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A B S T R A C T   

This paper discusses mathematical modelling and experimental validation of a highly sensitive optical fibre Bragg grating (FBG) contact pressure sensor developed 
for healthcare applications. Bare FBGs are not very sensitive to pressure (~3 × 10− 3 nm/MPa) but this can be increased by embedding the FBG in a polymer layer 
which acts as transducer to convert transverse load (pressure) applied to an axial strain, measured by the FBG sensor. The pressure sensitivity of the FBG sensor 
depends on the mechanical and physical properties such as Young’s modulus, shape and size of the polymer. A finite element analysis (FEA) model is developed to 
optimise the design parameters of the FBG sensor in order to achieve a high sensitivity. A transfer matrix mathematical formulism is then used to relate the reflection 
spectrum of the FBG to the strain experienced. Three different shapes, three different sizes and three different polymer materials with different Young’s moduli have 
been simulated and their wavelength sensitivities related to the transverse pressure. According to the simulation results, the pressure sensitivity of a bare FBG can be 
increased ~ 270 times (0.8179 nm/MPa) by selecting an FBG of 3 mm length, embedding it at the horizontal centre of a polymer layer of Young’s modulus of 20 MPa, 
in the shape of a circular disc with a diameter 5.5 mm and thickness of 1 mm.   

1. Introduction 

Accurate contact pressure measurement is very important in avoid
ing pressure injuries caused by being in prolonged contact with mat
tresses, wheelchairs and prostheses, or through using devices such in 
dwelling catheters. A pressure ulcer is defined as an area of tissue 
damage appearing after a prolonged period of inadequate blood supply 
to the tissue. The main extrinsic causes of pressure ulcers are pressure, 
friction, humidity and shear forces (Jonsson et al., 2005; Magalhaes, 
2007). If the pressure on the arterial side of a tissue exceeds 30–32 
mmHg, which is the capillary filling pressure, this may cause tissue 
death and ulceration (Bhattacharya and Mishra, 2015). In UK, the 
average daily costs of treating a pressure ulcer are estimated to range 
from £43 to £374 and mean healing cost per patient ranges from £1214 
to £14108 depending on the ulcer category (Dealey et al., 2012). 
Monitoring of contact pressure can help avoid tissue injury by alerting 
clinicians when contact pressure is too high or when there has been 
prolonged contact. 

Our research (Correia, 2021; Correia et al., 2018; Hernandez, 2017; 
Morgan, 2019) is investigating methods of avoiding pressure injury due 
to endotracheal (ET) intubation in which an endotracheal tube is 
inserted to the trachea for the purpose of establishing and maintaining 
an airway to deliver oxygen enriched air or an anaesthetic. In order to 

achieve a gas seal at the cuff-trachea interface but to avoid tracheal 
injury, it is recommended that the ET tube cuff is inflated to 20–30 
cmH2O (2–4 kPa) (Touman and Stratakos, 2018). If the contact pressure 
exceeds the required limit for prolonged periods it may cause various 
problems such as mucosal/ dermal pressure ulcers, post intubation 
tracheal stenosis (PITS) and more critical and fatal conditions such as 
obstructive fibrinous tracheal pseudomembrane (OFTP) (Touman and 
Stratakos, 2018). 

Another healthcare challenge where contact pressure measurement 
is important is in compression bandaging where it is necessary to obtain 
and maintain a desired sub bandage pressure during its application and 
wear. Venous leg ulcers (VLU) are a major cause of morbidity and affect 
up to 3 % of the adult population in the United States and Europe 
(Margolis et al., 2002). A study has shown that 87 % of VLU patients are 
prescribed a recognised compression bandage treatment and 52 % of 
them were healed (Guest et al., 2018). The mainstay of treatment for 
established venous insufficiency includes the use of compression to 
apply external pressure to the lower extremities with the aim of 
improving venous function (Pfisterer et al., 2014). 

According to the World Union of Wound Healing Societies (WUWHS) 
consensus document for compression in venous leg ulcers (Compression 
in venous leg ulcers, 2020), bandage systems and compression garments 
are graded according to the level of compression they produce. WUWHS 
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suggest 4 different levels of pressure applied to the limb. Mild (<20 
mmHg ≈ 2.66 kPa), moderate (≥20-40 mmHg ≈ 2.66––5.33 kPa), 
strong (≥ 40–60 mmHg ≈ 5.33–7.99 kPa) and very strong (>60 mmHg 
≈ 7.99 kPa). The required amount of sub bandage pressure is deter
mined by the underlying pathologies as well as the patient’s ability to 
tolerate the compression. For example strong compression is recom
mended for venous leg ulcer treatment and very strong compression is 
recommended for lymphoedema (European Wound Management Asso
ciation (EWMA), 2003). However, these recommendations may again 
vary depending on the conditions such as their age, patients with arterial 
insufficiency or cardiac failure. Additionally, depending on the activity 
level of the patient the applied sub bandage pressure may differ. For 
example, sub bandage pressure tends to be lowest when patient is 
resting/lying down and higher peaks could be obtained during exercises 
(Compression in venous leg ulcers, 2020). 

Prosthetics is also another healthcare field application where inter
face pressure measurements techniques are deployed widely. The pres
sure measurement at the interface between the stump and the prosthetic 
socket could provide valuable information in the process of prosthetic 
socket fabrication, modification and fit (Buis and Convery, 1997). The 
prime objective of any prosthesis is to provide function in a comfortable 
manner. However comfort of the prosthesis dependents on the pressure 
between the socket and the residual limb (Pirouzi et al., 2014). 
Depending on the type of socket, the interface pressure range between 
the residual limb and the socket may differ widely. For example Moo 
et al. (Moo et al., 2009) discusses interface pressure profile analysis of 
two types of sockets, namely the patellar tendon bearing (PTB) socket 
and hydrostatic socket. According to the study anterior pressure profile 
of the PTB socket exhibits a pressure range of 50–90 kPa whereas the 
posterior PTB socket exhibits peak pressure up to 210–230 kPa. Quesada 
et al. (Quesada and Skinner, 1991) discusses in their study of analysis of 
below knee PTB prosthesis, pressure peaks can go up to 800 kPa for hard 
sockets. 

There is a wide variety of available contact pressure sensors 
including pneumatic, piezoelectric, resistive, and capacitive technolo
gies. Each of these approaches has drawbacks. For example Barbenel 
et al. (Barbenel and Sockalingham, 1990) developed a device for 
measuring soft tissue interface pressure consisting of a commercially 
available electro pneumatic sensor cell attached to 1 m of tubing. The 
transducer is a piezo resistive pressure sensitive device whose output 
voltage is proportional to the applied pressure in the range 0–5 kPa. The 
response is linear and robust, however, it suffers from bulkiness and low 
flexibility. The sensor cell, tubing and transducer are filled with vege
table oil and this may cause problems such as air bubbles formation 
during motion and is not suitable in dynamic studies. Steinberg et al. 
(Steinberg and Cooke, 1993) present a method for the measurement of 
contact pressure using an electro pneumatic sensor that transforms 
displacement or proximity into change in air pressure. The main draw
backs of this sensor are that it suffers from hysteresis and low sampling 
rates. 

Ferguson-Pell et al. (Ferguson-Pell et al., 2000) evaluated a sensor 
which is commercially available for low interface pressure measure
ments (Flexiforce, Tekscan). The sensor uses an ink whose electrical 
resistance changes with the force applied. The main drawbacks high
lighted in this study were its poor response and the output drift to the 
curvature. Buis et al. (Buis and Convery, 1997) has also discussed cali
bration problems encountered while monitoring interface pressures 
with force sensing resistors (resistive ink 9810F socket, Tekscan). 
Sensitivity to loading rates and the hysteresis are the main drawbacks 
obtained for these type of sensors. 

Optical fibre sensors offer attractive solutions to a number of mea
surement challenges faced in healthcare (Correia et al., 2018). Different 
optical fibre sensing approaches can be applied to physical measure
ments such as fibre long period grating (Rana et al., 2022; Wong et al., 
2019), fibre in-line interferometer (Wu, 2021; Chen, 2020) and fibre 
Sagnac loop (Culshaw, 2006; Shao, 2019). Amongst these, fibre Bragg 

gratings (FBGs) offer an attractive solution for healthcare as they offer 
the opportunity to multiplex multiple sensors (up to 40) on the same 
optical fibre. Furthermore, they are widely available commercially and 
the price of interrogation units have been reducing. An FBG consists of a 
periodic modulation of the refractive index of the core of a single mode 
optical fibre. An FBG reflects light at a specific wavelength which de
pends on the period and refractive index of the grating. FBGs can be 
multiplexed along a single fibre for distributed measurements. Although 
FBGs are sensitive to strain and temperature, they are less sensitive to 
pressure with bare FBG sensitivity of about 3.04x10-3 nm/MPa (Xu et al., 
1993). Nevertheless, FBG sensors can be engineered in a way that 
pressure can be transduced to axial strain with an increase in its pressure 
sensitivity. 

Wang et al. (Wang et al., 2013) describe a FBG force sensor for 
monitoring contact pressure during compression therapy, consisting of 
two arrays of FBG entwined in a double helix form. Due to the double 
helix structure when forces are applied one FBG experience a 
compression whiles the other experiences elongation. The differential 
Bragg wavelength shift is used to determine the applied force whereas 
temperature fluctuation causes a common mode variation which is in
dependent of the force induced differential wavelength shift. This sensor 
array is immune to temperature and capable of real time distributed 
sensing of sub-bandage pressure. 

Correia et al. (Correia, 2016; Correia et al., 2010; Correia et al., 2007) 
presented a pressure measuring system using an FBG embedded in an 
polymer layer (epoxy) that transduces the external pressure into strain 
on the FBG more efficiently. The deformation of the polymer in response 
to the transverse load results in an axial strain across the FBG. This re
sults in a change in the periodic length of the grating and the refractive 
index of the FBG over the embedded region. This approach has been 
used for measuring the contact pressure between an ET tube cuff and the 
trachea (Correia, 2016). The sensitivity observed was 2.1 × 10− 2 nm/ 
kPa which is a factor of 15 greater than a bare FBG. 

The pressure response of such a sensor is highly dependent on the 
physical properties of the polymer layer. Initial designs utilised an epoxy 
cube (Correia, 2016, 2021), but there is a potential to tailor the sensi
tivity by utilising different materials, shapes and sizes of the layer. This 
is one of the key characteristics that should be expected from an ideal 
contact pressure measurement sensor (Partsch, 2006). An accurate 
simulation is beneficial to this optimisation process. 

In research there are several examples where the FBGs undergo 
birefringence due to the magnitude of the transverse loading (Gafsi and 
El-Sherif, 2000; Correia et al., 2006). Therefore, it is important to ac
count for the birefringence in the context of FBGs under transverse 
pressure. In this paper, finite element analysis (FEA) is used to simulate 
the stress/strain field along the FBG due to transverse loading. The 
transfer matrix method is then used to map the FBG strain onto the 
anticipated reflected spectrum. Hu et al. (Hu et al., 2016) presented an 
FBG simulation for real time evaluation of transverse cracking in cross- 
ply laminates using the transfer matrix method. Hassoon et al. (Hassoon 
et al., 2015) applied a similar approach to simulate of mode-I delami
nation detection to determine material strength. Pereira et al. (Pereira 
et al., 2016) developed an FBG FEA tool that provides three different 
simulations; longitudinal uniform strain, longitudinal non uniform 
strain and transverse stress. This is a useful approach but for transverse 
stress simulation, the non-uniformity of the grating is not considered but 
is replaced by an average strain. Moreover these models have not been 
used to optimise the design for healthcare applications. 

In this research we develop a new model that accounts for the non- 
unformity of the grating and use this model to optimise the design of 
FBG based contact pressure sensors for healthcare. 

2. Simulation theory of FBG sensor 

Light guided in the core of an optical fibre undergoes a Fresnel 
reflection at each of the grating interfaces where there is a refractive 
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index change. The light becomes progressively out of phase except at 
one wavelength that satisfies the Bragg condition (Othonos et al., 2006): 

λB = 2neff Λ (1)  

where λB is the Bragg wavelength, neff is the effective refractive index of 
the fibre core at the free space centre wavelength. Λ is the grating 
period. When the grating period changes (due to strain or temperature), 
the reflected wavelength changes. 

2.1. Coupled mode theory and transfer matrix method 

The spectral response of FBGs can be calculated using coupled mode 
equations and the transfer matrix method. The transfer matrix method is 
an approximation based method and models the non-uniform grating 
properties as a piecewise constant function and reduces the calculation 
of the grating spectral response to a single response matrix (Prabhugoud 
and Peters, 2004). 

FBGs couple light from the core propagating guided mode into the 
counter propagating guided and cladding modes. This causes loss 
troughs in the transmission spectrum and peaks in the reflection spec
trum (Liau, 2009). Using coupled mode theory, the electric fields of the 
backward and forward propagating waves can be obtained (Othonos 
et al., 2006): 

Ea(x, t) = A(x)exp[i(ωt − βx)] (2)  

Eb(x, t) = B(x)exp[i(ωt+ βx) (3)  

The complex amplitudes A(x) and B(x) are given by Othonos et al. 
(2006): 

dA(x)
dx

= iκB(x)exp[− i2(Δβ)x] (4)  

dB(x)
dx

= − iκ*A(x)exp[i2(Δβ)x] (5)  

Δβ = β − β0 is the differential propagation constant. β is the propagation 
constant given by 2πn0

λ and β0 = π/Λ. κ is the coupling coefficient and κ* 

is the complex conjugate. However, for a uniform grating κ is a constant 
and given by κ = π*m*δneff/λ where m is the striate visibility for a single 
mode FBG. The detuning Δβ which is dependent on z for all gratings is 
defined as Erdogan (1997): 

Δβ = β −
π
Λ

(6)  

Δβ = 2πn0

(
1
λ
−

1
λD

)

+
2π
λ

δneff (7)  

λD is the ‘design wavelength’ for Bragg reflectance by a weak grating 

where (Δn→ 0) and is given by λD = 2n0Λ. δneff , which is the ‘dc’ index 
change spatially averaged over the grating period. 

The perturbation of refractive index is given by (Peters et al., 2001): 

δneff (z) = δneff (z)

{

1+ νcos
[

2π
Λ

z + ϕ(z)
]}

(8) 

where ϕ(z) is the grating chirp and for a uniform grating ϕ(z) = 0. In 
the transfer matrix method the grating is divided into N uniform sec
tions, Δ = L/N, where L is the length of the FBG. 

The transfer matrix relationship can be obtained for sections at z and 
z+Δ. The backward output reflected wave az and the forward output 
transmitted wave bz+Δ can be expressed using a transfer matrix (Ikhlef 
et al., 2012): 

[
az+Δ
bz+Δ

]

=

⎡

⎢
⎢
⎢
⎣

cosh(γΔ) − i
Δβ
γ

sinh(γΔ) −
κ
γ

sinh(γΔ)

i
κ
γ

sinh(γΔ) cosh(γΔ) + i
Δβ
γ

sinh(γΔ)

⎤

⎥
⎥
⎥
⎦
.

[
az
bz

]

(9)  

γ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

κ2 − Δβ2
√

(10)  

Connecting all the fields’ together: 
[

aL
bL

]

= T.
[

a0
b0

]

(11)  

where T = TN*TN− 1*⋯⋯*Ti*⋯..*T1T has dimensions 2×2 and can be 
written as 

T =

[
T11 T12
T21 T22

]

(12)  

Ti =

⎡

⎢
⎢
⎢
⎣

cosh(γli) − i
Δβ
γ

sinh(γli) −
κ
γ

sinh(γli)

i
κ
γ

sinh(γli) cosh(γli) + i
Δβ
γ

sinh(γli)

⎤

⎥
⎥
⎥
⎦

(13)  

The reflection coefficient is calculated by: 

R(λ) =
⃒
⃒
⃒
⃒
T21(λ)
T11(λ)

⃒
⃒
⃒
⃒

2

(14)  

2.2. Response to a non-uniform strain field 

According to Peters et al. (Peters et al., 2001) the applied strain in
duces a change in both grating period and mean refractive index and 
these two effects can be linearly superimposed at least for a piecewise 
continuous strain field because it is locally uniform. An effective strain 
(1 − pe)εzz(z) can be applied to the grating, where εzz(z) is the strain 

Fig. 1. Schematic illustration of the optical fibre fbg pressure sensor.  
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variation along the z direction. pe =
neff

2

2 [p12 − ν(p11 + p12)]is the photo 
elastic coefficient, where, p11 and p12 are the components of the strain 
optical fibre sensor and ν is Poisson’s ratio of the optical fibre. Thus for a 
non-uniform grating, the grating period is Peters et al. (2001): 

Λ(z) = Λ0[1 + (1 − pe)εzz(z)] (15)  

The effective mode index is Peters et al. (2001): 

δneff (z) = δneff

{

1+ ϛcos
[

2π
Λ0[1 + (1 − pe)εzz(z)]

z
]}

(16)  

where ϛ is the fringe visibility. ϛ ≈ 1 for a conventional single mode fibre 
(Ling et al., 2007; Chen et al., 2013). The bandwidth of an FBG in a free 
state is the full width at half maximum (FWHM) bandwidth (Bennion 
et al., 1996; Pereira et al., 2015): 

λ0 ≈ λFWHM = λbs[
(

δneff

2ncore

)2

+ (
Λ
L
)

2
]
1/2 (17)  

where s ≈ 1 for strong gratings with near 100- % reflectivity and s ≈ 0.5 
for weak gratings. ncore is the unexposed core refractive index (Bennion 
et al., 1996). The width variation of the reflected peak resulting from a 
non-uniform strain effect can be approximated using the maximum 
(εmax

zz (z)) and minimum strain (εmin
zz (z)) values along the grating. Thus, 

the maximum grating period (Λmax) and the minimum grating period 
(Λmin) can be calculated. The bandwidth of a non-uniform strain is 
(Pereira et al., 2015): 

Δλ′
wv =

[
2neff Λmax − 2neff Λmin

]
− λFWHM (18)  

2.3. Birefringence/signal anomalies of FBGs to transverse loading 
conditions 

The refractive index changes caused by applied loads are known as 
photo-elastic phenomena (Bennion et al., 1996). When an FBG experi
ences transverse loading it may exhibit birefringence effects causing 
splitting of the FBG peak signal into two peaks. Birefringence is a con
dition where two orthogonal components of the optical fibre cross sec
tion have different refractive indices (Pereira et al., 2015). When an FBG 
is under transverse loading in the compressed side (slow axis) the 
refractive index will increase and in the orthogonal direction (fast axis) 
it will decrease. In any unloaded FBG the refractive index is assumed 
uniform across the core cross section at any location in the fibre axis. 
When a transverse load is applied to the FBG, the core cross section of 
the FBG will deform into an elliptical shape with a compressive force 
acting along the y-axis, Fig. 1. Photo elastic induced refractive index 
changes in the x and y polarisation axes are Mastero (2005): 

(Δneff )x = −

(
neff

)3

2E
×
{
(p11 − 2νp12)σx + [(1 − ν)p12 − νp11 ] ×

[
σy + σz

] }

(19)  

(Δneff )y = −

(
neff

)3

2E
×
{
(p11 − 2νp12)σy + [(1 − ν)p12 − νp11 ] × [σx + σz]

}

(20)  

where σx, σy and σz are the stress components along x, y and z direction 
The corresponding Bragg wavelength changes are given by Mastero 

(2005): 

(ΔλB)x = −

(
neff

)3ΛB,0

E
×
{
(p11 − 2νp12)σx + [(1 − ν)p12 − νp11 ] ×

[
σy

+ σz
] }

+ 2
neff ΛB,0

E
×
{

σz − ν
[
σx + σy

] }

(21)  

(ΔλB)y = −

(
neff

)3ΛB,0

E
×
{
(p11 − 2νp12)σy + [(1 − ν)p12 − νp11 ] × [σx

+ σz]
}
+ 2

neff ΛB,0

E
×
{

σz − ν
[
σx + σy

] }

(22)  

The bandwidth variation of the reflected peak due to the transverse 
deformation is obtained by observing from equation 23 and 24 that the 
first terms of the equations are different and correspond to the effect of 
transverse applied loads and the second terms of these equations are 
identical and correspond to the Bragg reflection wavelength changes of 
the FBG induced by longitudinal strain. Therefore the Bragg wavelength 
width variation of the reflected peak due to transverse loading is Mas
tero (2005): 

ΔλWV = Δλ′
wv +Δλ″

wv (23)  

Where, Δλ′
wv = 2Λ

⃒
⃒Δneffx − Δneffy

⃒
⃒ and Δλ″

wv =
Λn3

0
Ef

[(
1 + vf

)
(p12 −

p11)
] ⃒
⃒σx − σy

⃒
⃒

The wavelength shift is: 

Δλb = λb* (1 − pe)*(average (εzz(z)) (24)  

where λb is the design wavelength of the FBG or the Bragg wavelength in 
un-deformed conditions. 

Since the gratings seen by the orthogonal polarisation states are in
dependent, the total reflectivity can be deduced by adding the weighted 
reflectivity along each polarisation state. The reflectivity weights of the 
two different polarisation states are defined by the intensity fractions 
present in each direction. Therefore total reflectivity is Michaille et al. 
(2003): 

R = p2
xRx + p2

yRy (25)  

px and py are the amplitude components along x and y axes where p2
x +

p2
y = 1. 

3. Method 

3.1. Model construction 

The FBG simulation structure can be divided into two steps. Finite 
element analysis for the stress and strain modelling across the FBG due 
to the pressure loading and transfer matrix formulism for the modelling 
of the FBG reflectivity spectrum due to the stress and strain experienced 
by the FBG. FEA analysis is performed using ABAQUS FEA, Dassault 

Table 1 
Modelling parameters.  

Parameter Value 

FBG length 3 mm 
Design wavelength / Un-deformed wavelength 1549.1 nm 
Initial effective refractive index 1.4465 
Bandwidth limits 1539.1––1559.1 nm 
Resolution 1500 points 
Strain optic tensor coefficients P11 = 0.121 

P12 = 0.27 
Poisson’s ratio of the fibre 0.17 
Young’s Modulus of fibre 71.7e9 Pa 
Young’s Modulus of polymer layer 143 MPa 
Poisson’s ratio of polymer layer 0.4 
Young’s Modulus of the base 210 GPa 
Poisson’s ratio of the base 0.3 
Peak value of the dc effective index of refraction 5e-5 
Number of sections for T-matrix calculations 300 
Power coupling coefficients Px = 0.85 

Py = 0.15  
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Systèmes Simulia Corp., USA and the transfer matrix formulism using 
MATLAB, MathWorks, USA. 

3.1.1. FEA modelling and data extraction 
The FEA modelling consists of:  

1) Creation of parts and assigning each part material properties: The model 
consists of an optical fibre, polymer layer and a base (Fig. 1). Each of 
the parts was assumed to be deformable and is assigned with their 
Young’s modulus and Poisson’s ratio as shown in Table 1.  

2) Optimisation of mesh parameters: Mesh density is an important 
parameter used to achieve accuracy. A high density mesh will usually 
produce more accurate results, however, if a mesh is too dense it will 
require long run times, especially in nonlinear analyses. In this work, 
the optimum mesh size of 0.01 mm was selected.  

3) Creation of assembly and selection of contact algorithm and boundary 
conditions, selection of geometric non-linearity: ABAQUS provides two 
different contact algorithms - general contact and contact pairs, 

which share many underlying algorithms. Nevertheless, the contact 
interaction domain, contact properties and surface attributes are 
specified independently for general contact, offering a more flexible 
way to add detail incrementally to a model. In this work, the general 
contact algorithm was utilised for its convenience and accuracy. An 
adhesive type bonding is used between the optical fibre and the 
polymer layer, therefore, a tie constrain was introduced between the 
outer surface of the fibre and the inner surface of the polymer layer 
so that there is no relative motion.  

4) Stress and strain profiles of the fibre are written to text files for each 
FEM simulation. These files are later exported to MATLAB for the 
transfer matrix formulism. 

3.1.2. FBG simulation algorithm structure 
Fig. 2 illustrates a flow chart of the algorithm structure used to 

simulate the FBG response. For each wavelength determined by the 
bandwidth and the resolution inputs, reflectivity is calculated. The 
number of sections used for the transfer matrix is determined by the 

Fig. 2. FBG simulation flow chart.  
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mesh resolution of the FEA model. For example, if the FBG is 3 mm long 
and the fibre is meshed with 0.01 mm resolution, there are 300 mesh 
elements in the FBG. Transfer matrix calculations are performed for each 
wavelength section for the 300 sections. 

3.2. Experimental validation setup 

The experimental validation setup (Fig. 3, figure S1) consists of a 
customized cantilever that applies a known load to the FBG pressure 
sensor using a vertical rod connected to it. The optical fibre pressure 
sensor is connected to an interrogator (SmartScan, Smart Fibres Ltd., 
UK). A load cell (FC23 Compression Load Cell, TE Ltd., USA) was placed 
on a stage beneath the optical fibre sensor to monitor the pressure 
applied. The signal of the load cell converted to a digital signal using an 

analogue to digital converter (National Instruments, USA). 
A bottle connected to a water pump is hung at the distal end of the 

cantilever. The pump flow rate is controlled by an Arduino development 
board (Arduino UNO, Italy) which controls the load applied. The water 
pump is kept on for 5 s during filling with a delay of 180 s to stabilise the 
signal. The whole measurement procedure was repeated three times. 

3.2.1. Embedment of the FBG in polymer layer 
Fig. 4 (a) shows a picture of the 3D printed mould (6 mm × 6 mm × 1 

mm) used to fabricate the sensor. This mould is made from PTFE (Pol
ytetrafluoroethylene) resin. The unstripped region of the optical fibre 
sits in the mould groove while the stripped region, where the FBG is 
located, is centered around the square well. The fibre is secured at both 
ends using magnets to maintain some axial strain in the fibre avoiding 
bending (Fig. 4 (b)). The polymer based adhesive is then poured into the 
mould. The polymer layer (acrylic adhesive, Loctite AA 3926, Henkel, 
Germany) is cured for 5 min with a 5 W UV lamp (wavelength range 365 
– 370 nm). 

3.3. Investigation of the pressure sensor response 

Initially, experimental validation was performed for the simulation 
results produced for a polymer layer of cuboid shape with dimensions of 

Fig. 3. Experimental validation setup (ADC – analogue to digital converter).  

Fig. 4. (a) Picture of the 3D printed mould used to fabricate the sensor (b) the 
curing setup. 

Fig. 5. FEA mesh model of the FBG (3 mm) embedded in (a) 6 mm × 6 mm × 1 
mm cuboid shape (b) 6 mm diameter, 1 mm thickness polymer disc (c) a quasi- 
rectangular shape (6 mm × 3 mm × 1 mm). 
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6 mm × 6 mm × 1 mm. The FBG is 3 mm long and situated at the centre 
of the polymer layer. The parameters used for the FEA modelling and 
FBG modelling are listed in Table 1. 

The experimental validation is followed by optimisation of the 
shape. Three different shapes including a cuboid (6 mm × 6 mm × 1 
mm), quasi rectangle (6 mm × 3 mm × 1 mm) and circular disc 
(diameter 6 mm) have been compared. The FEA meshed models used for 
the simulations are illustrated in Fig. 5. The Young’s modulus, thickness, 
strain optic coefficients and fibre parameters are constant throughout all 
the simulations. 

Once the optimised shape is recognised as the disc (section 4.2), the 
next set of simulations were performed to optimise the dimensions. 
Three different disc diameters (6 mm, 5.5 mm and 7 mm) are compared. 

Subsequently, by optimising the shape and dimensions (disc shape 
with 5.5 mm diameter and thickness 1 mm), the next step is to identify 
the optimum material properties. Three different Young’s moduli which 
are commercially available were simulated in order to identify the op
timum material. The used materials are Loctite AA 3926 (Henkel, Ger
many) with Young’s modulus of 143 MPa, Panacol Vitralit 1655 
(Panacol Adhesives, Frankfurt, Germany) adhesive with a Young’s 

modulus of 44 MPa and Loctite AA3921 (Henkel, Germany) with a 
Young’s modulus of 20 MPa. 

4. Results 

4.1. Experimental validation 

Fig. 6 (a) depicts the simulated results for axial strain distibution 
experienced by the axis of the fibre. The polymer layer lies in between 1 
mm and 7 mm range along the x axis of the graph and the FBG between 
2.5 mm and 5.5 mm. The maximum strain is observed in this region. 
Fig. 6(b) shows the evolution of the simulated reflection spectra to the 
uniform transverse pressure load. The Bragg peak shifts to the red end of 
the wavelength spectrum with increasing transverse pressure loading. 
The results obtained from the experimental validation have been plotted 
with the simulated result obtained on the same graph shown in Fig. 6 (c), 
figure S2. The experimentally obtained Bragg wavelength sensitivity is 
0.595 nm/MPa, and the simulated results agree well (R2 = 0.99). 
Moreover, the simulated results always lie within the error limits of the 
experimentally obtained results. 

Fig. 6. (a) The strain transferred to the axis of the fibre from the uniform transverse loading plotted over the distance along the fibre. The FBG is located between 2.5 
mm and 5.5 mm which lie inside the dashed red ellipse (b) Reflection spectra of the FBG (3 mm) embedded in a cuboid shaped polymer layer (6 mm × 6 mm × 1 mm) 
at the centre of the layer. Young’s modulus of the layer is 143 MPa (c) Bragg wavelength sensitivity to the applied transverse pressure load for experimental and 
simulated results. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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4.2. Pressure sensitivity for different shapes 

The simulated wavelength sensitivity of the Bragg peak, plotted for 
the three different shapes are illustrated in Fig. 7. The highest sensitivity 
was observed for the circular disc with 6 mm diameter. 

4.3. Pressure sensitivity for different diameters of the circular shaped 
polymer layer 

Since the highest sensitivity for the simulated results is obtained for 
the disc, the optimum diameter for the disc layer was investigated. Fig. 8 
illustrates the axial strain along the FBG for circular layers with diameter 
range of 5–7 mm, for a pressure of 0.9 MPa. 

According to Fig. 8, it is clear that the maximum strain transfer and 
hence, the maximum sensitivity, occurs at a diameter of 5.5 mm. 

The Bragg wavelength sensitivity to transverse loading is plotted for 

diameters 5.5 mm, 6 mm and 7 mm (Fig. 9). The highest sensitivity is 
achieved for a diameter of 5.5 mm although there is a very small dif
ference for each case. 

4.4. Pressure sensitivity with Young’s modulus 

Since the highest sensitivity was achieved for the 5.5 mm diameter 
disc with 1 mm thickness, this shape has been used for the simulations 
for three different Young’s moduli (143 MPa, 40 MPa and 20 MPa). 

Fig. 10 compares the wavelength sensitivity of the Bragg peak for the 
5.5 mm diameter, 1 mm thick polymer layer for the three different 
Young’s moduli. The highest observed sensitivity is 0.8179 nm/MPa for 
the 20 MPa Young’s modulus and this is 1.04 times the sensitivity of the 
44 MPa Young’s modulus layer and 1.31 times the sensitivity of the 143 
MPa Young’s modulus layer. 

Fig. 7. Simulated results of pressure sensitivity of Bragg peak to different 
transverse loading for 3 different shapes, cuboid (6 mm × 6 mm × 1 mm), disc 
(6 mm diameter, 1 mm thick), quasi rectangle (6 mm × 3 mm × 1 mm). 

Fig. 8. Simulated results of longitudinal strain along the FBG for different 
diameter layers for 0.9 MPa transverse loading. 

Fig. 9. Simulated results of pressure sensitivity of Bragg peak to different 
transverse loading for 3 different diameters (6 mm, 5.5 mm and 7 mm). 

Fig. 10. Simulated results of pressure sensitivity of Bragg peak to different 
transverse loading for 5.5 mm diameter disc with 1 mm thickness for three 
different Young’s moduli (143 MPa, 40 MPa, 20 MPa). 
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5. Discussion 

When an FBG is embedded in a polymer layer, the axial strain profile 
experienced by the FBG is heavily dependent on the strain transfer ef
ficiency of the layer to the FBG (Zhou et al., 2010; Pak, 1992; Sun et al., 
2007, 2016). This depends on many polymer layer parameters such as 
thickness, bonding length, material properties and shape. However, the 
maximum strain transfer is achieved when the FBG is positioned at the 
centre of the xz plane of the polymer layer as the axial strain is maximum 
at this position. 

The highest sensitivity is observed for the disc shape among the three 
shapes. As the cross sectional area increases the transverse force acting 
on the patch also increases for a particular uniform pressure load. 
Therefore the cuboid shape and the disc shape have higher pressure 
sensitivities than the quasi rectangular shape. However, the disc has 
higher sensitivity than the cuboid which may be due to the radial 
symmetry of the disc as the radial stresses contribute towards the axial 
strain experienced by the FBG. 

Fig. 8 shows the axial strain along the FBG for circular layers with 
different diameters for a pressure of 0.9 MPa. The maximum strain 
experienced at the centre of the FBG clearly depends on the disc diam
eter with a maximum transfer observed for the 5.5 mm diameter disc. 
The deformation of the polymer layer due to the transverse load pro
duces reaction forces on the fibre and hence produces longitudinal 
stresses. This reaction forces increase with the increase of the diameter 
of the polymer layer as the bonded length increases. When the diameter 
is less than 5.5 mm the reaction forces are dominant when compared to 
the increase in area of the layer, and hence the net longitudinal stress 
increases. Above the optimum diameter (5.5 mm) the area increase due 
to the increase of diameter is dominant when compared to the reaction 
forces and hence the stresses and net longitudinal strain start to reduce. 

As the Young’s modulus of the material decreases the polymer layer 
becomes more deformable and hence the reaction forces applied on the 
fibre increases. As a result of the longitudinal strain increases, the Bragg 
wavelength shift is greater for the same pressure load, when compared 
to higher Young’s modulus (less deformable) materials. Therefore, the 
wavelength sensitivity to transverse load increases. 

The reflection spectra of all the simulated FBGs embedded in 
different polymer layers showed no birefringence due to the applied 
transverse loading within the observed pressure range (<1 MPa). Sim
ulations (see supporting data, Figures S3-S7) demonstrate that this 
typically can be observed at ~ 3 Mpa. The application of the pressure 
sensor is within this pressure range and the effects out of this range are 
less important and out of the scope of this study. This is due to transverse 
stresses being negligible compared to the longitudinal strain within the 
considered pressure range. Therefore, the refractive index is uniform 
about the axis of the fibre and hence the reflected peak does not separate 
along the x and y axes. 

6. Conclusions 

A mathematical model for a highly sensitive optical fibre Bragg 
grating pressure sensor embedded in a polymer layer for contact pres
sure measurement in health care applications has been demonstrated. 
The mathematical model was validated experimentally for a 3 mm long 
FBG embedded in a 6 mm × 6 mm × 1 mm polymer cuboid layer with a 
Young’s modulus of 143 MPa. 

Three different shapes including cuboid, quasi rectangular and cir
cular disc have been simulated to obtain the optimum shape and size for 
the sensor. According to the simulation results, a disc of diameter 5.5 
mm shows the highest sensitivity. The effect of the Young’s modulus on 
the sensitivity of the FBG was also investigated with the highest sensi
tivity observed for a 5.5 mm disc with 1 mm thickness and a Young’s 
modulus of 20 MPa. 

The change in polymer layer design, increased the sensitivity 1.5 
times over the original design and by ~ 270 times of a bare FBG. 
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