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A B S T R A C T   

Helically twisted photonic crystal fibers (HT-PCFs) provide additional opportunities for controlling the light 
propagation characteristics and improving the sensing performances. In this paper, a toluene and gold wire-filled 
HT-PCF was proposed and designed for high sensitivity temperature sensing. The influences of the structure 
parameters on the confinement loss, sensitivity, and resolution of the proposed HT-PCF were investigated. For 
the optimized HT-PCF, the average sensitivity is as high as 14.35 and 17.29 nm/℃ in the temperature range of 
− 20 to 20 ℃ and 20 to 70 ℃, respectively. Moreover, the proposed HT-PCF-based temperature sensor is 
insensitive to the hydrostatic pressure. Finally, the detailed fabrication process of the toluene and gold wire-filled 
HT-PCF temperature sensor is proposed. It is believed that the proposed HT-PCF temperature sensor has potential 
applications in the fields of the environmental monitoring, medical diagnostics, etc.   

Introduction 

Photonic crystal fibers (PCFs) have attracted significant attentions 
owing to their unique optical properties and high flexibility in design 
[1,2]. Helically twisted PCF (HT-PCF) is a new kind of PCF, in which the 
conventional linearly polarized (LP) mode can be split in two circularly 
polarized modes: right-circularly polarized (RCP) mode and left- 
circularly polarized (LCP) mode [3]. The helically twisted structure 
breaks the cylindrical symmetry and creates different propagation 
conditions for the RCP and LCP modes. Thus, the striking transmission 
behaviors of light in the HT-PCF could find important applications in 
sensing parameters, including temperature [4], torsion and strain [5,6], 
current and magnetic field [7,8], etc. Among them, the temperature is 
the most common parameter in almost everywhere, such as the envi-
ronmental monitoring, etc. 

In recent years, some effective methods have been reported to 
improve the sensitivity of the PCF-based temperature sensor, including 
infill of the temperature sensitive liquid (TSL), excitation of surface 

plasmon resonance (SPR), combination of the TSL and SPR effect [9,10], 
etc. In 2015, Liu et al. studied a TSL filled SPR sensor, whose average 
sensitivity was − 2.15 nm/◦C in the temperature range from 20 to 80 ◦C 
[11]. In 2016, Liu et al. proposed a liquid filled twin-core fiber sensor 
with an average sensitivity of 1.23 nm/◦C, in a wide temperature range 
of 25 to 50 ◦C [12]. In 2017, Ma et al. demonstrated a toluene filled PCF 
sensor, where the average sensitivity of − 6.25 nm/℃ for the tempera-
ture range of 0 to 90 ◦C has been achieved [14]. In 2018, Yang et al. 
demonstrated that by filling TSL into a hollow-core fiber, the average 
sensitivity could be as high as 6.51 nm/◦C in temperature range from 20 
to 100 ◦C [15]. In 2019, Liu et al. developed a gold-coated D-shaped PCF 
sensor, where the average sensitivity could be up to 10.61 nm/◦C in the 
temperature range from 0 to 60 ◦C [17]. In 2020, Zhao et al. reported 
that by filling glycerin in a polarization-maintaining PCF sensor, the 
highest sensitivity could reach 1.5005 nm/◦C in a wide temperature 
range of − 25 to 85 ◦C [18]. The above sensors are based on modifica-
tions of the two-dimensional structures of the PCFs, which have limi-
tations for further improving the temperature sensitivity, and thus three- 
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dimensional design of PCF structure has been proposed. For example, in 
[19,20], a novel three-dimensional helical symmetry HT-PCFs has been 
the experimentally demonstrated, that has relatively high temperature 
sensitivity compared with the conventional two-dimensional PCFs. 

In this paper, a toluene and gold wire-filled HT-PCF was proposed 
and theoretically investigated as a temperature sensor. In our design, the 
toluene is filled into the central air hole and a gold wire is filled in a 
cladding air hole. The simulation results show that the toluene and gold 
wire-filled HT-PCF has great advantage on improving the temperature 
sensitivity. The average sensitivity could be as high as 14.35 and 17.29 
nm/℃ in the temperature ranges of − 20 to 20 ℃ and 20 to 70 ℃, 
respectively. Moreover, the sensitivity to hydrostatic pressure was also 
investigated, and the average sensitivity is only − 214.3 pm/MPa in the 
hydrostatic pressure range of 0 to 50 MPa, which means that the hy-
drostatic pressure has limited influence on the temperature sensor. 
Finally, the fabrication processes of the toluene and gold wire-filled HT- 
PCF temperature sensor was proposed and discussed. 

Design of the toluene and gold Wire-Filled HT-PCF and theory 

Fig. 1(a) shows the three-dimensional diagrammatic sketch of the 
proposed toluene and gold wire-filled HT-PCF. Fig. 1(b) and 1(c) show 
the LCP and RCP modes, respectively. In the simulation, the rotate di-
rection of the fiber is assumed to be clockwise as illustrated by the red 
arrow. Fig. 2(a) shows the diagrammatic sketch of the cross-section of 
the proposed toluene and gold wire-filled HT-PCF, where the material is 
the silica with the refractive index (RI) of nsilica and the hole to hole 
distance is set as Λ. The diameter of the cladding air holes is set as da. In 
our design, the fiber core is formed by a toluene-filled hole, whose RI 
and diameter are set as nt and dt, respectively. The air hole in the second 
layer below the core is a gold wire filled hole, whose permittivity and 
diameter are set as εg and dg, respectively. The twist direction is clock-
wise along the z direction, and the corresponding twist rate is set as α. In 
the simulation, the FEM is used and the grid size of the whole model is 
set as λ/4. Fig. 2(b) and 2(c) are the Poynting vector distributions of the 
RCP and LCP of the core mode. Toluene is a kind of common tempera-
ture sensitive liquid, and its thermos-optic coefficient (σ) can be up to 
3.94 × 10-4 /◦C, which means that the temperature change will signif-
icantly change the RI of the toluene. In the previous studies, the good 
temperature sensing performance of the toluene has been proved 
[15,21]. 

The relationship between the helical coordinates (ξ1, ξ2, ξ3) and 
Cartesian coordinates (x, y, z) is described as [22,23] 

⎧
⎨

⎩

x = ξ1cos(αξ3) + ξ2sin(αξ3)

y = − ξ1sin(αξ3) + ξ2cos(αξ3)

z = ξ3

(1) 

The general coordinate system can be characterized by the Jacobian 
(Jt) of the transformation in Eq. (1) 

Jt(ξ1, ξ2, ξ3) =
∂(x, y, z)

∂(ξ1, ξ2, ξ3)

=

⎛

⎜
⎜
⎝

cos(αξ3) sin(αξ3) αξ2cos(αξ3) − αξ1sin(αξ3)

− sin(αξ3) cos(αξ3) − αξ1cos(αξ3) − αξ2sin(αξ3)

0 0 1

⎞

⎟
⎟
⎠

(2) 

For a twisted structure, the permittivity ε, the permeability µ and the 
boundary conditions only depend on the ξ1 and ξ2. Both the two co-
ordinates can satisfy the wave equation, due to the equivalence under 
the coordinate transformation of Maxwell’s equations 

∇×
(
μ− 1

t ∇× E
)
− k2

0εtE = 0 (3) 

where E stands for the electric field vector, k0 is the free-space 
wavenumber, and εt and μt represent the relative permittivity and 
permeability tensors in the helical coordinates, respectively. In the 
simulation, the original permittivity and permeability (ε, μ) should be 
replaced by the helically inhomogeneous anisotropic tensors (εt, μt). The 
corresponding transformation relations are described as follows [24] 

εt = εT − 1, μt = μT − 1, (4) 

where the transformation matrix T and its inverse matrix T− 1 can be 
described as[25,26] 

Tt(ξ1, ξ2) =
JT

t Jt

det(Jt)
=

⎛

⎜
⎜
⎝

1 0 αξ2

0 1 − αξ1

αξ2 − αξ1 1 + α2( ξ2
1 + ξ2

2

)

⎞

⎟
⎟
⎠ (5)  

T − 1
t (ξ1, ξ2) =

⎛

⎜
⎜
⎝

1 + α2ξ2
2 − α2ξ1ξ2 − αξ2

− α2ξ1ξ2 1 + α2ξ2
1 αξ1

− αξ2 αξ1 1

⎞

⎟
⎟
⎠ (6) 

Eq (6) is a symmetric matrix, so it is equivalent for the left and right 
rotation conditions. 

To simulate on the two-dimensional structure of the PCF, the Car-
tesian coordinate system needs to be transformed into a helical coordi-
nate system, while ξ1 and ξ2 do not exist in the Cartesian coordinate 
system in Eq. (6). Thus, according to Eq. (1), ξ1, ξ2, and ξ3 are defined as 
[27] 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ξ1 =
xcos(αz) − ysin(αz)

cos(αz)

ξ2 =
ycos(αz) − xsin(αz)

cos(2αz)
ξ3 = z

(7) 

For the temperature sensing, nsilica of the temperature-dependent 
Sellmeier equation can be expressed as [28,29] 

n2
silica=

(
1.31522+6.90754×10− 6T

)
+

(
0.788404+23.5835×10− 6T

)
λ2

λ2 −
(
0.0110199+0.584758×10− 6T

)

+

(
0.91316+0.548368×10− 6T

)
λ2

λ2 − 100
,

(8) 

where T is the temperature (℃) and λ represents the wavelength. 
The RI of the nt can be obtained by the following equation [14] Fig. 1. (a) The three-dimensional diagrammatic sketch of the proposed toluene 

and gold wire-filled HT-PCF, and (b) and (c) show the LCP and RCP modes, 
respectively. 
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nt(λ) = 1.474775+
0.00690031

λ2 +
2.1776 × 10− 4

λ4 − σ(T − 20.15), (9) 

where σ = 3.94 × 10-4 /◦C stands for the thermos-optic coefficient of 
the toluene. 

The relative dielectric constant of the gold material (εg), which 
defined by the Drude-Lorentz model can be expressed as [30,31] 

εg = ε∞ −
ω2

D

ω(ω − jγD)
−

Δε⋅Ω2
L

(ω2 − Ω2
L) − jΓLω

, (10) 

where ε∞ is the permittivity of the high frequency. ω is the angle 
frequency of the fiber, and Δε is the weighted coefficient. ΓL and ΩL are 
the frequency and spectral width of the Lorentz oscillator, respectively. 
γD and ωD are the damping frequency and plasma frequency, respec-
tively. The values of the detailed parameters in Eq. (9) for εg are given in 
Table.1. 

When the phase-matching condition between the core mode and 
surface plasmon polariton (SPP) mode is satisfied, the sharp confine-
ment loss αLoss peak can be obtained. αLoss peak, which can character the 
coupling strength between the core mode and the SPP mode, is described 
as [32] 

αLoss (dB/cm) = 8.686 ×
2π
λ
× Im(neff ) × 104, (11) 

where Im(neff) is the imaginary part of the calculated effective RI. 
The sensitivity (S) is the important factor to evaluate the sensing 

performance, and it is defined as [33,34] 

S (nm/
◦ C) =

Δλpeak

ΔT
, (12) 

The resolution (R) of the sensing is defined as [35] 

R (
◦C) =

ΔT⋅Δλmin

Δλpeak
, (13) 

where Δλpeak, Δλmin (0.1 nm), and ΔT denote the resonance wave-
length shift, resolution of the detector, and temperature variation, 
respectively. 

Influence of the structure parameters of the toluene and gold 
Wire-Filled HT-PCF on the sensing performance 

The initial structural parameters of the HT-PCF were set as following: 
dt = 1.9 μm, dg = 0.6 μm, da = 1.6 μm, Λ = 3.2 μm, and α = 0.004 rad/ 
μm. Fig. 3(a) and 3(b) show the Poynting vector distributions of the RCP 
and LCP core modes at 1.65 μm. Fig. 3(c) and 3(d) show the Poynting 
vector distributions of 1st RCP and 1st LCP SPP modes at 1.65 μm. Fig. 3 
(e) and 3(f) show the Poynting vector distributions of the RCP and LCP 
core modes for the resonant condition at 1.689 μm. Fig. 3(g) shows the 
effective RI curves of the RCP and LCP core modes and 1st LCP and RCP 
SPP modes, and the αLoss spectra of the LCP and RCP core modes when 
the initial temperature is set as 20 ℃. From Eqs. (4) and (6), when the 
fiber is twisted, εt and µt are not isotropic, so the circular birefringence 
will appear. As a result, the effective RIs of the RCP and LCP core modes 
and the 1st order RCP and LCP SPP modes are non-degenerate, respec-
tively. When the twist direction is clockwise, the effective RIs of the RCP 
core mode and RCP SPP mode are larger than those of the LCP core mode 
and LCP SPP mode. In addition, the RCP and LCP core modes occur to 
couple with the 1st order of RCP and LCP SPP modes, respectively. The 
proposed HT-PCF has a regular hexagonal array, so the resonant 
wavelength between the RCP core mode and 1st RCP SPP mode, and the 
LCP core mode and 1st LCP SPP mode are the same. Therefore, for the 
RCP and LCP core modes, there is little difference for the temperature 
response. In the following studies, only RCP core mode is investigated. 

Fig. 4(a) and 4(b) are the αLoss peak curves of the RCP core modes, 
when dt, Λ, and the temperature are changed from 20 to 30 ℃, respec-
tively. From Fig. 4(a), when dt increases from 1.8 to 2.0 μm at fixed 
temperature 20 ℃, the αLoss peak wavelength experiences blue shift, 
which decreases from 1.790 to 1.607 μm. As dt is increased from 1.8 to 
2.0 μm and the temperature is 30 ℃, the αLoss peak wavelength also 
experiences blue shift, which decreases from 1.950 to 1.753 μm. The 
αLoss peak values also occur to decrease with the blue shift of the 
wavelength. It is because that when dt is increased, the effective RIs of 
the core modes increase, while the change of effective RIs of the 1st SPP 
modes is small, so the αLoss peak wavelength will be blue shift. Besides, 
their effective RI differences become larger, which result in the weaker 
coupling strength. When dt increases from 1.8 to 1.9 and 2.0 μm, the 
temperature sensitivities in the range from 20 to 30 ℃ are 16.0, 15.5, 
and 14.7 nm/℃ respectively. Thus, the smaller dt can be chosen to 
obtain the higher temperature sensitivity. From Fig. 4(b), when Λ in-
creases from 3.0 to 3.4 μm and the temperature is chosen as 20 ℃, the 
αLoss peak wavelength will be blue-shifted, and the resonant wavelength 
decrease from 1.697, to 1.686 μm. Their corresponding power of the 

Fig. 2. (a) The two-dimensional diagrammatic sketch of the proposed toluene and gold wire-filled HT-PCF, and (b) and (c) are the Poynting vector distributions of 
the RCP and LCP of the core mode when the fiber is rotated clockwise. 

Table 1 
The parameter values in Eq. (9) for εg.  

Parameters ε∞ Δε ωD/2π 
(THz) 

ΩL/2π 
(THz) 

γD /2π 
(THz) 

ΓL /2π 
(THz) 

Values  5.9673  1.09  2113.6  650.07  15.92  104.86  
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αLoss peaks also decrease. When Λ is increased from 3.0 to 3.4 μm and the 
temperature is set as 30 ℃, the αLoss resonant wavelength also experi-
ences blue shift, and the resonant wavelengths decrease from 1.853 to 
1.840 μm, and the αLoss peak values decrease. The direct cause is that 
when Λ is increased, the calculated effective RIs of the RCP core mode 
and the corresponding RCP SPP mode increase, and the RI change of the 

RCP core mode is larger, so the αLoss peak wavelength experiences blue 
shift. Besides, the distance between the core region and gold wire in-
creases, so the coupling strength becomes weaker. When Λ increases 
from 3.0 to 3.4 μm, the temperature sensitivities in the range from 20 to 
30 ℃ can reach 15.6, 15.5, and 15.4 nm/℃. Thus, the change of Λ has 
limited effect on the temperature sensitivity, and the smaller Λ can be 

Fig. 3. (a) and (b) The Poynting vector distributions of the RCP and LCP core modes at 1.65 μm. (c) and (d) Poynting vector distributions of 1st RCP and 1st LCP SPP 
modes at 1.65 μm. (e)-(f) Poynting vector distributions of the RCP and LCP core modes in resonant condition at 1.689 μm. (g) Effective RI curves of the RCP and LCP 
core modes, 1st LCP and RCP SPP mode and the αLoss spectra of the RCP and LCP core modes when the temperature is set as 20 ℃. 

Fig. 4. The αLoss curves of the RCP core mode as (a) dt is changed from 1.8 to 2.0 μm and (b) Λ is changed from 3.0 to 3.4 μm, when the temperature is chosen as 20 
and 30℃, respectively. 

Fig. 5. The αLoss curves of the RCP core mode as (a) da is changed from 1.4 to 1.8 μm and (b) dg is changed from 0.50 to 0.70 μm, when the temperature is chosen as 
20 and 30℃, respectively. 
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chosen to obtain the higher temperature sensitivity. 
Fig. 5(a) and 5(b) are the αLoss peak curves of the RCP core modes, 

when da and dg are changed to different values, respectively. As seen 
from Fig. 5(a), when da increases from 1.4 to 1.8 μm at fixed temperature 
20 ℃, the αLoss peak wavelength experiences red shift, which increases 
from 1.682 to 1.697 μm. The αLoss peak value experiences a decrease 
trend. When da increases from 1.4 to 1.8 μm at fixed temperature 30 ℃, 
the αLoss peak wavelength experiences red shift, which increases from 
1.831 to 1.856 μm. The αLoss peak value also experiences a decrease. It is 
because that when da is increased, the effective RIs of the RCP core mode 
and corresponding SPP mode decrease. It is because that the compared 
with the SPP mode, the effective RI reduction degree of the RCP core 
mode is larger, the αLoss peak wavelength experiences red shift. In 
addition, the effective RI difference between the two modes gradually 
becomes large. When da increases from 1.4 to 1.8 μm, the temperature 
sensitivity in the range from 20 to 30 ℃ increase from 14.9 to 15.9 nm/ 
℃. Thus, the larger da can be chosen to obtain the higher temperature 
sensitivity. As seen in Fig. 5(b), when dg increases from 0.5 to 0.7 μm at 
fixed temperature 20 ℃, the αLoss peak wavelength experiences red shift, 
which increases from 1.571 to 1.842 μm. The αLoss peak value experi-
ences an increase. When dg increases from 0.5 to 0.7 μm at fixed tem-
perature 30 ℃, the αLoss peak wavelength experiences red shift, which 
increases from 1.653 to 2.006 μm. The αLoss peak value also experiences 
an increase. It is because that when dg increases, the effective RIs of the 
SPP mode increases while the effective RIs of the RCP core mode remain 
unchanged, so the αLoss peak wavelength experiences red shift. Besides, 
as dg increases, their effective RI difference gets smaller. When dg in-
creases from 0.5 to 0.7 μm, the temperature sensitivity in the range from 
20 to 30 ℃ can increase from 13.6 to 16.4 nm/℃. Thus, the larger dg can 
be chosen to obtain the higher temperature sensitivity. 

Fig. 6 shows the αLoss peak curves of the RCP core modes, when α and 
temperature are changed, respectively. From Fig. 6, when α increases 
from 0.002 to 0.006 rad/μm at fixed temperature 20 ℃, the αLoss peak 
wavelength experiences red shift, which increases from 1.670 to 1.724 
μm. The αLoss peak value experiences an increase. When α increases from 
0.002 to 0.006 rad/μm at fixed temperature 30 ℃, the αLoss peak 
wavelength experiences red shift, which increases from 1.821 to 1.886 
μm. The αLoss peak value also experiences an increase. It is because that 
when α is increased, their effective RIs of the RCP core mode and cor-
responding SPP mode increase. Moreover, compared with the SPP mode, 
the effective RI increment is less, the αLoss peak wavelength experiences 
red shift. When da increases from 0.002 to 0.006 rad/μm, the tempera-
ture sensitivities in the range from 20 to 30 ℃ can reach 15.1, 15.5, and 

16.2 nm/℃, respectively. Comparing with the traditional PCFs, α is an 
additional parameter. It is proved that the larger da is conducive to 
obtain the higher temperature sensitivity. 

Temperature sensing performance of the toluene and gold wire 
filled HT-PCF 

By the above analysis, the optimized structure parameters of the 
proposed toluene and gold wire-filled HT-PCF are chosen as following: 
dt = 1.8 μm, Λ = 3.0 μm, da = 1.8 μm, dg = 0.7 μm, and α = 0.005 rad/ 
μm. In the following, the temperature sensing sensitivity, resolution, and 
linearity of the toluene and gold wire-filled HT-PCF in the range of − 20 
to 20 ℃ and 20 to 70 ℃ will be investigated, respectively. Fig. 7(a) 
shows the αLoss curves of the RCP core mode, when the temperature 
changes from − 20 to 20 ℃. It can be seen from Fig. 7(a) that as the 
temperature increases, the αLoss peak wavelength experiences red shift 
and the αLoss peak value increases. It is because that the RI of the toluene 
and the effective RI of the RCP core mode decrease as the temperature 
increases while the RCP 1st SPP mode changes little. Thus, the effective 
RI differences between the RCP core mode and RCP 1st SPP mode will 
reduce, and the coupling strength becomes stronger. Fig. 7(b) shows the 
corresponding fitting results between the αLoss peak wavelength and 
temperature. In Fig. 7(b), we can see that the resonant wavelengths in 
the temperature range of − 20 to 20 ℃ are located at 1.423, 1.537, 
1.673, 1.828, and 1.995 μm, respectively. The corresponding tempera-
ture sensitivities are 11.4, 13.6, 15.5, and 16.7 nm/℃, respectively. In 
addition, the linear fitting result is y = 0.01435x + 1.6912, so we can 
obtain that the average sensitivity of the proposed HT-PCF is 14.35 nm/ 
℃, and the linearity is 0.993. 

Fig. 8(a) shows the αLoss curves of the RCP core mode, when the 
temperature changes from 20 to 70 ℃. It can be seen in Fig. 8(a) that 
when the is temperature increased, the αLoss peak wavelength experi-
ences red shifts and the corresponding αLoss peak value was increased in 
the temperature range of 20 to 40 ℃ and then decrease in the temper-
ature range of 40 to 70 ℃. It is because that as the wavelength increases, 
the effective RI difference between the RCP core mode and 1st SPP mode 
decreases gradually in the temperature range of 20 to 40 ℃. In contrast, 
in the temperature range of 40 to 70 ℃, their effective RI difference 
increases with the increase of wavelength. Fig. 8(b) shows the corre-
sponding fitting results between the αLoss peak wavelength and tem-
perature. As seen from Fig. 8(b), the resonant wavelengths in the 
temperature range of 20 to 70 ℃ are located at 1.995, 2.164, 2.339, 
2.519, 2.691, and 2.853 μm, respectively. The corresponding tempera-
ture sensitivities are 16.9, 17.5, 18.0, 17.2, and 16.2 nm/℃, respec-
tively. In addition, the linear fitting result is y = 0.01729x + 1.64885, so 
the average sensitivity can be up to 17.29 nm/℃, and R2 = 0.999, which 
shows the good linearity for the temperature sensitivity. 

Fig. 9(a) is the changes of the sensitivity and resolution in the tem-
perature ranges of − 20 to 20 ℃. From Fig. 9(a), with the increase of the 
temperature, the sensitivity increases monotonously, and the resolution 
decreases monotonously. The lowest and highest sensitivities are 11.4 
and 16.7 nm/℃ in the range of − 20 to − 10 ℃ and 10 to 20 ℃, 
respectively. So their corresponding resolutions are 5.99 × 10− 3 and 
8.77 × 10− 3 ℃, respectively. Fig. 9(b) shows the changes of the sensi-
tivity and resolution in 20 to 70 ℃. From Fig. 9(b), when the temper-
ature increases, the sensitivity first increases and then decreases, and the 
variation trend of the resolution is also opposite to that of the sensitivity. 
The lowest and highest sensitivities are 16.2 and 18.0 nm/℃ in the 
temperature range of 60 to 70 ℃ and 40 to 50 ℃, respectively. The 
corresponding resolutions values are 5.56 × 10− 3 and 6.17 × 10− 3 ℃ in 
the temperature range of 40 to 50 ℃ and 60 to 70 ℃, respectively. 

Hydrostatic pressure influence of the toluene and gold Wire- 
Filled HT-PCF 

Hydrostatic pressure, which is considered as an omni-directional 
Fig. 6. The αLoss curves of the RCP core mode, as α is changed from 0.002 to 
0.006 rad/μm, when the temperature is chosen as 20 and 30℃, respectively. 
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force, widely exists in the deep crust, dams, and oceans. Thus, as a 
temperature sensor, the hydrostatic pressure’s cross-sensitivity influ-
ence should be considered. According to the photoelastic effect, the 
hydrostatic pressure-dependent nsilica can be described as [36] 

nx = nsilica − K1σx − K2(σy + σz)

ny = nsilica − K1σy − K2(σx + σz)

nz = nsilica − K1σz − K2(σx + σy)

(13) 

where σx, σy, and σz stand for the pressure components in the × ,y 
and z direction. In this simulation, Esilica = 73.1 GPa (Yong’s modulus), 
and υ = 0.17 (Poisson’s ratio) of the silica are used. Thus, K1 = 6.5 ×
10− 13 m2/N, and K2 = 4.2 × 10− 12 m2/N [37,38]. 

Fig. 10(a) and 10(b) show the αLoss curves and the corresponding 
fitting results between the αLoss peak wavelength and hydrostatic pres-
sure when the hydrostatic pressure changes from 0 to 50 Mpa and the 
temperature is chosen as 20 ℃. From Fig. 10(a), when the hydrostatic 

Fig. 7. (a) The αLoss curves of the RCP core mode, when the temperature changes from − 20 to 20℃, and (b) the corresponding fitting results between the αLoss peak 
wavelength and temperature. 

Fig. 8. (a) The αLoss curves of the RCP core mode of the toluene and gold wire-filled HT-PCF when the temperature changes from 20 to 70℃, and (b) the corre-
sponding fitting results between the αLoss peak wavelength and temperature. 

Fig. 9. The changes of the sensitivity and resolution in the temperature range of (a) − 20 to 20 ℃ and (b) 20 to 70 ℃, respectively.  
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pressure is increased, the αLoss peak wavelength experiences blue shift, 
and the αLoss peak value experiences a decrease. When the hydrostatic 
pressure increases from 0 to 50 MPa, the corresponding peak wave-
lengths are 1995, 1993, 1991, 1989, 1987, and 1984 nm, respectively. 
The main reason can be considered that when the hydrostatic pressure is 
increased, the RCP core mode and corresponding 1st RCP SPP mode’s 
effective RIs decrease, and the effective RI reduction degree of the SPP 
mode is larger. Meanwhile, due to the effective RI reduction degree of 
the SPP mode is larger than that of the RCP core mode and their effective 
RI difference becomes larger, so the αLoss peak value decreases gradu-
ally. From Fig. 10(b), the average hydrostatic pressure sensitivity is 
− 214.3 pm/MPa, and the value of R2 can achieve 0.994. The sensitivity 
of the temperature sensing is two orders of magnitude higher than that 
of the hydrostatic pressure, which means that the cross-sensitivity has 
little effect. Fig. 10(c) shows the change trends of the hydrostatic pres-
sure sensitivities and corresponding resolutions in the hydrostatic 
pressure ranges of 0 to 50 MPa. The sensitivity is maintained at 200 pm/ 

MPa in the range of 0 to 40 MPa and then increases to 300 pm/MPa in 
the range of 40 to 50 MPa. The resolution is also maintained at 0.5 MPa 
in the range of 0 to 40 MPa and then decreases to 0.33 MPa in the range 
of 40 to 50 MPa. The comparisons between the designed toluene and 
gold wire-filled HT-PCF with other previous works are shown in Table 2. 
As seen from Table 2, the proposed HT-PCF shows better performances 
for the temperature sensing. 

Fabrication processes of the toluene and gold Wire-Filled HT-PCF 
temperature sensor 

The schematic diagram of the fabrication process of the proposed 
toluene and gold wire-filled HT-PCF is shown in Fig. 11. The fabrication 
process can be divided into the two parts: 1) fabricate the gold wire- 
filled HT-PCF by the stack and draw technique [39-41]; 2) selectively 
fill the toluene into the central air hole by the multi-step filling tech-
nique [14,21,42]. 

Fig. 10. (a) The αLoss curves of the RCP core mode of the toluene and gold wire-filled HT-PCF when the hydrostatic pressure changes from 0 to 50 MPa. (b) The 
corresponding fitting results between the αLoss peak wavelength and hydrostatic pressure. (c) The changes of the sensitivity and resolution with the hydro-
static pressure. 

Table 2 
Comparison results between the proposed toluene and gold wire-filled HT-PCF with other works  

Refs Fiber Structures Temperature ranges (℃) |Sensitivities| (nm/℃) Resolutions(℃) 

[11] TSL filled and gold-coated PCF 20–80 2.15 N/A 
[12] Water-filled dual core PCF 25–50 1.23 N/A 
[13] Toluene-filled bandgap-like PCF 25–31 1.747 N/A 
[14] Toluene-filled PCF 0–90 6.25 3.32 × 10− 3 

[15] Toluene-filled and gold-coated PCF 20–100 6.51 N/A 
[16] TSL-filled and gold-coated PCF 20–30 6.83 2.9 × 10− 3 

[17] Gold-coated D-shaped PCF 0–60 10.61 N/A 
[18] Glycerin-filled PCF − 25–85 1.5005 1.33 × 10− 2 

This work Toluene and gold wire-filled HT-PCF − 20–20 
20–70 

14.35 
17.29 

8.87 × 10− 36.17 × 10− 3  
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For the first part, a metallic wire will be used to push the gold wire 
into the silica capillary. Second, the gold wire-filled silica capillary is 
drawn to form a thin gold filled capillary. In this way, the silica can wrap 
the gold wire. Third, the silica capillaries and gold capillary are stacked 
to form the desired structure. In this process, we can use a hexagonal 
mold to stack each hollow capillary silica tube into the designed struc-
ture. It should be noted that the gap between capillaries can be filled 
with solid silica rods. Fourth, the whole arranged structure is put into a 
larger silica tube to form the PCF preform. In the previous step, we stack 
the capillary quartz tubes into a regular hexagon, while the larger silica 
tube is cylindrical, so we also need to fill many solid silica rods in the 
gap. Fifth, the gold wire-filled PCF cane can be obtained by drawing the 
preform. Under CO2 laser heating, through post-processing, permanent 
distortion can be applied to the undistorted PCF. Sixth, place a length of 
the PCF between a motorized rotating table and a fixed table. The speeds 
of the rotation motor is set as vr, and the movement speeds of the left and 
right electric displacement platforms are set as v1 and v2, respectively. In 
order to keep the fiber straight during the whole processing, the trans-
lation speeds of v1 and v2 are set to be equal. Seventh, use a CO2 laser to 
heat the PCF. As the motor rotates, the focused laser beam can scan 
along the PCF. By using a shutter and galvanometer-based variable 
attenuator, the laser power and the exposure time can be adjusted. 
Through the cooperation of CO2 laser system and electric displacement 
platform, the target twist period and sample length can be achieved 
[43]. In recent years, some helical twist fibers have been fabricated [44- 
46]. In our design, the value of dg/Λ is designed to be only 0.233 in order 
to reduce the difficulty of the drawing and twist process. 

The second part is to fill the toluene into the central air hole. First, a 
metal tip is used to dip a small amount of UV curable glue, and then 
adjust the relative position of the PCF end face and the metal tip to seal 
the cladding air holes. There are many choices of UV curable glue. Here, 
we choose the UV curable glue with good fluidity (15 cps can be found in 
Norland), which can help to seal every air hole. Second, a UV lamp is 
used to cure the UV curable glue at the end face of the fiber. Third, put 
one end of the fiber into the toluene liquid, and then use a pump to pump 
the toluene into the central air hole. Finally, cut off the sealed part of the 
fiber to obtain the proposed toluene and gold wire-filled HT-PCF. 

Conclusions 

In conclusion, a toluene and gold wire-filled HT-PCF temperature 
sensor is proposed and theoretically investigated. After optimizing the 
HT-PCF’s structure parameters, the average sensitivities can reach 14.35 

and 17.29 nm/℃ in the temperature range from − 20 to 20 ℃, 20 to 70 
℃, respectively. The corresponding highest temperature resolutions are 
8.87 × 10-3 and 6.17 × 10-3 ℃, respectively. The proposed temperature 
is hydrostatic pressure incentive with an average sensitivity of only 
− 214.3 pm/MPa in the hydrostatic pressure range of 0 to 50 MPa. The 
fabrication process of the toluene and gold wire-filled HT-PCF temper-
ature sensor is proposed. It is believed that the proposed temperature 
sensor has potential applications in many fields such as environmental 
monitoring, etc. 
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