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Plasmon resonance based gold nanoparticle doped optical fibre 
strain sensing 

Xiang Wang *, Rinze Benedictus, Roger M. Groves 
Faculty of Aerospace Engineering, Delft University of Technology, Delft 2629 HS, the Netherlands   

A R T I C L E  I N F O   
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A B S T R A C T   

Strain-based structural health monitoring (SHM) relies on high performance strain sensing methods. Gold 
nanoparticle (NP) doped fibre optic sensors not only have the potential to increase the intensity of the back-
scattered signal to increase the signal to noise ratio but also have plasmon resonance peaks in the visible light 
range. The spectral peak shift of the plasmon resonance may be used for strain sensing. In this paper, the spectral 
peak shift of the plasmon resonance of an optical fibre containing gold NPs under axial strain was analysed. A 
modified Lorentz-Drude (LD) model with the T-matrix method was used and the spectral peak shifts of spheroidal 
NPs under strain were calculated. An approximate analytical expression was derived for faster calculation. The 
modelling presented in this paper shows that the ratio of the change of the peak wavelength to the strain can be 
related to the refractive index (RI) change of the optical fibre under strain, the shape change of the gold NP, and 
the RI change of the gold NP. The peak shift was also observed experimentally in an optical adhesive containing 
gold NPs under compression. The peak shifts were analysed at different RI of the optical fibres, 1.35, 1.45, 1.55 
and 1.65 respectively, in order to cover the range of RI of fused silica and some polymer materials. The results 
confirm experimentally that the applied axial strain can induce the peak wavelength shift by the NPs. By 
choosing a different optical fibre or the properties of the NPs, the wavelength change ratio has the potential to be 
tuned, which may be used for highly sensitive strain sensing.   

1. Introduction 

Structural health monitoring (SHM) can support the maintenance of 
the of engineering structures for a long life in service in aerospace [1] 
and civil engineering [2]. Sensors are used to perform measurements for 
diagnoses or for prediction of damage or failure [3] in the structure in 
order to prevent accidents caused by structural damage or failure. One 
type of SHM is strain-based SHM [4]. By obtaining strain information 
from the structure under loading using sensors along with the algorithms 
to process the data, the structural integrity of the structure can be 
evaluated. There are many types of strain sensors for SHM [5]. For 
example, resistance strain gages [6], Fabry-Pérot cavity based optical 
strain gages [7], fibre Bragg grating based optical strain gages [8–10] 
and distributed fibre optic based strain gages [11]. Compared with 
traditional resistance strain gages, fibre optic sensors have the advan-
tage of being able to be embedded into the structure, for example 
composites, and are light weight, and have a small size, high sensitivity 
and immunity to electromagnetic interference [12], etc. Due to these 
advantages, fibre optic sensors have been widely used for the monitoring 

of the structures in aerospace [13,14] and in civil engineering [15,16]. 
In recent years, nanoparticle (NP) doped optical fibre sensing has 

attracted the interest of researchers [17–20] because the doped NPs in 
the core of the optical fibre enhance the backscattered light dramati-
cally. The enhanced backscattered signal is beneficial to the signal to 
noise ratio for strain detection. Gold is one of the potential materials for 
NP doped fibre optic sensing due to its high backscattering properties 
[21]. Gold NPs not only increase the intensity of backscattered light but 
also have a high extinction for light transmission, which is caused by 
localized surface plasmon resonance (LSPR) [22]. Surface plasmon 
resonance (SPR) a phenomenon caused by the resonance of free elec-
trons in a metal due to an incident light wave. Gold as a metal can be 
used as the material for SPR. There are several applications for optical 
fibre sensors based on the SPR of gold. For example, coating a thin gold 
layer on optical fibres to achieve twist detection[23,24] or to achieve 
high sensitive flow rate detection [25] or to achieve refractive index (RI) 
detection[26]. Gold NPs as a metallic NPs has small geometric size 
compared with the wavelengths of visible light in all spatial dimensions. 
Therefore, the SPR for gold NPs is localized. The SPR based sensors may 
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have advantages in some applications for example higher RI sensitivity 
compared with LSPR based sensors [27]. However, the sensitivity based 
on LSPR is tunable based on the shape of the NPs. In this circumstance, 
tunable sensitivity strain sensing may be achieved via detecting trans-
mitted light in the visible light range (generally the plasmon resonance 
peak is in the visible light range for small size spherical gold NPs[28]) 
with an optical fibre containing gold NPs in the core. The wavelength 
range can be different from that used for distributed fibre optic sensing 
strain detection, for example the light wavelengths for LUNA ODiSI-B is 
around 1550 nm in near Infrared wavelength range. Previous research 
has shown that the RI of the gold NP will change under strain change 
[29–31]. Along with the shape change of the NPs and the RI change of 
the optical fibre, the resonance peak may shift. Therefore, doping gold 
NP into the core of the optical fibre may have the potential for the strain 
detection based on the plasmon resonance peak shift in the visible light 
range. Therefore, it may be an auxiliary strain detection method along 
with distributed fibre optic sensing based on Rayleigh scattering in 
different wavelength ranges. However, the behaviour of the peak 
wavelength change under strain change along optical fibre has not yet 
been fully studied. 

In this work, the strain sensing feasibility of gold NP doped optical 
fibre will be investigated using analytical expressions, simulations and 
experiments. First the modified Lorentz-Drude model is proposed to 
show the RI change of spherical gold NP under strain change. Then, 
based on the modified Lorentz-Drude (LD) model and the T-matrix 
method (also called the extended boundary-condition method (EBCM) 
method) [32,33] for light scattering by spheroidal NP, the plasmon 
resonance peak shift will be calculated in optical fibres with RI of 1.35, 
1.45, 1.55 and 1.65 respectively. The case for gold NPs in an optical 
adhesive and in fused silica optical fibre will be calculated specifically 
and the former will be demonstrated experimentally. Finally, as the 
formula for the calculation of the resonance wavelength shift is complex 
and time-consuming, a simplified analytic formula will be used, which is 
based on the formula for small NP extinction cross section, but only 
considering its main factors, in order to show the wavelength shift 
tendency. 

2. Theory 

Fig. 1 shows the modelled structure. 100nm size gold NPs are doped 
inside the core of the optical fibre over a short distance (several milli-
metres length). To make it clear, there is only one NP shown in the figure 
to illustrate the theory of the sensing method. Cartesian coordinates are 
defined as shown in Fig. 1. The Z axis is along the optical fibre and it is 
also the light transmission direction. The electrical field of the incident 
light is defined to be along the X direction. 

Light is emitted from a broad band visible light source (for example a 

halogen lamp to cover the light wavelength range of the plasmon reso-
nance of the NPs) and then light is coupled into the left side of the optical 
fibre. The gold NP is shown in Fig. 1 in blue. The original status (without 
strain change) of the sensor is shown, not to scale, in Fig. 1(a). The shape 
of the NP is spherical with a radius R (50nm). Fig. 1(b) shows the case of 
the sensor under axial strain. The length of the optical fibre is changed 
from l to l + Δl. If the material property of the optical fibre is isotropic 
and the gold NP is also approximated as an isotropic material because 
the elastic anisotropy index of gold is small [34], then the spherical gold 
NP changes its shape to a spheroidal NP. The half axis of the spheroid 
along the optical fibre changes from R to Rz ≡ a ≡ R + ΔRz. The half 
axis along the X and Y axis have the same values as Rx = Ry and 
Rx ≡ b ≡ R+ΔRx and Ry ≡ c ≡ R + ΔRy. ΔRx = ΔRy and b = c. 

Light will be extincted by the NPs which induces the plasma reso-
nance peak due to the LSPR. The LSPR is caused by the coherent oscil-
lation of free electrons[22,35] and it changes when the shape of the NP 
change[22,36]. The propagating light after extinction is then detected 
by a spectrometer which is connected to the right side of the optical 
fibre. By determining the peak wavelength shift of the absorbance 
spectra, strain change values may be obtained. 

To describe the shape change of the NP clearly in the optical fibre, 
the relative strain change along the optical fibre (α) between the NP and 
the optical fibre is defined as: 

α =
ΔRz

R

/
Δl
l
. (1)  

The shape change of the NP (β) is defined as: 

β =
ΔRt

ΔRz
, (t = x, y), (2)  

which is similar to the definition of the Poisson’s ratio [37]. 
The shape and the RI change of the NPs will induce the plasmon 

resonance peak change. In addition, the plasmon resonance peak is also 
influenced by the RI of the optical fibre. Therefore, the peak wavelength 
shift of the absorbance spectra under strain is a formula including these 
parameters. 

To describe the influence by these parameters, in the following 
paragraphs, the RI for gold NP, the RI change of gold NP based on the 
modefied LD model under strain change and the plasmon resonace 
wavelength and the wavelength shift under strain change will be ana-
lysed. The reason for using the LD model is that the LD model is a sum of 
the expressions of the oscillators and may generate a simpler analytic 
equation for the spectra shift under strain. 

2.1. Modified Lorentz-Drude model for gold NP under strain change 

Two parts constitute the permittivity of gold. They are free charge 

Fig. 1. Light extinction by the gold NP in the optical fibre. (a) Case of original status. (b) Case of strain change.  
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component (∊free) and bound charge component (∊bound)[36]. The 
permittivity of gold can be expressed as: 

∊Au = ∊free +∊bound . (3)  

For nanometer size gold NPs, Scaffardi et al.’s model has a good match 
with the experimental data for nanometer size gold NPs as low as 0.6nm 
diameter gold NP[38] and also has a good match with the RI of bulk 
gold. See the experimental data from Johnson and Christy’s experiment 
[39](blue stars) and the RI calculated by Scaffardi et al.’s model (red 
solid lines) shown in Fig. 2. n is the real part of the RI and k is the 
imaginary part of RI. The red dashed lines show the real and imaginary 
part of RI of 100nm size gold NP to give an intuitive deviation of RI for 
small size of gold and the deviation becomes smaller when the size of the 
NPs increases. 

With Scaffardi et al.’s model the free charge component of the 
permittivity of gold can be expressed as: 

∊free(ω) = 1 −
ω2

p

ω2 + i(γbulk+H νF
R
)ω, (4)  

where, ω is the angular frequency of light in vacuum, ωp is the bulk 
plasma frequency of gold, γbulk is the damping constant for free electrons, 
H is a scattering constant, νF is the electron velocity at the Fermi surface, 
and R is the radius of the gold particle[21,38]. Eq. (4) is an expression 
about R and ω. Fig. 3(a) and (b) show the deviation of the real part of 
free charge component of the permittivity and imaginary part of free 
charge component of the permittivity to the free charge component of 
the permittivity bulk gold respectively. The imaginary part is more 
influenced by the radius R compared with the real part. 

The bound charge component of the permittivity of gold can be 
expressed as 

∊bound(ω) = Qbulk[1 − exp( −
R
R0

)]G(ω), (5)  

where, 

G(ω) =
∫ ∞

ωg

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ω′ − ωg

√

ω′
[1 − F(ω′,T)]

ω′2 − ω2
g + γ2

b + i2ωγb

(ω′2 − ω2
g + γ2

b)
2
+ 4ω2γ2

b

dω′, (6)  

where, the parameter Qbulk = 2.3 × 1024,ω′ is the angular frequency in 
the integral equation, R0 = 0.35nm,ωg = 3.19 × 1015Hz is the angular 
frequency of the gap energy of gold, F(ω,T) corresponds to the Fermi 
energy distribution, kb is the Boltzmann constant, Ef = 2.5eV is the 
Fermi energy and γb corresponds to the damping constant of bound 
electrons of gold (refer to[21,38]). 

The bound charge component of the permittivity of gold is an for-
mula with R and ω (see Eqs. 5 and 6). However, the modification caused 
by R is quite small for large size NPs (>100nm diameter) and the 
modification of (1 − exp( − R

R0
)) is less than 9.08 × 10− 61% because R0 is 

only 0.35nm and the bound charge component will change only when 
the diameters of the NP are in the several nanometer or smaller size. For 
example, when the size of the gold NP is 1nm, this modification is about 
76.0%. Therefore, the influence of the bound charge component of the 
permittivity caused by R can be neglected compared with the deviation 
of the free charge component (see Fig. 3). As shown in Fig. 2, the RI of 
the gold NP with diameter of 100nm calculated from the permittivity via 
Scaffardi’s model is close to the RI of bulk gold. Therefore, the permit-
tivity may vary for different radii of NPs can be expressed as: 

∊Au(R,ω) = ∊free(R,ω)+ ∊bound(ω), (7)  

However, the Scaffardi et al.’s model was not chosen to obtain the 
approximate analytical expression of the spectral peak shift in this paper 
because the bound charge component of the permittively is complicated. 
The simpler model, LD model, assuming the bound charge component of 
the permittively is caused by a lot of oscillators[36] was used for the 
concise expression. According to the LD model, for bulk gold the 
permittivity of gold can be expressed as [40]: 

∊Au− LD = 1 −
f0ω2

p0

ω(ω + iΓ0)
+

∑k

j=1

fjω2
p0

(ω2
j − ω2) − iωΓj

, (8)  

where ωp0 is the plasma frequency of gold, ω is the angular frequency of 
the incident light in vacuum, ωj is the resonance frequency of the jth 
oscillator, Γ0 is the damping constant of the free electron, Γj is the 
damping constant of the jth oscillator. f0 and fj can be obtained by fitting 
the experimental permittivity data. The tendency of the RI also matches 
well with the experimental data (see Fig. 2 blue stars and green dashed 
lines). 

When the R equals infinite large, the bound charge component of the 
permittively can be expressed as: 

∊bound(ω) = ∊Au− LD − ∊free(R→∞), (9)  

where, 

∊free(R) = 1 −
ω2

p

ω2 + iγ(R)ω, (10)  

where, ωp is the plasma frequency of gold and γ is the damping constant 
of the free electron, 

γ(R) = γ0 +A
νF

Leff (R)
, (11)  

and 

Leff (R) = 4
V
S
=

4R
3
, (12) Fig. 2. The RI of gold. (a) The real part of the RI (n). (b) The imaginary part of 

the RI (k). 
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where, V is the volume of the NP and S is the surface area of the NP. 
When the strain changes, the shape of the spherical NP will become 

spheroidal and the density of the electrons will change. The plasma 
frequency is related to the electron density, 

ωp =

̅̅̅̅̅̅̅̅̅̅̅̅

Ne2

∊0meff

√

, (13)  

where, N is the electron density, e is the electron charge, ∊0 is the vac-
uum dielectric constant and meff is the effective electron mass. νF can 
also be influenced by the electron density as 

νF =

̅̅̅̅̅̅̅̅
2EF

m

√

, (14)  

where 

EF =
h2

2m

(
3

8π

)2/3

N2/3, (15) 

h is the Planck constant, EF is the Fermi energy, m is the mass of 
electron and for face centred cubic (FCC) structure metals. 

N =
4
a3

0
, (16)  

where a0 is the lattice constant of gold [29], which corresponds to the 
electron density before strain change. When the volume ratio is intro-
duced to describe the density change, the electron density under strain 
change becomes: 

N ′ = N ×
V
V ′
, (17)  

where V′ is the volume of the gold NP under strain and V′ = 4πabc/3. 
The surface area of the gold NP becomes S′ = 4π(ab + bc + ac)/3. The 
strain will not only change the permittivity of the free-charge contri-
bution but it will also change the permittivity of the bound-charge of the 
NP because of the electron density change[29]. Therefore, Eq. (9) needs 
to be modified by strain as: 

∊bound(ω) = ∊core(ω) − 1, (18)  

and ∊core is replaced by ∊c when the shape of the NP change: 

∊c(ω) =
∊core(ω) + 2 + 2ν(∊core(ω) − 1)
∊core(ω) + 2 − ν(∊core(ω) − 1)

, (19)  

where ∊core is the permittivity of the core part and the volume change 
ratio ν = R3/abc. 

Therefore, by introducing strain related permittivity components, 
the modified LD model under strain change may eventually be expressed 
as: 

∊Au(R) = ∊free(R)+∊c(∊core) − 1, (20)  

where, 

∊core = ∊Au− LD − ∊free(R→∞). (21)  

2.2. Plasmon resonance wavelength shift of gold NP 

By acquiring the wavelength of the extinction cross section (Cext), the 
plasmon resonance wavelength can be obtained. The extinction cross 
section of the NP can be calculated by Mie theory for spherical NPs [36] 
or by the T-matrix method for spheroidal NPs [41,42,33]. 

According to Mie theory [36], for a spherical particle, 

Cext =
2π
k2 R

∑

n
(2n+ 1)(an + bn), (22)  

where, k is the wave vector in the medium. R is the symbol of the real 
part, and an and bn are the scattering coefficients. 

The T-matrix method also expands the field in terms of vector 
spherical wave function which is similar to Mie theory [33]. By consti-
tuting the relationship between the incident wave and the scattering 
wave with the matrix T as[43]: 
[

pν
qν

]

= T
[

aν
bν

]

, (23)  

where, pν and qν are the coefficients of the expanded scattered wave, aν 
and bν are the coefficients of the expanded incident wave, the subscript 
ν = (m, n) and |m|⩽n. and solving matrix T by integrating the vector 
spherical function on the particle’s surface[44], the scattering and 

Fig. 3. The deviation of contribution of the permittivity of free-charge between gold NP and bulk gold. (a) The deviation of the real part. (b) The deviation of the 
imaginary part. 
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absorption by the NP can be calculated. According to the T-matrix 
method for a spheroidal particle [41], 

Cext =
− 1
k2

∑

ν
(p*

νaν + q*
νbν), (24)  

For more information about solving Eq. (24) and T-matrix refer to [41]. 
The method of using the T-matrix method along with fitting the 

plasmon resonance wavelengths under different strains values to obtain 
the peak shift values is generally time-consuming. Therefore, the high 
performance computing (HPC) cluster of the Aerospace Structures and 
Materials (ASM) department of Delft University of Technology was used 
to accelerate the calculation. The aimed NPs sizes are relatively small 
(100nm) when compared with the incident visible light wavelengths 
(around 600nm), so in the following part the small size assumptions for 
the extinction of the NPs are used in order to attempt to obtain a simpler 
analytical solution of the plasmon resonance wavelength shift. 

Calculating the spectrum of the extinction of the spheroidal NPs is 
generally time-consuming under different strain values even with HPC 
clusters with T-matrix method. However, the size of NPs considered in 
this paper (100nm) is smaller compared with the incident wavelengths 
(>500nm). In this circumstance, the small extinction cross section may 
be used to simplify the calculation by deriving an approximate analyt-
ical expression to achieve fast calculation. 

For small spheroidal NPs [36] (b = c) compared with the incident 
light, the polarizabilities α1 and α2 for parallel X axis and Y axis elec-
trical field can be expressed as 

α = α1 = α2 = 4πabc
∊Au − ∊m

3∊m + 3L(∊Au − ∊m)
, (25)  

where, L = 1/3 for a spherical NP [36]. For small size NPs, the extinction 
cross section may be expressed as 

Cext = kI(α) = 4πabckI

(
∊Au − ∊m

3∊m + 3L(∊Au − ∊m)

)

, (26)  

where, I is the symbol of the imaginary part. 
When R[3∊m + 3L(∊Au − ∊m)] = 0, the approximate plasmon reso-

nance frequency, is obtained by solving the equation 

R∊Au(ωFν) = ∊m

(

1 −
1
L

)

, (27)  

where ∊m is the permittivity of the medium which can be expressed as 

∊m = ∊m0(1 + ηΔl
l
)

2
, (28)  

and η is the strain induced RI change of the medium. 
The solution of Eq. (27) is ωFν which is the well-known Fröhlich 

frequency if R∊Au satisfies Eq. (27) and I∊Au ≈ 0. For a spherical NP 
with L = 1/3, Eq. (27) changes to R∊Au = − 2∊m. 

When the strain changes, the spectral peak calculated by Eq. 27 will 
shift. Eq. 27 is an implicit function of the spectral peak wavelength and 
the strain. The derivative of wavelength shift under strain can be 
calculated from the implicit function as a function of F 

F = R∊Au(R) − ∊m

(

1 −
1
L

)

. (29)  

Then, the peak wavelength shift can be obtained from 
[

dω
dl/l

]

ωFν

= −

[
dF/(dl/l)

dF/dω

]

ωFν

, (30)  

in angular frequency or can be expressed in wavelength as 
[

dλ
dl/l

]

λ0

=

[
λ2

2πc′
dF/(dl/l)

dF/dω

]

λ0

, (31)  

where c′ the velocity of light in vacuum. The further approximation of 
Eqs. 30 and 31 are shown in the Results sections (see Eqs. (33)–(35)). 

3. Methods 

3.1. Experimental methodology 

Gold NP suspension (100nm NP diameter, stabilized suspension in 
citrate buffer, 3.45 × 109- 4.22 × 109ml− 1, Sigma Aldrich) was put into a 
plastic tube and the water was evaporated at about 80◦C. When the 
liquid of the gold NP suspension had been evaporated, 1ml optical ad-
hesive (146H, Norland Products) was added to the tube and then stirred 
by an ultrasonic processor (750 Watt, Cole-Parmer) for 3min. During 
each minute the ultrasonic processor worked for 5sec with 30% of its 
total power. After the stirring process, part of the gold NP suspension 
was mixed into the optical adhesive. The optical adhesive containing 
gold NPs was then dropped onto two optical fibre end tips and cured by 
ultraviolet light using an ultraviolet lamp (PH135 SX Super Xenon, 
LABINO AB). Fig. 4 shows a photo of the optical end tips part of the 
experimental setup with the optical adhesive cured by the ultraviolet 
lamp. A USB (universal serial bus) microscope was put beside the optical 
fibre end tips to view the position change of the optical fibre end tips 
under pressure. The optical fibre end tips were made by connectors 
(30640G3, ϕ 640μm bore, Thorlabs) with multimode optical fibre 
(FP600ERT, 0.50 NA, ϕ 600μm core, Low OH, Thorlabs) and were fixed 
on a 3-axis stage (MAX373D, Thorlabs). The upper optical fibre was 
connected to a broad band light source (Tungsten Halogen light source, 
Ocean Optics). The light propagated along the optical fibre to the upper 
optical fibre end tip and then went through the optical adhesive to the 
lower optical fibre and was finally detected by a spectrometer (Cobra 
Vis, Wasatch Photonics, about 100pm resolution). When adjusting the Z 
direction along the optical fibre, the upper optical fibre end tip lowered 
its position and the lower optical fibre was fixed, so the cured optical 
adhesive was slightly compressed. Obtaining the spectrum without 
sample compression is used as the reference spectrum to obtain the peak 
absorbing wavelength. Then compressing the cured optical adhesive in Z 
direction and obtaining the corresponding absorbing spectra. By ana-
lysing the absorbance peak wavelengths obtained by the spectrometer 
under compression, the relationship between the Z displacement and the 

Fig. 4. Photo of the experimental setup..  
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absorbance peak wavelengths can be obtained. The accuracy of the 
position adjusting of the stage in Z direction is 1μm. The relative posi-
tions of the two optical fibre end tips were recorded by reading the Z 
direction change from the stage. However, when the optical adhesive is 
in compression, the force on the optical adhesive will cause a deviation 
of the real relative positions of the two optical fibre end tips to the values 
read from the stage’s micrometer, especially when the pressure is high. 
Therefore, a microscope was used to correct the relative position 
change. By obtaining the images from the microscope, the size of the 
ferrule of the optical fibre was obtained first for calibration. The relative 
positions of the two optical fibre end tips were then obtained by 
measuring the distances between the centres of the two end tips. 

3.2. Numerical methodology 

For the cases of 100nm size gold NPs in the optical adhesive and in 
the fused silica, the shape of the NP change was obtained using the finite 
element method (FEM) with the software Abaqus CAE 2019 (Dassault 
Systèmes). It is assumed that in the modelling region, there is only one 
NP and the NP is in the centre of model. The perfect contact condition 
was used for the interfaces of NPs and the optical fibre. The parameters 
of the spheroidal NP obtained from the FEM by Abaqus were then used 
for the simulation in the software MATLAB 2019a (The MathWorks) 
with the T-matrix method to calculate the extinction cross sections in 
visible light range around the plasmon resonance wavelengths on the 
HPC cluster. The plasmon resonance wavelengths under different strain 
values can be obtained using Eq. 24) to obtain the extinction spectrum 
first and then by fitting the peak of the spectra of the extinction cross 
section, the plasmon resonance wavelengths under different strain 
values can be obtained. The parameters for the calculation are shown in 
Table 1. The analytical results of the resonance wavelength shift were 
obtained using Eqs. 31 under small particle approximation. 

4. Results 

Fig. 5 shows the experimental and simulated results of the absor-
bance of 100nm size gold NP suspensions. The spectra of the absorbance 
of gold NP in citrate buffer (100nm diameter spherical gold NP, mean 
concentration 3.835 × 109ml− 1), were obtained using a UV-Visible 
spectrometer (Lambda 35, Perkin Elmer), see the blue line in Fig. 5(a). 
The peak wavelength is 575nm. This was compared with the simulated 
results for the same concentration and size gold NPs with the modified 
LD model with T-matrix method, which is shown with a green dashed 
dot line (peak wavelength 579 nm) respectively, both simulated results 
match the experimental result well. The RI of the medium is set as 1.33 
which is the same as the RI of water as the major component of citrate 
buffer is water. The Scaffardi et al. model [38] was also used as a 
comparison see the red dashed line (peak wavelength 562 nm). 

The experimental results of the absorbance of gold NP suspension in 
the optical adhesive (Norland Optical Adhesive 146H, Norland Prod-
ucts, whose RI 1.46) is shown in Fig. 5(b) by a blue line. The gold NPs 

have been mixed into the optical adhesive with ultrasonic stirring as 
mentioned in the Methods Section. Scaffardi et al.’s model [38] and the 
modified LD model are also used to show the simulated absorbance 
spectra with RI 1.46, which are shown by a red dashed line and a green 
dashed dot line respectively in Fig. 5(b) for the same mean gold NP 
concentration (3.835 × 109ml− 1). Note: due to the low percentage of 
gold NPs transferred to the optical adhesive, the simulated results have 
been multiplied by a factor of 0.02 in order to show the results in the 
same scale. The peak wavelength of the experimental result with poly-
nomial fitting is 592 nm, which is close to the simulated results both 
from Scaffardi et al.’s model of 588 nm and from the modified LD model 
of 610 nm. 

The simulated results with the T-matrix method have been compared 
with the solutions calculated by Mie theory and the errors beween them 
are quite small. Within the wavelength range from 500 nm to 650 nm, 
the errors are less than 0.3%. 

When moving the upper optical fibre end tip closer to the lower 
optical fibre end tip, as shown in Fig. 4, there is a compressive force on 
the cured optical adhesive containing gold NPs. Fig. 6 shows the 
experimental results of the transmittance and the absorbance for 
different position change values. The transmittance shown in Fig. 6(a) 
was obtained by dividing the transmitted light for the cured optical 
adhesive containing gold NPs by the intensity of the transmitted light 
intensity for only optical adhesive between the optical fibre end tips. The 
absorbance shown in Fig. 6(b) is obtained from the transmittance in 
Fig. 6(a). It can be seen from Fig. 6(b) that there is a blue shift when 
pressing the cured optical adhesive containing gold NPs. 

Fig. 7(a) shows the peak wavelengths shift under compressive strain. 
The precision of obtaining the peak wavelengths depends on the method 
used for tracking the spectral peak and the noise level of the spectrum. In 
this work, the peak wavelengths were obtained from the polynomial 
fittings. In order to reduce the influence of the noise on the peak values, 
the data were averaged by measurements. By averaging the data from 
multiple measurements, a more precise peak wavelength can be ob-
tained. 50 measurements were used to check the deviation of the peak 
wavelength values obtained by polynomial fitting and the standard 
deviation is about 191.2pm. The data shown in Fig. 7 are the peak 
wavelengths obtained by the 8-order polynomial fittings with 400 
measurements. In Fig. 7(a), the blue dots show the peak wavelengths 
with their position change values read directly from the 3-axis stage. The 
red dashed line shows the linear fit of the blue dots for a position change 
range from 0μm to 100μm in the yellow region of Fig. 7(a). The gradient 
of the fitting curve is 0.0464nm/μm. It can be seen from Fig. 7(a) that 
the gradient is reduced for at a larger position change. This is because 
the lower optical fibre cannot with stand too much force when the 
compressive force is high. The lower optical fibre’s position will also 
move slightly. In order to reduce the effect from this movement, a mi-
croscope was used for the distance correction. The distance modification 
used two measurements. One is the original distance, the other is when 
the readout position changed by 100μm. Each was measured 6 times. 
The orange dots in Fig. 7(a) are the modified results. The gradient of its 
linear fitting curve is 0.1328nm/μm. The original distance between the 
two optical fibre end tips, before applying the compressive force, is 
1.3505±0.0129mm from the microscope. Based on the original dis-
tance, the peak wavelengths under different strain values were obtained 
as shown in Fig. 7(b). The red line is the linear fitting curve and its 
gradient is -0.1915±0.1108pm/με with the peak wavelength 587.7nm 
at strain 0. As shown in Fig. 7(b), the dynamic range of the setup is from 
about -0.03ε to 0ε. It is a large dynamic range but the setup only can 
apply compression on the sample. The theoretical dynamic range de-
pends on the material used as the optical fibre. For fused silica, the 
dynamic range can be up to 4%[45]. 

FEM has been previously used for the simulation of composites 
containing NPs [46] and the size of the NP is relatively large (100nm), 
therefore an FEM simulation with the software Abaqus was used to 
determine the shape change of gold NP in the optical adhesive. Although 

Table 1 
Parameters for calculation.  

Parameters Values Parameters Values 

ℏωp0 9.03eV [40] f5 4.384 [40] 
ℏω1 0.415eV [40] ℏΓ0 0.053eV [40] 
ℏω2 0.830eV [40] ℏΓ1 0.241eV [40] 
ℏω3 2.969eV [40] ℏΓ2 0.345eV [40] 
ℏω4 4.304eV [40] ℏΓ3 0.870eV [40] 
ℏω5 13.32eV [40] ℏΓ4 2.494eV [40] 
f0 0.760 [40] ℏΓ5 2.214eV [40] 
f1 0.024 [40] A 0.13 [29] 
f2 0.010 [40] νF 1.41 × 106m/s [29] 
f3 0.071 [40] 1/γ0 9.3 × 10− 15s [29] 
f4 0.601 [40] meff 9.108 × 10− 31kg [29]  
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the simulated results will have an error due to the restriction of the small 
size of the NPs, the simulated results are expected to approximate the 
behaviour of the NPs inside the optical fibre under strain change. This 
mechanical behaviour of the optical fibre containing NPs needs to be 
verified by experiment. 

Fig. 8 shows the structure for FEM simulation. The green region is the 
gold NP and the ivory white region is the optical adhesive. The NP is set 
in the middle of the cubic medium with 100nm diameter. The length of 
the cubic medium was set at 200nm. The boundary conditions were set 
as 0.5% position change at both left from face and right back face of the 
cubic under pressure. The Young’s modulus of gold is 78nN/nm2. The 
Poisson’s ratio of gold is 0.44 [47]. The Young’s modulus of the medium 
(optical adhesive) is set as 10 × 10− 5nN/nm2 as a typical value. 

Poisson’s ratio of the optical adhesive is 0.43. A high volume percentage 
of the NP to the medium could influence of the shape change of the NP. 
However, as shown in Fig. 9 for a the deformation scale factor of 1, the 
shape change of the NP in the optical adhesive is 5-orders smaller than 
the shape change of the optical adhesive. Therefore, the shape change of 
the NP in the optical adhesive can be neglected mechanically. By 
adjusting the RI change of the optical adhesive in the simulation to 
match the gradient of the peak wavelength shift of the experimental 
result, the corresponding RI change of the optical adhesive is 
-0.52±0.28ppm/με. 

A gold NP is expected to enhance the contrast ratio in the distributed 
sensing [21] for high sensitivity strain sensing. The case of a gold NP in 
fused silica is also calculated. Fig. 10 shows result of shape change of the 

Fig. 5. Experimental and simulated results of the absorbance of 100nm size gold NP suspensions. (a) Gold NPs in water. (b) Gold NPs in the optical adhesive.  

Fig. 6. Experimental results of the spectra of gold NP in the cured optical adhesive under pressure (the position change of the upper optical fibre end tip is read from 
a 3-axis stage directed as shown in the legend). (a) Transmittance. (b) Absorbance. 
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NP in the fused silica with the same structure shown in Fig. 9 but with 
the material of the optical fibre changed to fused silica. The Young’s 
modulus of the medium (fused silica) used in FEM is 73nN/nm2 [48] and 
the Poisson’s ratio is 0.17 [49]. 

It can be seen from Fig. 10 that the shape change of the gold NP is 
close to the shape change of the fused silica. The volume ratio of the gold 
NP to the medium also influences the shape change of the NP. 

The RI change of fused silica can be taken into account in the T- 
matrix method by using the modified LD model to calculate the peak 
wavelength change ratio. The light propagating along the optical fibre 
sees the RI change of the fused silica is [50] 

Δn = −
1
2
n3[(1 − ν′)p12 − ν′p11]∊, (32)  

where, ν′ is the Poisson’s ration for fused silica. For silica fibre at 633nm 
incident light, p11 = 0.113, p12 = 0.252, [51] The RI change is 
-0.200ppm/με when n = 1.45. 

Fig. 11 shows the relative length change and the corresponding peak 
wavelength change ratio under different gold NP concentration by 
changing the FEM simulation model size, namely change the size of the 

Fig. 7. Peak wavelength shift under pressure. (a) The original peak wavelength shift (blue dots) and the modified shift (orange dots) with their linear fitting curves. 
(b) Peak wavelength shift under different strain values with the linear fitting curve. 

Fig. 8. The structure of medium containing gold NP for FEM simulation. Green 
region is the gold NP. Ivory white region shows the medium. 

Fig. 9. The gold NP shape change in optical adhesive along Z direction under 
pressure. (The displacement unit is nm). 

Fig. 10. The shape change of gold NP in fused silica along Z direction under 
pressure. (The displacement unit is nm). 
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medium. The length of the cubic medium was set at 200nm, 400nm, 
1000nm and 2000nm respectively, which corresponds to concentrations 
of 1.25 × 1014ml− 1, 1.56 × 1013ml− 1, 1.25 × 1012ml− 1 and 1.56 ×
1011ml− 1 respectively. When the concentration of the NP decreases, the 
relative axial length change (α) decreases and it becomes stable. From 
this point the peak wavelength change ratio is not influenced by the 
concentration change. For fused silica or some polymer materials, the RI 
range is in the range of 1.3 to 1.7. Fig. 12 shows 4 cases in this RI range 
with the RI of the optical fibre of 1.35, 1.45, 1.55 and 1.65 in Fig. 12(a) 
to (d). Fig. 12 is plotted based on the T-matrix method for a gold NP with 
the modified LD model under RI change of the medium (η) and NP shape 
change ratio (β) (with 116 Central Processing Units (CPUs) from the HPC 
cluster for about 1 day). The fitting wavelength range is from 550nm to 
650nm. The wavelength interval is 0.1nm. The RI change is from 
-10ppm/με to 10ppm/με with the interval of 0.5ppm/με. 

The NP shape change ratio is from − 0.45 to − 0.17 with the interval 
of 0.01. The peak wavelength change ratio is obtained by linear fitting of 
the peak wavelengths in a small strain range -1000με to 1000με with the 
interval of 100με. 

It can be seen from Fig. 12 that the RI change of the optical fibre is 
the main factor of the values of peak wavelength change ratio when 
compared with the NP shape change and shape change induced gold RI 
change as well. By comparing Fig. 12(a) to (d), it can be seen that when 
the RI of the medium increases the value of the peak wavelength change 
ratio becomes intense. The NP shape change will also modulate the peak 
wavelength change ratio slightly but it only becomes important when 
the RI change is around 0ppm/με. The NP shape change in the range 
shown in Fig. 12 shows a blue shift of the peak wavelength change, 
which can be seen more clearly in the embedded graph in Fig. 12(b). As 
shown in the embedded graph in Fig. 12(b), the peak wavelength shifts 
are not zero when the RI change η (RI change of the optical fibre) is zero. 
Fig. 12(b) shows the peak wavelength shift caused by the morphing of 
the gold NPs in the optical fibres. The peak wavelength shifts are 
influenced by the NP shape change ratios. Some commercial optical fi-
bres are manufactured based on fused silica (RI of about 1.45) for their 
low loss especially in the telecom optical wavelength bands. For an 
example, a red star is plotted in Fig. 12(b) to show that when the ratio of 
length change of the NP to axial fused silica is 0.9208, the RI change is 
-0.216ppm/με, which corresponds to concentrations of NPs of 1.25 ×
1014ml− 1. Note: Fig. 12 is plotted for relative strain change α between 
the optical fibre and the NP at 1. The advantage of using the factor 1 is 
that for other values of α it is simple to obtain the corresponding values 
by scaling. For examples, for other values of α, the RI change in Fig. 12 
only needs to be multiplied by 1/α and the final result needs to be 
multiplied by α to obtain the corresponding peak wavelength change 
ratio when the NP longitude length change is 1ppm/με. Therefore, the 
value of the red star plotted on Fig. 12(b) is -0.282pm/με and after 
multiplication by α becomes -0.260pm/με. 

Fig. 11. The relationship of the relative axial length change of NP to optical 
fibre and peak wavelength change based on FEM for different simulation sizes. 

Fig. 12. The peak wavelength change ratio in small strain (±0.001ε range linear fitting, α = 1). The RI of the optical fibre in (a) - (d) are 1.35, 1.45, 1.55 and 1.65 
respectively. The unit of the peak wavelength change ratio of the contour line is pm/με. 
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Because the RI change of the optical fibre is the main factor of the 
values of peak wavelength change ratio, Eq. (31) may be simplified 
when the change of RI and shape of the NPs are not taken into consid-
eration. Then, Eq. (31) may be simplified as 
[

dλ
dl

]

λ0

= G
λ2

0

2πc′
[dF/(dl/l)]ωFν

[dF/dω]ωFν

, (G = 1) (33)  

where, 
[

dF
(dl/l)

]

ωFν

= 4∊m0η. (34)  

and  

It can be seen from Eq. (34) that η determines the sign of the ratio. The 
results from Eqs. (33)–(35) are shown in Fig. 13 to make a comparison. 
The embedded graph shown in Fig. 13(b) shows the identical region 
shown in Fig. 12(b). The results become anti-symmetric around 
0 because of the lacking of the influence caused by the RI change of gold. 
The red star is at the same position in Fig. 12(b). The approximated 

plasmon resonance wavelengths were calculated based on Eq. (27). The 
features caused by the NP shape change are lost but the features caused 
by the RI change are maintained even though the values deviate from 
the values calculated by elaborated calculation shown in Fig. 12. 

5. Discussion 

The modified LD model has been compared with the experimental 
results and the Scaffardi et al.’s model in Fig. 5. The modified LD model 
not only matches the experimental results and the Scaffardi et al.’s 
model well for the spherical gold NP, but also can be used for the 
spheroidal NP under strain change. Compared with other methods, for 
example Scaffardi et al. model or the Brendel-Bormann model, it does 

not exactly match the experimental results. However, the LD model has 
a simpler expression and its derivative function is more explicit in order 
to derive the analytic expression under strain change. 

From the modified LD model in this paper, the plasmon resonance 
peak wavelength change ratio can be related to the shape change of the 
NP, the shape change induced RI change of the NP, the RI of the optical 
fibre and the RI change of the optical fibre. The Young’s modulus and 

Fig. 13. Estimated peak wavelength change ratio. RI of the optical fibre in (a) - (d) are 1.35, 1.45, 1.55 and 1.65 respectively. The unit of the peak wavelength 
change ratio of the contour line is pm/με. 

[
dF
dω

]

ωFν

=
2ω2

pωFν

(ω2
Fν + γ2)

2 +
2f0ω2

pωFν

(ω2
Fν + Γ2

0)
2 +

∑k

j=1

2fjω2
p0ωFν(ω2

j − ω2
Fν)

2

[(ω2
j − ω2

Fν)
2
+ ω2

FνΓ2
j ]

2

−
∑k

j=1

2fjω2
p0ωFν(ω2

j − ω2
Fν)

[(ω2
j − ω2

Fν)
2
+ ω2

FνΓ2
j ]

2 +
∑k

j=1

fjω2
p0ω2

FνΓ2
j
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Fν)
2
+ ω2

FνΓ2
j ]

2 −
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(ω2
Fν + γ2

0)
2 .

(35)   
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the Poisson’s ratio and the concentration of the NP are also factors to 
adjust the values of the plasmon resonance peak wavelength change 
ratio. From Fig. 12, it can be seen that the RI change is the major factor 
to influence the peak wavelength change ratio. Therefore, by choosing 
different materials for the optical fibre, the sensitivity of the plasmon 
resonance peak wavelength change can be tuned. 

For a commercial fused silica based optical fibre or fibre Bragg 
grating, the strain induced peak wavelength change is about 1.2pm/με 
for about 1550nm incident light. If the optical fibre properties are 
modified, especially by introducing a higher RI and photo-elastic coef-
ficient of the optical fibre, a high sensitivity of the plasmon resonance 
peak wavelength change may be achieved. Compared with those for 
infrared light, detectors for the visible light not expensive which is an 
advantage for the plasmon peak detection. For some metal NPs the 
plasmon peak is in the visible range. 

In addition, the shape change of the NP will also change the peak 
wavelength change ratio, especially when the RI change is around 0. In 
this case, by choosing optical fibres with suitable Young’s modulus and 
Poisson’s ratio, the shape change of the NP can be tuned and then the 
peak wavelength change ratio can be tuned finely. Other face centred 
cubic materials for example silver, have a larger sensitively based on its 
shape change. 

The simplified analytic equation for calculating the peak wavelength 
shift under strain can show the trend, but the values deviates from the 
exact calculation results shown in Fig. 12 because the NP size is quite 
large. The calculated plasmon resonance wavelengths for RI of 1.35, 
1.45, 1.55, 1.65 are 513 nm, 521nm, 537 nm, and 550 nm respectively, 
which are also deviates from the peak wavelengths by fitting. However, 
it can be found that the results in Fig. 13 match the results in Fig. 12 well 
when the approximated results multiples a factor (G) of about 2. This 
indicates that a larger size of gold NP has a larger peak wavelength 
change response to the axial strain change. From simulations of gold and 
silver NPs for larger sizes (larger than 100nm), the peak wavelength 
ratio will also increase slightly when the sizes of the NPs increase. 
Therefore, by using larger size of gold NPs, the sensitivity will increase. 
However, the width of the peak wavelength will also increase with may 
cause a difficulty in determining the peak wavelength values. 

In this paper, gold NPs smaller than 100 nm diameter have not been 
taken into consideration. For 100nm size gold NP, there are a lot of 
atoms (about 245 atoms) along its diameter, so the Young’s modulus and 
Poisson’s ratio may be still appropriate for the calculation for this size 
safely. However, for smaller NPs especially several nanometer size NPs, 
the number of atoms is quite small and material parameters may vary 
from those of bulk materials, so for these small NPs this effect still needs 
to be investigated. 

The temperature is also a factor which influences the strain sensing 
because the variation of temperature will cause the length change of the 
optical fibre and the RI change of both of the NPs and the optical fibre. 
This may cause a difficulty in decoupling the strain information and 
temperature information. In this paper, it is assumed that the room 
temperature is constant. Therefore, the influence of the variation of the 
temperature needs to be investigated in the future. It can be noticed that 
the strain detection channels of the plasmon resonance based strain 
sensing and the traditional distributed fibre optic sensing based on 
Rayleigh backscattering is different, using visible light channel and near 
infrared channel respectively. By combining these two methods, the 
strain information may be decoupled from the temperature variation. 
There is a remarkable advantages of doping gold NPs over other oxide 
materials or fused silica fibre without doping NPs. Gold NP doped op-
tical fibres generate plasmon resonance. This makes it possible to pro-
vide additional strain information by obtain the plasmon resonance 
shift. However, the method of spectral peak tracking with polynomial 
fitting is sensitive to the noise. Therefore, methods to precisely track the 
spectral peaks and methods for depressing the noise level in the mea-
surements still need to be investigated. 

6. Conclusions 

In this paper, a modified LD model was used to simulate the peak 
wavelength change under strain change. By experiment, the peak 
wavelength change under strain change has been observed. By simula-
tion, the peak change has been then analysed for different RI to cover the 
range of fused silica and some polymer optical fibre materials of 100nm 
gold NP. The peak wavelength change ratio can be used for strain 
detection. By changing the shape of the NP, the type and size of the NP, 
and the materials of the optical fibre, the peak wavelength change ratio 
can be tuned. Therefore, a highly sensitively strain sensing may be 
achieved by plasmon resonance based gold NP doped optical fibre. Due 
to the sensing wavelength range being different from typical distributed 
fibre optic sensing based on Rayleigh scattering, it may be an auxiliary 
strain detection method along with distributed fibre optic sensing based 
on Rayleigh scattering. 
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Pérot interferometer, Opt. Lett. 39 (7) (2014) 2121–2124. 

[8] A. Rajabzadeh, R. Heusdens, R.C. Hendriks, R.M. Groves, Characterisation of 
transverse matrix cracks in composite materials using fibre Bragg grating sensors, 
J. Lightwave Technol. 37 (18) (2019) 4720–4727. 

[9] M. Mieloszyk, K. Majewska, W. Ostachowicz, Application of embedded fibre Bragg 
grating sensors for structural health monitoring of complex composite structures 
for marine applications, Mar. Struct. 76 (2021) 102903. 

[10] N. Nazeer, R.M. Groves, Load monitoring of a cantilever plate by a novel 
multimodal fibre optic sensing configuration, SN Appl. Sci. 3 (6) (2021) 1–17. 

[11] C. Liang, Q. Bai, M. Yan, Y. Wang, H. Zhang, B. Jin, A comprehensive study of 
optical frequency domain reflectometry, IEEE Access 9 (2021) 41647–41668. 

[12] T. Wu, G. Liu, S. Fu, F. Xing, Recent progress of fiber-optic sensors for the structural 
health monitoring of civil infrastructure, Sensors 20 (16) (2020) 4517. 

[13] R. Di Sante, Fibre optic sensors for structural health monitoring of aircraft 
composite structures: Recent advances and applications, Sensors 15 (8) (2015) 
18666–18713. 

[14] H. Guo, G. Xiao, N. Mrad, J. Yao, Fiber optic sensors for structural health 
monitoring of air platforms, Sensors 11 (4) (2011) 3687–3705. 
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