphragm 

thicknesses below about 1.25µm, where the diaphragm sensitivity ratio will reach an 

approximate value of 0.30. Similarly at 10.0 bar pressure, linearized results are valid 

only for t > 2.5µm.  For more detailed assessment, nonlinear analysis is needed, as 

discussed in Sec. 2.6. 
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Fig. 2.7 Trade-off between diaphragm sensitivity and stress margin 
for fracture  
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of the response becomes increasingly severe and must be taken into account for 

assessing the FOPS sensitivity and stress margins.  

As discussed in Sec 2.5, the diaphragm thickness has to be optimized to 

satisfy competing design constraints of maximizing the sensitivity and minimizing the 

stresses causes by pressure changes.  Nonlinear analysis of deflection and stresses due 

to pressure loading are discussed here.  Fig. 2.9 illustrates the stress ratio (max 

principal stress/fracture strength) in the diaphragm for different diaphragm 

thicknesses and different pressure levels. As the diaphragm thickness is reduced the 

sensitivity as well as the stress in the diaphragm increase. We can see from Fig. 2.9 

that there is a substantial design margin with respect to the stresses in the diaphragm 

as the stress ratio is below unity. The diaphragm thickness can be reduced to increase 

the sensitivity and still keep the stresses much below the fracture strength. This 

implies that the failure of diaphragm due to overstress will not be a governing factor 

over the deflection of the diaphragm as the diaphragm response will become 

nonlinear well before the stresses become significant.   

The diaphragm responds linearly in a certain pressure range, depending on the 

thickness. This linear range indicates the working range of the FOPS. The error 

criterion used in this study for defining the linear operating range is 3% deviation 

from linear response.  This criterion is very similar to error levels used in the industry 

[10].  Fig. 2.10 shows the percent error obtained as the diaphragm thickness and the 

pressure loadings are varied. Fig 2.10 shows that a sensor with a diaphragm thickness 

of 5µm is well within the working range upto 100 bar pressure.  As the diaphragm 
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thickness is reduced, the 3% error occurs at lower pressures, therefore reducing the 

operating range of the sensor.  Using Fig. 2.10, the sensor can be designed for a 

certain diaphragm thickness based on sensitivity and working pressure range. For 

example, a sensor with a diaphragm of 3µm thickness has a working range of 0 to 

20.0 bar pressure loading.  

 

 

Fig. 2.8  Nonlinear diaphragm deflection at different diaphragm thicknesses  
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Fig. 2.9 Nonlinear diaphragm stress ratio (first principal stress/fracture 

strength) of different diaphragm thicknesses with increasing pressure loading 
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Fig. 2.10.  Deviation from linearity in diaphragm response for different 

thicknesses and pressures   

 

Fig. 2.11 shows a contour plot of the normalized diaphragm deflection 

(deflection/thickness) and the nonlinearity in the diaphragm response with changing 

diaphragm thickness and pressure loading. Using Fig. 2.11, linear operating ranges 

can be defined using different nonlinearity criteria such as 1% nonlinearity up to 3% 

nonlinearity.  For example, a 3 µm thick diaphragm in this FOPS design can be used 

upto 20 bar pressure if we accept upto 3% nonlinearity. 

0 10 20 30 40 50 60 70 80 90 100
0

5

10

15

20

25

30

35

40

45

50

P
er

ce
nt

 E
rr

or

Pressure Loading (Bar)

Error Plot

3 

t=5µm 

t=4µm 

t=3µm 

t=2.75µm 

t=4.5µm 

t=3.5µm 

t=2.5µm 

Nonlinearity 

N
on

lin
ea

rit
y 



 24 

 

 

Fig. 2.11. Contour plot of the diaphragm deflection ratio (diaphragm 

deflection/diaphragm thickness) and the percent error of the 

difference of the linear and the nonlinear diaphragm deflection 

 

2.7 Conclusions 
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Thus there are conflicting design criteria and results have been presented to allow 

designers to trade off the measurement sensitivity vs the operating range, using 

different nonlinearity criteria from 1-3%.  
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Chapter 3: Design Study of Fiber Optic Pressure Sensors at 

Different Operating Temperatures  

 

The text of this chapter is taken from a paper that has been submitted for publication.   

This Chapter investigates the design constrains due to structural failure mechanism in 

the sensor and explores the design space by parametric design sensitivity study. 

The rest of this document is organized as follows.  A linear analytic solution for 

thermo-mechanical buckling of circular plates is discussed in Section 3.2.   The FEA 

model for nonlinear analysis of thermo-mechanical stresses in the FOPS diaphragm is 

described in Section 3.3, and the results for thermo-mechanical stresses in the FOPS 

diaphragm are presented in Section 3.4.  Nonlinear FEA prediction of buckling 

strength of circular clamped plates for different thicknesses is discussed in Section 

3.5 and a parametric methodology for developing design guidelines is presented in 

Section 3.6, followed by conclusions in Section 3.7. 
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Abstract 

 This paper parametrically explores the nonlinear buckling strength and post-buckling 

deformations of the diaphragm of a fiber optic pressure sensor (FOPS), due to the 

generation of thermo-mechanical radial stresses caused by drop in the application 

temperature. The product under study is a miniature FOPS that can be embedded in, 

or installed on, a structure for pressure monitoring applications. The field operating 

conditions are defined in terms of temperature and pressure. The FOPS probe has a 

Fabry-Perot cavity, with the fiber tip and a miniature diaphragm acting as the two 

mirrors. The cavity length changes when the diaphragm deflects under pressure. 

However, due to field operating conditions, thermal and pressure loads can generate 

failure mechanisms such as buckling of the diaphragm and limit the structural and 

optical operating limits of the sensor. With the aid of nonlinear thermo-mechanical 

finite element analysis, this study investigates design constraints due to nonlinearities 

and structural failure mechanisms in the sensor and explores the design space by a 

parametric design sensitivity study.  A methodology is illustrated to allow the 
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designer to trade-off sensitivity vs the operating temperature and pressure range of a 

selected FOPS design. 

     Keywords: Fiber-optic pressure sensor; Fabry-Perot interferometer; nonlinear 

finite element analysis, thermo-mechanical stress diaphragm buckling, parametric 

design optimization 

 

3.1 Introduction 

 

Diaphragms are commonly used in sensors for dynamic pressure sensing, where the 

dynamic pressure is detected through the deflection of the diaphragm.  In this study, 

the diaphragm displacement is detected with a fiber optic sensing circuit.  Fiber Optic 

Pressure Sensors (FOPS) have the advantage of being light weight and having high 

sensitivity.  The sensing is based on detecting the optical phase change induced by the 

change in the optical path length as the diaphragm deflects under a pressure loading.  

The FOPS probe has a Fabry-Perot cavity with the fiber tip and a miniature 

diaphragm acting as the two mirrors, where the cavity length changes when the 

diaphragm deflects under pressure. However, due to field operating conditions, the 

diaphragm deflection can be in part due to diaphragm buckling under thermo-

mechanical loading, thus compromising the accuracy of the pressure measurement. 

Sources of failure in our study are in the diaphragm due to temperature and pressure.  

Additional errors may occur due to fiber expansion, changes in refractive index and 

changes in air properties, but are not considered in this study. 
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Because the sensitivity of the sensor is related to the behavior of the thin diaphragm, 

choosing a suitable diaphragm design is important for optimizing the sensor 

parameters.  Diaphragm thickness is an important factor in the sensitivity of the 

sensor.  As the diaphragm thickness is reduced, the sensitivity increases but at the 

expense of increasing the stresses and fatigue damage in the diaphragm and also 

reducing its buckling strength. The design has to be optimized based on trade-offs 

between sensitivity and buckling margins.  To conduct the optimization, models must 

be developed that quantify the sensitivity of the sensor and the reliability margins, 

under pressure and thermal loading.  With the aid of finite element analysis, this study 

investigates the reliability of fiber optic sensor diaphragm under temperature and 

pressure loadings and its influence on the design optimization of the diaphragm. 

Studies have been reported in the literature to optimize FOPS diaphragm sensitivity.  

Shilpak and Dugungi [1] conducted static analyses of a clamped circular plate under 

initial tension and studied the plate behavior and when the plate transitions into a thin 

membrane/diaphragm in terms of a non-dimensional tension parameter k which is 

proportional to the square-root of the tension loading and the radius of the clamped 

plate, and inversely proportional to the bending stiffness of the clamped plate.  This 

transaction occurs over the range 1<k<20.  The behavior is that of a thin plate for k<1, 

and like a thin membrane when k>20. Yu and Balachandran [2] studied the 

diaphragm response in terms of this tension parameter k and showed that the analysis 

and the results can be used to design a sensor diaphragm to maximize sensitivity.  In 
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recent work [3-5] there has been emphasis on optimization of the sensitivity of the 

sensors by studying the diaphragm deflection.   

 

If the diaphragm experiences compressive in-plane stresses due to thermo-mechanical 

constraints from the sensor housing, the sensor may become unstable and out-of-

plane buckling may occur without any other external forces being present [7]. This 

phenomenon is known as thermal buckling, and the temperature corresponding to the 

critical load is called the buckling temperature [8].  Beyond this critical load, 

deformations are not proportional to the applied pressure, thus compromising the 

pressure measurement capability of the sensor.  Furthermore, the large buckling-

induced deformations may become considerable and may rupture the diaphragm [7]. 

In the previous work of Majeed et. al. [9], design margins were investigated not only 

for the sensitivity of the thin diaphragm but also for the stresses developed in the 

diaphragm, which are critical to failure.  Design trade-offs were demonstrated  for the 

same FOPS, with respect to sensor sensitivity,  sensor operating range and fracture 

due to excessive stresses on the diaphragm.  Majeed et. al. [1] put forth design 

margins for the optimal design of the FOPS diaphragm under external pressure 

loading only.  In reality, the FOPS will not only be exposed to a changing pressure 

environment, but also to varying operating temperatures.  The additional effects due 

to temperature changes are examined in this study.  

The internal construction of the fiber optic pressure sensor, FOPS, under study is 

shown in Fig. 3.1 (a). The point of interest in this model is the thin diaphragm circled.  

The FOPS must withstand environmental temperature changes in operation.  When 
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the temperature drops, the outer steel shield will shrink more than the inner silicon 

probe housing and the thin silicon diaphragm.  The resulting compressive radial stress 

in the diaphragm may cause the diaphragm to buckle as the thickness is reduced for 

better sensitivity.  Thus the diaphragm thickness must be optimized to minimize the 

risk of buckling.  This paper will investigate the design margins of the FOPS due to 

the buckling of the diaphragm.   

 

 

 

Fig. 3. 1 (a) Internal construction of the fiber 

optic pressure sensor (FOPS)  

(b) Thermal and pressure loading on the 

FOPS 

 

 

The rest of this document is organized as follows.  A linear analytic solution 

for thermo-mechanical buckling of circular plates is discussed in Section 3.2.   The 

FEA model for nonlinear analysis of thermomechanical stresses in the FOPS 

diaphragm is described in Section 3.3, and the results for thermomechanical stresses 

in the FOPS diaphragm are presented in Section 3.4.  Nonlinear FEA prediction of 
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buckling strength of circular clamped plates for different thicknesses is discussed in 

Section 3.5 and a parametric methodology for developing design guidelines is 

presented in Section 3.6, followed by conclusions in Section 3.7. 

3.2 Thermomechanical Buckling: Analytic Solution 

The diaphragm, which can be assumed to be a thin circular plate with clamped edges, 

is placed under radial compressive stress, as shown in Fig. 3.2.  The in-plane 

compressive radial stresses are generated by the CTE mismatch during cool-down.  

The diaphragm buckles when the in-plane compressive stress exceeds a critical 

threshold. 

 

Fig. 3.2. Circular Diaphragm under radial stress 

The critical buckling strength of a plate, λcr, is obtained by the relation [7] 

��� �
��	.���
�

����������
   ,                                                            (3.1) 

where E is the elastic modulus, t is the thickness, r is the radius of the plate and v is 

the Poisson’s ratio.  Theoretically, this means that for a Si diaphragm with E=112.4 

GPa, t=5 µm, r=50 µm, v=0.28, the required stress to buckle the diaphragm, λcr, is 

approximately 1.5 GPa.  

The next step is to estimate the in-plane compressive stress generated by the 

temperature drop ∆T [7]:  

σrr σrr 
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where α is the relative coefficient of thermal expansion between steel and silicon.  As 

we see in Fig. 3.3, the stress ratio (radial stress/buckling strength) decreases as the 

diaphragm thickness increases and increases with the increase in temperature drop 

(∆T).   Here α=12E-6 /K 

Fig. 3.3 Stress ratio (radial compressive stress / critical buckling stress) with 

varying ∆T and diaphragm thickness 
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3.3 FEA Model 

 

The model for nonlinear finite element analysis (FEA) of the thermo-mechanical 

stresses in the FOPS is described in this section.  The internal construction of the fiber 

optic pressure sensor under study is shown in Fig. 3.1(a). In light of the axisymmetric 

structure and loading a 2-D axis-symmetric finite element model is used, rather than a 

full 3-D model, to minimize calculation time. Details of the model are illustrated in 

Fig. 3.4. The point of interest in this model is the thin diaphragm circled in Fig. 

3.1(a). In this study, there are two different types of axisymmetric elements used: (1) 

the diaphragm is modeled using 20 axisymmetric, 2-node, shell elements; (2) the rest 

of the FOPS body, which includes the shield, probe housing and the adhesive is 

modeled using 5,361 4-noded axisymetric brick elements. The rotation of the shell 

elements is constrained to the brick element. Fig. 3.4(a) shows the entire sensor under 

pressure loading and boundary conditions arrows indicate the thermal loading, hash 

markings indicate the kinematic boundary condition and different materials are 

assigned different colors for better visualization.  Fig. 3.4(b) shows a closer view of 

the diaphragm. The sensor is subjected to a thermal loading of a drop in temperature, 

∆T (Fig. 3.4(a)). This generates compressive radial forces on the sensor diaphragm 

due to the coefficient of thermal expansion (CTE) mismatch between the steel 

housing and the silicon sensor element.  The top is constrained in all three degrees-of-

freedom (Fig. 3.4(a)).  Symmetry condition is applied along the axis of symmetry 

along the axial direction. 
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(a) (b) 

Fig. 3.4(a) Axisymmetric FEA model showing FOPS 

temperature loading and boundary condition. Different 

materials are color-coded.  (b) Detail A, a  closer look at the 

meshed diaphragm  

 

 

  

 

 

The FOPS consists of three different materials.  The outer shield, which encompasses 

the probe housing, is made from steel.  The probe housing and the diaphragm are 

made of silicon material and the adhesive encompasses the fiber. The material 

properties are listed in the Table 3.1 below. 
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Table 3.1. List of material properties used in the FEA model 

 
Steel 

(Shield) 

Silicon (Probe 

Housing and 

Diaphragm) 

Adhesive 

Density (kg/m3) 7820 2330 1720 

Poisson’s ratio 0.27 0.28 0.28 

Young’s modulus (GPa) 200 112.4 - 165 2.26 

Coefficient of thermal expansion (K-1) 15.2E-6 3.2E-6 191E-6 

 

3.4 Nonlinear Parametric FEA Prediction of Thermo-mechanical 

Stresses in FOPS Diaphragm 

As mentioned above, the structure of interest is the 100µm diameter diaphragm of the 

FOPS shown in Fig. 3.1(a).  The FEA results are presented for parametric variation of 

the diaphragm thickness from 1 µm to 5 µm, and for parametric temperature drop 

between 0 and -150 °C.   Figure 3.5 shows the in-plane compressive radial stresses 

generated in the analyzed cases.  The stresses have been normalized, for convenience, 

by the buckling strengths estimated for each thickness from the simple analytic model 

of a clamped circular plate in Equation 3.1.  
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Figure 3.5 Parametric Results of Thermo-mechanical Stresses in FOPS 

Diaphragms of Different Thicknesses Due to Temperature Drop of Different 

Ranges   

These stress results are used later in Sec. 3.5, for design of the FOPS thickness to 

maximize sensitivity without buckling under the operational FOPS temperature 

changes. 
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3.5  Nonlinear FEA Parametric Studies of Diaphragm Buckling Due to 

Temperature Change 

Clamped circular plates with the dimensions and material properties described above 

for the FOPS diaphragm are modeled in finite element analysis (FEA) using 

commercial software.  The accuracy of the FEA buckling strengths are compared 

with the analytic solution from Equation 3.1 in Sec 3.2.  

The 3D diaphragm is modeled as an axisymmetric shell using 20 axisymmetric shell 

elements with user-defined thickness.  The number of elements was chosen after 

preliminary trials, by matching the FEA buckling strength with the analytic 

predictions from Section 3.2.  The meshed axisymmetric FEA model of the thin 

circular clamped is shown in Fig. 3.6.  The diaphragm, now only a two-dimensional 

line, is placed under a radial stress and boundary and loading conditions are also 

illustrated in Fig. 3.6 The shell elements were constrained from rotation at the 

periphery and the axial center of the diaphragm.  As is typical in buckling studies, a 

small transverse load, 0.005% of the applied compressive radial stress, is applied to 

the center of the diaphragm, to facilitate buckling.  The buckling strength is 

parametrically investigated for different diaphragm thicknesses from 1 to 5 µm. 

 

Compressive radial 
stress Small transverse load  

Boundary 
Condition 
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The diaphragm buckling curves for these cases is shown in Fig. 3.7.  The radial stress 

at which the diaphragm buckles reduces as the diaphragm thickness is reduced, from 

1.5 GPa for 5µm thickness to 60 MPa for a 1µm thickness  

 

(a) 

 

(b) 

Fig. 3.7 (a) Diaphragm buckling strength of the FOPS as the 
diaphragm thickness is varied. (b) A closer look at the radial 
stresses at which the diaphragms buckle 
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Fig. 3.8 Design margins for 100 µm silicon diaphragms of different thicknesses 

for temperature drop of -55 °C. 

 

The buckling results in Figure 3.7 can be combined with the thermo-mechanical 

stress results of Figure 3.5, to estimate the buckling margins of safety for different 

temperature drops and for clamped circular diaphragms of 100 µm diameter and 

different thicknesses.  As an example, Figure 3.8 shows the buckling design margins 

for temperature drop by -55°C, for diaphragms of 1-5 µm thicknesses. The in-plane 

radial stress is normalized by the corresponding buckling strength predicted by the 

linear analytic model of Section 3.2.  It should be noted here that at higher 

thicknesses, there are huge design margins, and that they reduce with the diaphragm 
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this temperature to enhance the sensor sensitivity yet also preventing buckling.   But 

in reality, the FOPS will be under a coupled working environment of temperature and 

pressure [9].  Sec. 3.5 will take into consideration this coupled loading condition. 

Figure 3.7(a) also shows the post-buckling deformations.   

 

 3. 6 Nonlinear FEA Parametric Studies of Diaphragm Buckling Due 

to Combined Temperature and Pressure Change 

In Sections 3.5 and 3.6, the silicon diaphragm was placed under a loading condition 

that consisted of temperature drop.  However, as described in the previous work of 

Majeed et. al. [9] in typical use conditions, the FOPS will experience pressure loading 

in the presence of such temperature change.  Therefore this section explores the 

diaphragm deflections under different combinations of temperature drop and pressure 

loading.  Section 3.6.1 analyzes nonlinear diaphragm deflections under simultaneous, 

proportional changes in temperature and pressure, for different proportionality ratios.  

This represents application conditions where the FOPS will experience simultaneous 

changes in temperature and pressure.  Section 3.6.2 analyzes nonlinear diaphragm 

deflection under sequential changes, with various magnitudes of temperature drop 

followed by monotonic pressure loading.  This represents application conditions 

where the FOPS will have to measure pressure at steady ambient temperatures that 

are below the stress-free temperature. 
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3.6.1. Simultaneous (Proportional) Changes in Temperature and Pressure 

 

The pressure is increased by p bars as the thermo-mechanical in-plane compressive 

stress is proportionately increased to the linear analytic buckling limit of the 

diaphragm.  This proportional loading is continued up to twice the buckling stress to 

examine the post-buckling deformations.  Three different proportionality ratios are 

examined, with p = 0.46 bars, 4.6 bars and 46 bars.    

Fig. 3.9 (a) shows the nonlinear diaphragm deflection curves for p=0.46 bars, for 

different diaphragm thicknesses. For comparison, the nonlinear deflections under 

pure in-plane loading without any transverse pressure (presented earlier in Figure 

3.7a) are also superposed.  As expected, the thicker diaphragms show very little 

additional deflection (and associated drop in buckling limit or linearity limit), while 

the thinner diaphragms show a significant change in deflection.      

As explained in the introductory sections, the deflection of the diaphragm changes the 

cavity length of the FOPS which gives a reading for a pressure measurement.  If the 

diaphragm deflects due to thermo-mechanical buckling, the sensor output will be 

contaminated as the buckling-induced deflection will add to the deflection due to the 

pressure loading and the sensor data recorded will lose its significance.   Figure 3.9(a) 

shows the total deflection due to the combined loading   A convenient way to isolate 

the deflections due to diaphragm buckling (due to a drop in temperature) from that 

due to the bending of the diaphragm (due to the pressure load), the diaphragm 

deflections from the coupled (temperature and pressure) loading were normalized by 

the deflection due to pressure loading.  The in-plane compressive stresses were also 
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normalized by the theoretical buckling strength, for better comprehension.  This 

normalized plot is shown in Fig. 3.9 (b). 

 Upon a closer look (Fig. 3.9 (c)), the diaphragm deflection ratio (deflection due to 

thermal pressure loading/deflection due to pressure loading) is seen to reach 1.03, (i.e. 

the buckling deflection is 3% of the pressure deflection) when the radial compressive 

stresses at the diaphragm circumference reaches approximately 3% of the critical 

buckling stress for all of the different cases of diaphragm thickness.   

Similarly, the trend continues when the pressure loading rate is increased by factors 

of 10 and 100, relative to the rate of in-plane compressive stress increase. The 

nonlinear deflections progressively increase and the buckling limits progressively 

decrease, as the pressure loading rate increases, as shown in Figures 3.10 and 3.11.  In 

Figure 3.10, the pressure loading rate p (relative to in-plane compression rate, as 

defined at the beginning of this section) is increased to 4.4 bars and in Fig 3.11, to 46 

bars.  Interestingly, regardless of the magnitude of the pressure loading rate p and the 

diaphragm thickness, the normalized diaphragm deflection ratio (deflection due to 

combined thermo-mechanical and pressure loading, normalized by the deflection due 

to pure pressure loading) continues to reach 1.03 when the in-plane radial 

compressive stresses at the diaphragm circumference reach approximately 3% of the 

theoretical linear buckling strength predicted by Eq. 3.1. 
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(c) 

Fig. 3.9 (a) Nonlinear diaphragm deflection for p=0.46 bars increase of pressure, 

with proportional increase of in-plane compressive thermo-mechanical stresses 

up to the linear analytic buckling limit; for varying thickn esses, showing the 

nonlinearity before and after buckling. (b) Normalized diaphragm deflection 

curves.  (c) A closer look at the normalized deflection curve showing the 

‘contamination limit’. 
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(c) 

Fig. 3.10 (a) Nonlinear diaphragm deflection for p=4.6 bars increase of pressure, 

with proportional increase of in-plane compressive thermo-mechanical stresses 

up to the linear analytic buckling limit; for varying thicknesses, showing the 

nonlinearity before and after buckling. (b) Normalized diaphragm deflection 

curves.  (c) A closer look at the normalized deflection curve showing the 

‘contamination limit’.  
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(c) 

Fig. 3.11 (a) Nonlinear diaphragm deflection for p=46 bars increase of pressure, 

with proportional increase of in-plane compressive thermo-mechanical stresses 

up to the linear analytic buckling limit; for varying thicknesses, showing the 

nonlinearity before and after buckling. (b) Normalized diaphragm deflection 

curves.  (c) A closer look at the normalized deflection curve showing the 

‘contamination limit’. 
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In many application environments, the FOPS will have to undergo a temperature drop 

to operating conditions and then experience pressure loading during pressure 

measurement.  In order to recreate this sequential effect, the FOPS is analyzed under  

sequential loading of temperature drop (of various magnitudes below the stress-free 
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The FOPS diaphragm is first subjected to a temperature drop which causes an initial 

deflection in the sensor’s diaphragm due to the thermally-induced in-plane 

compressive stresses (produced as the outer casing shrinks relative to the diaphragm, 

due to the temperature drop).  Then the diaphragm is placed under a pressure load.  

Five cases are examined, with the temperature drop varying from 0°C to -85°C below 

the stress-free temperature.  The pressure is then monotonically increased to 100 bars.  

The nonlinear deflections for this loading sequence are examined for three cases of 

diaphragm thickness: t=3µm, t=4µm and t=5µm.   The temperature drop is simulated 

by applying in-plane thermo-mechanical stresses estimated from Figure 3.5. 

Fig.3.12 (a) illustrates the nonlinear deflections of a 3µm thick diaphragm under this 

sequential loading.  The initial temperature-induced deflections are subtracted out 

since the FOPS sensor will output only the pressure-induced deflections.  This figure 

shows that as the temperature-induced pre-deflection increases, the diaphragm 

stiffens more, thus increasing the nonlinearity in the pressure-induced deflection.  

Note that the diaphragm deflections for ∆T= 0 oC in Figure 3.12(a) are slightly less 

than those presented earlier by Majeed at al [see Figure 2.8 of ref 9] due to the fact 

that here only the diaphragm of the FOPS is modeled, whereas in Fig. 2.8 of Ref 9, 

the entire FOPS assembly was analyzed.  Figures 3.12 (b) and (c) illustrate the effect 

of this sequential loading as the diaphragm thickness is increased to 4µm and 5µm, 

respectively.  As the diaphragm thickness is increased, the effects of the initial 

temperature drop are lessened.   
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(c) 

Fig.3.12. Nonlinear diaphragm deflection under sequential temperature 

drop (five cases: 0, -25, -45, -65, -85 deg C), followed by monotonic 

pressure loading to 100 bars, for (a) t=3µm, (b) t=4µm and (c) t=5µm. 
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Fig. 3.13. Working pressure ranges for t=3µm, t=4µm and t=5µm, based on 1%, 

2% and 3% nonlinearity. 
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Fig. 3.14. Calibration factor (diaphragm deflection per unit pressure change 

within the linear limit), for t=3µm, t=4µm and t=5µm 

3.7 Conclusions 

In application environments, the FOPS will undergo not only a pressure load, but also 

temperature excursions.  The resulting compressive, in-plane thermo-mechanical 

loads can generate diaphragm buckling, thus adding to the diaphragm deflection, and 

compromising the accuracy of the pressure measurement.  In this study, the 

diaphragm was subjected to a proportional increase of pressure and in-plane 

thermally-induced compressive stress.  This work shows that when the thermo-

mechanical in-plane radial stress reaches 3% of the buckling strength of the 

diaphragm, the output of the FOPS is contaminated with a mixture of deflection due 

to both thermo-mechanical buckling and pressure-induced bending of the diaphragm 

-80 -70 -60 -50 -40 -30 -20 -10 0
0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

∆T (Deg. C)

 C
al

ib
ra

tio
n 

F
ac

to
r 

(D
ef

le
ct

io
n 

( µ
m

)/
P

re
ss

ur
e 

(B
ar

))

Calibration Factor

t=3 µm

t=4 µm

t=5 µm



 56 

 

(acceptable threshold is defined here as 3% deviation from the purely pressure-

induced deflection).  The temperature and pressure combination, at which the radial 

stress reaches 3% of the critical buckling strength of the diaphragm, is defined as the 

lower ‘contamination limit’ of the FOPS (because past this limit the thermally-

induced buckling deflection is more than 3% of the pressure-induced bending 

deflection).  For example, a 3 µm thick diaphragm has a lower ‘contamination limit’ 

of about -16 MPa (corresponds to approximately -60 oC, based on the results in 

Figure 3.4) and 0.15 bar pressure (Fig. 3.12).  Buckling calibration curves are 

provided in this study to allow users to find this lower ‘contamination limit’ for a 

range of diaphragm thickness for this FOPS.   

Similarly, the lower ‘linearity limit’ of the FOPS at each pressure is defined by the 

temperature and pressure combination that causes 3% nonlinearity in the diaphragm 

deflection due to combined buckling and pressure.  For example, close examination 

of the data in Figure 3.8 reveals that the lower ‘linearity limit’ of the 3 µm thick 

diaphragm studied in this FOPS occurs at a compressive radial stress of -67 MPa 

(corresponding to temperature lower than -150 Deg. C, based on the results in Figure 

3.4) and 0.6 bar pressure.   

The operating range of the FOPS is defined by the more stringent of these two ranges 

defined above. In the case discussed above, clearly the ‘contamination limit’ defines 

the operating range of the FOPS.   It’s worth noting that the operating pressure range 

for this case is only 0.15 bars (at -60 Deg C temperature, from Figure 3.4)  compared 

to the operating range of 20 bar pressure in the absence of thermal loading.  Clearly, a 
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proportional simultaneous drop in temperature significantly reduces the operating 

pressure range of the FOPS. As the thickness of the diaphragm increases, so does its 

operating range.  

In many application environments, the FOPS will have to undergo a temperature drop 

to operating conditions and then experience pressure loading during pressure 

measurement.  In order to recreate this sequential effect, the FOPS is analyzed under 

sequential loading of temperature drop (of various magnitudes below the stress-free 

temperature) followed by pressure loading. The FOPS diaphragm is first subjected to 

a temperature drop which causes an initial deflection in the sensor’s diaphragm due to 

the thermally-induced in-plane compressive stresses (produced as the outer casing 

shrinks relative to the diaphragm, due to the temperature drop).  Then the diaphragm 

is placed under a pressure load.  Five cases are examined, with the temperature drop 

varying from 0°C to -85°C below the stress-free temperature.  The pressure is then 

monotonically increased to 100 bars.  

 It is shown that for this particular temperature-pressure combination, as the 

temperature-induced pre-deflection increases, the diaphragm stiffens more, thus 

increasing the nonlinearity in the pressure-induced deflection and that as the 

diaphragm thickness is increased, the effects of the initial temperature drop are 

lessened.  The working pressure ranges based on 1%, 2% and 3% nonlinearity, for 

temperature drops upto  -85 oC are also shown along with the FOPS Calibration 

Factor (defined as the diaphragm deflection (µm) per unit pressure (bar) loading 

within the linear working range). The calibration factors and the nonlinearity limits 
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are found to be relatively insensitive to temperature drop for most of the cases 

examined, with the sensitivity increasing progressively as the operating temperature 

drops.   Further studies are required to explore different combinations of non-

proportional changes in temperature and pressure in order to explore the entire 

operating range of the FOPS. 

  
 

Fig. 3.15 Working temperature range for different diaphragm thicknesses from Figure 3.8 
and Figure 3.4.  
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Chapter 4:  Summary 

The main conclusions of this thesis and contributions to this project are presented and 

discussed here, along with recommendations for future work. 

 

4.1 Conclusions and Discussions 

In this study, the design methodology for the diaphragm of a fiber optic pressure 

sensor under combinations of steady-state pressure and temperature are investigated.  

Due to these conditions, several failure mechanisms may affect the structural and 

optical characteristics of the sensor, such as nonlinear displacement of the diaphragm, 

buckling of the diaphragm, cracks in the diaphragm, high residual stresses in the 

optical fiber and deformations and failure in the epoxy sealant between the optical 

fiber and the steel casing.  With the aid of linear and nonlinear FEA, this study 

investigated the severity of selected failure mechanisms in the sensor (nonlinear 

diaphragm deflection, diaphragm fracture and diaphragm buckling). 

In the first part of the study the effect of pressure loading at ambient temperatures 

was investigated.  For maximum sensitivity, it is ideal to have as thin a diaphragm as 

possible. However, as the thickness of the diaphragm is reduced, the stresses 

developed at the periphery of the diaphragm due to the deflection become an 

important factor.  The work conducted shows that the reliability in terms of these 

stresses produced in the diaphragm due to an external pressure load are not critical for 
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any practical pressure range.  The stresses developed in the diaphragm are much 

below the fracture strength of silicon even for very small diaphragm thicknesses.  

However, as the diaphragm thickness is reduced and the pressure loading is increased, 

the diaphragm deflections exceed the linear range.  As the diaphragm deflection 

approaches 30% of its thickness, the linearized response is no longer valid and 

nonlinear effects have to be taken into consideration.  It was shown that nonlinearity 

plays a critical role in the design and limits the operating pressure range and the 

allowable minimum thickness of the diaphragm.  As expected, the pressure range 

decreases as the diaphragm thickness reduces. Using the nonlinear calibration curves 

provided in this work, sensors can be designed using 1%-3% nonlinearity criteria, to 

assess their working pressure range. 

In application environments, the FOPS will undergo not only a pressure load, but also 

temperature excursions.  The second part of the study examines the effect of 

combined temperature and pressure loading and explores the diaphragm deflections 

under different combinations of temperature drop and pressure loading.  First the 

study analyzes nonlinear diaphragm deflections under simultaneous, proportional 

changes in temperature and pressure, for different proportionality ratios.  This 

represents application conditions where the FOPS will experience simultaneous 

changes in temperature and pressure.  Then the nonlinear diaphragm deflection under 

sequential changes, with various magnitudes of temperature drop followed by 

monotonic pressure loading is analyzed.  This represents application conditions where 
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the FOPS will have to measure pressure at steady ambient temperatures that are 

below the stress-free temperature. 

The compressive, in-plane thermo-mechanical loads can generate diaphragm 

buckling, thus adding to the diaphragm deflection, and compromising the accuracy of 

the pressure measurement.  First, the diaphragm was subjected to a proportional 

increase of pressure and in-plane, thermally-induced, compressive stress.  This work 

shows that under this proportional loading, when the thermo-mechanical in-plane 

radial stress reaches 3% of the buckling strength of the diaphragm, the output of the 

FOPS is contaminated with a mixture of deflection due to both thermo-mechanical 

buckling and pressure-induced bending of the diaphragm The temperature and 

pressure combination, at which the radial stress reaches 3% of the critical buckling 

strength of the diaphragm, is defined as the lower ‘contamination limit’ of the FOPS.  

Buckling calibration curves are provided in this study to allow users to find this lower 

‘contamination limit’ for proportional loading, for a range of diaphragm thickness for 

this FOPS.   

Also, the lower ‘linearity limit’ of the FOPS at each pressure is defined by the 

temperature and pressure combination that causes 3% nonlinearity in the diaphragm 

deflection due to proportional increase in combined buckling and pressure examined 

in this study.  The operating range of the FOPS is defined by the more stringent of 

these two ranges. It is shown that a drop in temperature significantly reduces the 

operating pressure range of the FOPS. As the thickness of the diaphragm increases, so 

does its operating range.  This study demonstrates the method to estimate these 
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operating ranges for a particular proportional combination of pressure and 

temperature changes.   

But, in many application environments, the FOPS will have to undergo a temperature 

drop to operating conditions and then experience pressure loading during pressure 

measurement.  In order to recreate this sequential effect, the FOPS is analyzed under 

sequential loading of temperature drop (of various magnitudes below the stress-free 

temperature) followed by pressure loading. The FOPS diaphragm is first subjected to 

a temperature drop which causes an initial deflection in the sensor’s diaphragm due to 

the thermally-induced in-plane compressive stresses (produced as the outer casing 

shrinks relative to the diaphragm, due to the temperature drop).  Then the diaphragm 

is placed under a pressure load.  Five cases are examined, with the temperature drop 

varying from 0°C to -85°C below the stress-free temperature.  The pressure is then 

monotonically increased to 100 bars.  

 It is shown that for this particular temperature-pressure combination, as the 

temperature-induced pre-deflection increases, the diaphragm stiffens more, thus 

increasing the nonlinearity in the pressure-induced deflection and that as the 

diaphragm thickness is increased, the effects of the initial temperature drop are 

lessened.  The working pressure ranges based on 1%, 2% and 3% nonlinearity, for 

temperature drops upto  -85 oC are also shown along with the FOPS Calibration 

Factor (defined as the diaphragm deflection (µm) per unit pressure (bar) loading 

within the linear working range). The calibration factors and the nonlinearity limits 

are found to be relatively insensitive to temperature drop for most of the cases 
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examined, with the sensitivity increasing progressively as the operating temperature 

drops.   Further studies are required to explore different combinations of non-

proportional changes in temperature and pressure in order to explore the entire 

operating range of the FOPS. 

 

4.2 Major Contributions and Future Work 

The major contributions and suggestions for future work are outlined below: 

• In this thesis, linear as well as nonlinear design sensitivity of a fiber optic 

pressure sensor (FOPS) under thermal and pressure loads were explored 

• In previous work, FOPS have been designed with respect to the sensitivity of 

the sensors by optimizing the thickness of the diaphragm for maximum 

deflection.  This study quantitatively investigates the tradeoffs between 

increasing the sensitivity of the sensor and limiting the operating range of the 

FOPS, due to the nonlinearity of the diaphragm, as the thickness of the 

diaphragm is reduced and the external pressure loading is increased.  

Calibration curves of the diaphragm deflection under a range of working 

pressure loads and diaphragm thicknesses are provided for linear as well as 

nonlinear working range for end-users. 

• Another important contribution of this thesis is the analysis of the in-plane 

compressive stresses generated in the FOPS diaphragm due to drop in the 

application temperature, and the resulting post-buckling deformations of the 

diaphragm.   



 66 

 

o Not only is the FOPS analyzed under a temperature drop, but also an 

external pressure load is added in order to recreate its working 

environment.   

� First the nonlinear diaphragm deflections under simultaneous, 

proportional changes in temperature and pressure, for different 

proportionality ratios.  This represents application conditions 

where the FOPS will experience simultaneous changes in 

temperature and pressure  

• Outcome is an assessment of the temperature limits of 

the FOPS with different diaphragm thicknesses at 

different pressures; based on contamination and 

nonlinearity of the pressure-induced deflections due to 

the additional buckling-induced deformations.    

� Then nonlinear diaphragm deflection under sequential changes, 

with various magnitudes of temperature drop followed by 

monotonic pressure loading.  This represents application 

conditions where the FOPS will have to measure pressure at 

steady ambient temperatures that are below the stress-free 

temperature. 

• Outcome is an assessment of the working pressure 

ranges based on 1%, 2% and 3% nonlinearity, for 

temperature drops upto  -85 oC along with a Calibration 

Factor (defined as the diaphragm deflection (µm) per 
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unit pressure (bar) loading within the linear working 

range) 

 

• Future Work: 

o This study shows the methodology of designing the FOPS for different 

combinations of temperature and pressure.  First, a particular 

proportional combination of pressure and temperature loading has 

been used to show the methodology.  Then, the nonlinear diaphragm 

deflection under sequential changes, with various magnitudes of 

temperature drop followed by monotonic pressure loading is analyzed 

in order to represents application conditions where the FOPS will have 

to measure pressure at steady ambient temperatures that are below the 

stress-free temperature.  Further studies are required to explore more 

of these operating ranges for different thicknesses and for other 

combinations of non-proportional changes in temperature and 

pressure.   

 

o This work has not considered the effects of environmental dynamic 

loading on the FOPS.  These dynamic loadings, which include 

vibration, shock and drop loadings, may affect the sensitivity of the 

sensor.  In addition, the effects of dynamic pressure loading have to be 



 68 

 

considered.  Other phenomenon such as lifetime and phase difference 

must also be studied. 
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Appendix A: Sensor Modeling in Pro-Engineer 

FEA Model 

The FOPS, Fig. A, was modeled using two different techniques to optimize the 

analysis.  First we modeled the sensor using Pro-Engineer and imported the design in 

to ANSYS for Finite Element Analysis. The methods of designing in Pro-Engineer 

are described in this appendix.   

(a) (b) (c) 

Fig. A1(a) FOPS model in Pro-Engineer. (b) and (c) are angled views of the 

modeled FOPS 

 

Material Properties 

The FOPS consists of three different materials.  The outer shield, which encompasses 

the probe housing, is made from steel.  The probe housing and the fiber are of silicon 

material. The material properties are listed in the Table A1 below and the different 

material locations are illustrated in Fig. 2(b) with different colors.    
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Table A1. List of material properties used in the FEA model. 

 Steel 

(Shield) 

Silicon 

(Probe 

Housing) 

Adhesive 

Density (kg/m3) 7820 2330  1720  

Poisson’s ratio 0.27 0.28 0.28 

Young’s modulus (GPa) 200 112.4 - 165 2.26 

Coefficient of thermal expansion (K-1) 15.2e-6 3.2e-6 191e-6 

 

FEA Results 

As mentioned above, the point of interest is the sensor diaphragm shown in Fig. 1, 

Sec. 2.1.  The diaphragm nominal dimensions are 100µm diameter and 5µm 

thickness. When applying 1.0 bar pressure, the resulting maximum deformation is 

noted to be 9.1nm at the geometric center of the diaphragm as shown in Fig. A2 (a). 

The maximum principal stress is 6.9 MPa and it occurs at the diaphragm 

circumference as shown in Fig. A2 (b).  
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(a) (b) 

Fig. A2. (a) Deflection of the sensor diaphragm under 

pressure loading of 1.0 bar scaled by 5K and (b) 

principal stresses on the diaphragm 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

9.1 nm 0 nm 6.9 MPa -0.17 MPa 
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