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Split boss diaphragm based fiber Bragg grating pressure
sensor with increased sensitivity
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In the proposed work we would like to present a stainless steel (SS) based pressure sensor using a split boss diaphragm
mounted with a fiber Bragg grating (FBG) at its centre. This proposed stress transfer mechanism provides maximum stress
to the fiber, resulting in improved sensitivity. The sensor is fabricated and tested for its performance for both static as well
as dynamic pressure and is also benchmarked with a flat diaphragm pressure sensor. The developed sensor exhibits an
enhanced pressure sensitivity of 0.742 nm/bar, which is ~10 times higher than the flat diaphragm based sensor. The
sensor's dynamic sensing characteristics of peak output, rise time were 4.94 nm and 1.2 ms respectively.
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1. Introduction

The key structural component of any pressure sensor
is a thin circular or square diaphragm which deforms
under applied pressure. Secondary sensing elements such
as thin film strain gauges, diffused resistors, FBG’s etc
which are embedded in the highly stressed regions of the
diaphragm, convert the stress on the diaphragm, induced
due to input pressure, into an electrical or optical output.
By modifying dimensions of the structure and the structure
itself, a wide range of pressure measurement can be
accomplished. Thereby in developing pressure sensors
with high sensitivity and linearity, structures play a very
important role, as they undergo deformation to the input
pressure and function as the primary sensing element of
the sensor.

Hence considerable attention is given to the
development of innovative structures. To achieve high
sensitivity, thinner diaphragms are required, however
excessively thin diaphragms may induce large deflection
and instability, thus leading to the unfavorable
performances of a sensor in terms of linearity and
repeatability. Therefore, design and optimization of
various geometrical parameters of the structure are very
critical.

Substantial progress in sensing characteristics have
been achieved by using structures such as Bourdon tubes
[1], bellows [2,3], cylindrical shells [4], varied forms of
diaphragms [5-9], beams [10] as well combination of
diaphragms and beams [11,12], as they play a key role in
transmitting stress to the secondary sensing elements.
Varied materials have been used to fabricate these primary
structural elements of the sensor, such as stainless steel
[5,6,8], elastomers [13], polymers [14,15] etc. Metallic

diaphragms due to their superior elastic characteristics and
their compatibility for use in corrosive and high pressure
environments have found wide spread usage.

Wide array of secondary sensing techniques, like fiber
optic based sensing by Yan Sun et.al. [8], piezoresistive by
Vinoth Kumar et.al.[16], piezoelectric by Sujan Y et.al.
[17], and capacitive by Giulio Fragiacomo et.al. [18] have
been used in conjunction with the primary sensing
element, to improve upon the sensitivity and other key
characteristics of pressure sensors.  In this work fiber
optic based, Fiber Bragg grating (FBG) strain sensors has
been taken up for study as they offer significant
advantages over conventional sensors, such as high
sensitivity, fast response, small foot print, easy fabrication,
chemical inertness, and immunity to Electromagnetic
Interference (EMI) as highlighted by Raman Kashyap
[19]. It works on the principal of change in Bragg
wavelength due to strain, resulting due to applied pressure.
Different types of FBG based sensors have been developed
to measure various measurands, such as temperature [20],
strain [21], level [22], flow [23], displacement [24],
pressure [5,6,11,12,] etc, either by manipulating effective
refractive index or the grating period of FBG. By
designing appropriate primary sensing mechanical systems
in conjunction with the secondary sensing element, highly
sensitive sensors with desired attributes for many given
applications can be achieved. Varied schemes of aligning
FBGs on to the structural element of pressure sensor have
been employed, to improve the performance of sensors. A
pressure sensor with two FBG’s bonded on to the SS
circular diaphragm, with one adjacent to the edge of
diaphragm to detect negative strain, while another FBG
fixed to the center of diaphragm to detect positive strain,
developed and tested by Jun H. and Zude Z. [5] showed a
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sensitivity, linearity of 1.57 pm/kPa and 99.996%, another
pressure sensor by Vengal R. et.al. [2] with a single FBG
attached along the central axis of metal bellows has
showed a sensitivity, linearity of 90.6 pm/psi and 99.86%.
Yet another sensor with a single strand FBG bonded along
its central axis to the circular diaphragm designed by
Yanling Xiong etal. [25] showed a sensitivity and
linearity of 0.023nm/MPa and 97.20%. Pressure sensors
with diaphragm-cantilever structure, consisting of a flat
circular metal diaphragm, connected to a cantilever with
two FBG’s bonded on to the top and bottom of cantilever
by Yong Zhao et.al.[26], displayed a sensitivity, linearity
of 258.28 pm/MPa and 99.99 %. Another unique pressure
sensor consisting of a SS diaphragm coupled to a fixed
guided beam with two FBGs bonded in the tensile and
compressive regions of the beam developed and tested by
Manjunath. M et.al. [11] has displayed a sensitivity and
linearity of 0.103 nm/bar and 99.94% respectively.

All the above study suggests that to achieve higher
sensitivity and linearity, novel ways of designing the
primary sensing element, along with alignment of FBG is
very much crucial.

This paper presents a compact stainless steel based
split boss diaphragm pressure sensor, consisting of a
circular diaphragm and a split rigid circular mass referred
to as split boss at its centre. A FBG is bonded at the centre,
bridging the two halves of split boss, to capture strain
induced due to applied pressure. The benefit of the
planned sensor is that it is fabricated as a single integrated
entity and the stress transmitting mechanism projected,
provides maximum strain onto the FBG.

The proposed sensor exhibits improved sensitivity
with good linearity and repeatability for a pressure range
of 0-8 bar. The use of stainless steel metal diaphragm
enables the sensor for higher pressure range and corrosive
environments, compared to the already accounted sensors
in the literature survey.
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2. Sensor design and principle

The 3D and cross sectional view of the planned sensor
is shown in Fig. 1. It consists of a split boss diaphragm
made of stainless steel (SS) as the primary sensing element
and a FBG strain sensor, bonded across the centre of split
boss as secondary sensing element. The primary sensing
element as shown in Fig. 2a consists of a circular
diaphragm of radius a, thickness h, along with a circular
rigid mass which is split at its centre referred to as split
boss, of radius b, split distance ¢, and height i. This
primary sensing mechanical structure is later laser welded
on to a SS adapter with M14 x 1.5 thread as shown in Fig.
1a, for applying pressure P. The fabricated FBG fiber
sensing element of diameter ds, length I and period A, is
bonded across the centre of split boss to complete the
assembly process of the sensor. The completely integrated
sensor is as shown in Fig. 1c.

When pressure P is applied on to the diaphragm
through the adapter, the split boss gets pulled apart,
causing tensile strain on the fiber optic sensor. By
determining strain on the fiber, applied pressure can be
determined, as strain on the fiber is directly proportional to
applied pressure. The forces and moments acting on one
half of the split boss are as shown in Fig.2c where M is
the moment due to the fiber, Mpr moment due to the
applied pressure and Mgy moment due to the shear force Q
per unit length, with moments taken by the reference point
A in the radial x-y plane. The moment on the fiber M; due
to the deflection, of split boss is given by [27],

Secondarv sensing element

FBG Sensor

Laser
weld

Pressure inlet

(b) (c)

Fig. 1. 3D and cross sectional view of assembled sensor. (a) Primary sensing element and adapter for pressurizing (b) Sectional
view of the primary sensing element and the adapter and (c) Complete sensor assembly



136 Manjunath Manuvinakurake, Uma Gandhi, Umapathy Mangalanathan,Suneetha Sebastian, Asokan Sundarrajan ...

Splitboss

Fiber Bragg
grating

©

()

Fig. 2. Cross sectional images of the sensor. (a) Sectional view of split boss diaphragm without pressure (b) Sectional view of
split boss diaphragm under pressure. (c) One half of split boss representing various moments and dimensions. (d) Section of the
split boss (color online)
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fiber and angle subtended by the split boss due to the
applied pressure.

The moment due to applied pressure My is given by,
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The angle o of the circular segment which is part of
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The shear force Q on the split boss per unit length is
given by

Q x circumference = pressure x area
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Considering a section of the split boss, subtending an
angle d¢, and its outer edge length dl, representing the
force dF and the moments in radial x-y plane as shown in
Fig. 2d.

The outer edge length dl will thereby be represented

as
dl =bd¢ )
The force on the edge length dl will be
dF =Qdl =Qbd¢ ®)

As the moments are dispersed all along the edges of

split boss, summing up the moments dM  will result in

cancellation of the x components and summation of the y
components thereby,

M, = bcosgdF = Qb cosgdg @
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The moment induced due to the shear force within the
limits of —a to «, of the split boss will thereby be,

M, =[ " Qb’ cosgdg = Qb° [ " cospdg = Qb [sing] % =2Qb sina(lo)

For equilibrium of moments in the radial x-y plane,
with moments taken at reference point A,

M =M +M
sh pr f (ll)
thereby from equations (1, 2 and 10)
, b’ EA i’
20Qb"sina = P(——Zbcj(rc—c)+ sin 20
2 I, (12)
The angle subtended by the split boss will be
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Thereby the strain & on the fiber is given by
2xixsing
g, = I—
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This strain is captured by the FBG which is reflected
by shift in Bragg wavelength, where the relative shift in
Bragg wavelength is given by [19, 29,30]

Aj [@-p)ae, ]
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pe is the effective photoelastic coefficient constant and Aes
is the change in strain due to applied pressure.
The reflected Bragg wavelength {44 is given by

A, =2nA (16)

where # and A are the refractive index and pitch of the
grating of the fiber.

The relative shift in Bragg wavelength, experienced
by fiber Bragg grating, due to strain, induced by the
application of input pressure, on to the sensor is thereby
given by

A 2xixsing

y (17)
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The change in Bragg wavelength, is dynamically
logged by a FBG interrogator system. By interrogating the

shift in Bragg wavelength, the input pressure can be
quantified.

The strain (¢) on the fiber which is an important
sensor characteristic is also benchmarked using three
methodologies namely analytical, numerical simulation
and then confirmed experimentally.

3. Sensor fabrication and testing

The schematic diagram of split boss structure FBG
pressure sensor is as depicted in Fig. 1. It is made up of
two critical elements, first being the primary sensing
element which is the split boss structure consisting of a
circular diaphragm and a circular boss split at its centre.
This structure is laser welded on to the pressure port which
has an integrated M14X1.5 thread connector used for
applying pressure. This complete structure is fabricated
using 17-4 Ph steel, known for its good corrosion
resistance, which is a very much desirable property for a
pressure sensor, as they can be used in corrosive
environments. Well known machining processes such as
CNC (Computer numerical control) turning, boring along
with wire EDM process have been adopted to realize the
primary sensing element structure with the parameters
used in the pressure sensor design is as given in Table
1.The dimensions of the structure such as the b/a ratio,
split distance ¢ and the boss height i are also chosen to
ensure high sensitivity and linearity.

The second is the secondary sensing element which is
the FBG sensing element which is fabricated using a
single mode, photosensitive silica fiber (Nufern GF1)
having core diameter of 9 um and a cladding diameter of
125 um, by means of phase mask technique, using
Excimer KrF laser, operating at 248 nm wavelength,
having an energy of around 3.0 mJ and with a variable
repetition rate up-to 200Hz., resulting in the sensing
element with properties and dimensions as listed in table 1.
This FBG sensor element is later bonded across the centre
of the split boss structure, creating a bridge between the
two split bosses, completing the assembly process as
shown in Fig.1c.

The developed split boss sensor was tested for 0 to 8
bar pressure range in increments of 1 bar and also bench
marked with a flat diaphragm structure of identical
geometrical parameters using a dead weight hydraulic
calibrator (FLUKE, Model: P3125-BAR). FBG
interrogator system (Micron optics, Model SM130) with a
resolution of 0.81 pe, was used to acquire the output data.

The block diagram, photograph of the experimental
setup and images of the fully assembled sensors are as
shown in Figure 3(a-d).

The sensor was also subjected to dynamic pressure
test, by subjecting it to a step input, Educational
Instruments. The output was captured using a interrogator
Make: Micron Optics, Model: Si155 which has a data
acquisition rate of 5 kHz as depicted in Fig. 4(a,b).
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Table 1. Parameters used in the pressure sensor design

Description Value Description Value
Radius of diaphragm (a) in mm 10 Fiber diameter of FBG (df ) in mm 0.125
Thickness of diaphragm (h) in mm 0.5 Fiber length of FBG (I;) in mm 2
Split distance (c) in mm 1 Fiber period of FBG (4) in nm 530
Outer radius of the boss (b) in mm 6 Refractive index of FBG  (#ef) 1.46
Height of the rigid mass (i) in mm 7.5 Photoelastic coefficient (pe) 0.22
Young’s modulus steel (Es) in GPa 205 Young’s modulus of FBG (Ey) in GPa 72.9
Density of SS in Kg/m?® 7850
Poisson’s ratio (H) 0.3

FBG Pressure sensor

FBG
Interrogator

Pressure
calibrator

(a)

- FBG pressure

sensor

sensor

FBG pressure

Fluke dead
weight calibrator

(b) ‘ @

Fig. 3. (a) Block diagram;(b) Images of static calibration setup; (c) Image split boss sensor; (d) Image flat diaphragm sensor (color

online)

®)

Fig. 4. Dynamic pressure calibration setup (a) Front view of the shock tube (b) Close up image of sensor on the shock tube (color
online)



Split boss diaphragm based fiber Bragg grating pressure sensor with increased sensitivity 139

4. Results and discussion

To check the rewards associated with the split boss
design pressure sensor, the magnitudes of strain, of
commonly used structures such as flat and boss diaphragm
is compared with the split boss diaphragm using
COMSOL Multiphysics with parameters as in Table 1.

Simulation results of the split boss structure indicate
that, the strain is high along the center line of split boss
diaphragm as shown in Fig. 5a. It is noticed that input
pressure on the split boss diaphragm leads to widening of
split boss, resulting in magnification of strain on the split
boss compared to that on the diaphragm. The results
indicate that the magnitude of strain is only ~30 pe/ bar on
the diaphragm whereas it is ~600 pe/ bar on the split boss,
as indicated in Fig. 5b.

The split boss structure is also compared to the other
commonly available pressure sensing structures such as
flat and boss diaphragms, where results indicate that the
flat and boss diaphragm structures yield only ~68 pe/bar
and ~45 pe/bar, making split boss structure ~10 times
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more sensitive with a linearity of 99.92%, as shown in Fig.
5¢. It is evident from simulation results that the primary
sensing element which is the split boss structure coupled
with the methodology of bonding the secondary sensing
element contributes to an increase in sensitivity of the
sensor, compared to that of flat and rigid centre diaphragm
structures.

Simulation  studies of important geometrical
dimensions of the primary sensing element such as b/a
ratio, split boss distance ¢, and the split boss height i,
which affect the performance characteristics of the
primary sensing element are also optimized for maximum
strain. It is seen that from Fig. 6a that the strain rapidly
increases with the increase in b/a ratio, reaches its peak at
0.4 and decreases rapidly. In the case of the split distance ¢
the strain is at its peak in the beginning and gradually
decreases and later normalizes with the increase in the
value of ¢ as shown Fig. 6b. In case of boss height i the
strain gradually decrease with the increase in the value of
i, reaches its peak at 7mm and again decreases gradually
as shown Fig. 6c.
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Fig. 5 Simulation studies (a) Strain distribution along the center line of split boss diaphragm (b) Comparison of strain on the
split boss diaphragm and split boss (c) Comparison of strains on different types of diaphragms (color online)
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Fig. 6. Response of dimensional studies of the split boss structure with respect to the important geometrical dimensions (a) b/a
ratio (b) Split distance c (c) Boss height i (color online)

Input-output  static characteristics in particular
sensitivity, non-linearity, hysteresis, repeatability and
resolution of the pressure sensor are acquired

experimentally using the system as in Fig. 3(a,b) for a
pressure range of 0-8 bar in increments of 1 bar. The
results of the sensor are found to be 0.742 nm/bar, 0.014 %
of FSD, 0.039 % of FSD and 0.01 bar as in shown in
Fig.7(a-c). The exhibited linearity was found to be 99.92
%. The sensor was also applied with three cycles of cyclic
pressure and found to have good repeatability, with a

standard deviation of 0.26 as in Fig. 7b. The consistency in
distribution of data also confirms repeatability, as depicted
in plot Fig.7c. Strain on the fiber referenced using three
methodologies namely analytical, numerical simulation
and experimental displays a match with an average
maximum tensile strain of ~600 pe/bar as shown in Fig. 8.
Sensitivity of structure calculated analytically using
equation (17), compared with the experimental output of
the sensor are in agreement as in Fig. 9.
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Fig. 7 Experimental results of the split boss pressure sensor (a) Sensitivity (b) Nonlinearity and Hysteresis
(c) Distribution of data over mean, trials 1-3 (color online)
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Fig. 8. Correlation of analytical, numerical simulation and experimental strain values (color online)
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The pressure sensitivity of the sensor is also
benchmarked with a flat diaphragm FBG pressure sensor
of equivalent geometrical properties, the comparison
experimental study indicates that the developed sensor is
~10 times the sensitivity to that of the standard flat
diaphragm FBG based sensor, as indicated in Fig. 10.

2 4 6
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Fig. 10. Comparison of wavelength shift of split boss and flat
diaphragm structures (experimental) (color online)
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Fig. 11. Output of the sensor for dynamic pressure input with exploded view (color online)

The dynamic characteristics of the pressure sensor are
acquired experimentally using an experimental setup as in
Fig. 4 (ab). The dynamic characteristics such as peak
output, rise time, overshoot, settling time and damping
coefficient of the sensor, for the shock tube diaphragm
rupture pressure of 4.9 bar are found to be 4.94 nm, 1.2
ms, 2.95 nm, 1.99 s and 0.3 respectively as shown in Fig.
11.

The static performance of the sensor was also
compared with other reported stainless steel diaphragm
based FBG based pressure sensors in the literature. The
developed sensor displays an improvement in sensitivity
as detailed in the results shown in Fig. 12.
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Fig. 12. Pressure sensitivity comparison of other SS
diaphragm based pressure sensors from literature survey

5. Conclusions

A split boss based FBG pressure sensor with a SS
circular diaphragm and a split boss at its centre is
designed, fabricated and tested both static and dynamic
pressure input. The secondary sensing element which is
the FBG, is favorably bonded on either side of the split
boss, resulting in a free hanging sensing structure, leading
to improved sensitivity. The resulting strain on the FBG
due to the input pressure is recorded to determine the
applied pressure. The sensor is found to have an enhanced
pressure sensitivity of 0.742 nm/bar, and also possesses
good repeatability with a resolution of 0.01 bar for static
pressure and for dynamic pressure the sensors vital
characteristics such as peak output and rise time were 4.94
nm, 1.2 ms respectively. The static experimental test
results are also in close agreement, with the developed
analytical model.
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