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Abstract—A multifunctional optical fiber sensor based on
surface plasmon resonance (SPR) is designed and demon-
strated for the synchronous detection of refractive index (N),
temperature (T), magnetic field (H), relative humidity (RH),
and voltage (U). The device employs a ten-hole photonic crys-
tal fiber (PCF) (ten-hole PCF) as the substrate. Gold (Au) films
are deposited in the alternately distributed air holes, which
are subsequently filled with the analyte (Anal), polydimethyl-
siloxane (PDMS), magnetic fluid (MF), polyvinyl alcohol
(PVA), and E7 nematic liquid crystal (E7NLC), respectively.
This sensor enables synchronous multiparameter detection
using a single segment of the optical fiber. Numerical analysis reveals that in the ranges of 1.321.38 RIU, 20 ◦C-40 ◦C,
35-135 Oe, 30%-70%, and 180-260 V, the average refractive index sensitivity, temperature sensitivity, magnetic field
sensitivity, relative humidity sensitivity, and relative voltage sensitivity are 4490.34 nm/RIU, −8.05 nm/◦C, 1.52 nm/Oe,
−5.83 nm/%RH, and 4.25 nm/V, respectively. Featuring a simple structure, the sensor achieves integrated five-parameter
sensing for the first time. The results reveal a novel concept for multiphysical field sensing with a single segment of
optical fiber.

Index Terms— Multiparameter detection, numerical simulation, photonic crystal fiber (PCF), sensing.

I. INTRODUCTION

SPURRED by the recent development of optical fiber
technology, optical fiber sensors have become increas-

ingly widespread. Jorgenson and Yee [1] from the University
of Washington reported a multimode optical fiber chemical
sensor based on surface plasmon resonance (SPR). They first
proposed the SPR effect using optical fiber as a carrier and
successfully applied it to gas sensing [1]. Compared with
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traditional electronic sensors, optical fiber sensors have the
advantages of small size, high sensitivity, and fast response
speed. Hence, optical fiber sensors have been used in various
fields, among which those based on the principle of SPR
stand out due to their unique advantages. Traditional optical
fiber sensors can normally detect one variable, that is, a one-
parameter type, and cannot meet the detection requirements in
complex environments. The reason is that the sensing materials
can be affected by multiple variables, thus giving rise to
cross-sensitivity and inaccurate detection. In particular, the
cross-sensitivity phenomenon is particularly significant in the
detection of refractive index (N), temperature (T), magnetic
field (H), relative humidity (RH), and voltage (U). Fortunately,
the impact of cross-sensitivity can be abated by integrating
multiple sensing materials for compensated detection. More-
over, the higher the integration level, the more significant the
mitigation, and the more accurate the detection. Up to now,
a single segment of optical fiber for three parameters has been
proposed [2], [3], [4].
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del Carmen Alonso-Murias et al. [5] designed a
three-parameter sensor composed of a photonic crystal fiber
(PCF) for the measurement of temperature, magnetic field,
and refractive index. This sensor accomplished magnetic field
detection with temperature compensation using polydimethyl-
siloxane (PDMS) and magnetic fluid (MF). Zhang et al. [6]
designed a sensor capable of synchronously measuring three
parameters, i.e., temperature, magnetic field, and voltage,
by placing the E7 liquid crystal doped with magnetic nanopar-
ticles into the PCF. However, because this sensor relies on
liquid crystals to detect both temperature and voltage simul-
taneously and cannot detect temperature independently, it is
difficult to achieve temperature compensation. To solve this
problem, Huo et al. [7] proposed a compact three-channel PCF
sensor for the simultaneous measurement of liquid refractive
index, temperature, and ambient magnetic field by filling with
PDMS and MF. This sensor exhibited temperature compensa-
tion through PDMS. Although Wang et al. [8] have proposed
a cascaded optical fiber sensor that can be used to detect
temperature, stress, refractive index, and relative humidity,
it should be noted that this sensor merely cascades four
optical fiber sensors based on different principles and uses
the wavelength division multiplexing technique to detect the
signal changes of each part, respectively. Therefore, it should
only be regarded as a simple spliced multifunctional sensor,
but the detection accuracy does not improve [8].

A five-parameter sensor based on a ten-hole PCF is
designed. By plating gold films on the alternately distributed
air holes and filling them with the analyte (Anal), PDMS,
MF, polyvinyl alcohol (PVA), and E7 nematic liquid crystal
(E7NLC), respectively, a multiparameter and mutually com-
pensated detection system is formed for the simultaneous
detection of N, T, H, RH, and U. It is believed that this is the
first time that the detection of five parameters: refractive index,
temperature, magnetic field, relative humidity, and voltage,
is demonstrated. In addition, the five-parameter ten-hole PCF
sensor has a simple structure and is easy to manufacture, thus
having great potential in scientific research, engineering, and
industrial applications.

II. MODEL AND THEORY

Fig. 1(a) shows the initial structure of the sensor. The
cladding diameter d1 of the ten-hole PCF is 125 µm, the
air hole diameter d2 is 21.25 µm, the distance from the air
hole to the fiber core l1 is 43.75 µm, the gold film thickness
h is 40 nm, the angle θ between adjacent air holes is 36◦, and
the side-polished depth l2 is fixed at l1+ 0.25d2. The modal
characteristics of the sensor are analyzed by the finite element
method, and the mesh division is shown in Fig. 1(b).

The sensor can be fabricated by the process schematically
illustrated in Fig. 2. The first step is to form air holes with
a preset shape in the quartz rod by ultrasonic drilling. The
second step is to put the preform into a drawing tower and
draw it into a ten-hole PCF with a diameter of 125 µm.
The third step is to deposit a uniform gold film on the inner
walls of alternately distributed air holes by chemical vapor
deposition (CVD). The fourth step is to polish the side of the

Fig. 1. (a) Cross-sectional structure and (b) grid representation of the
ten-hole PCF sensor.

Fig. 2. Fabrication of the ten-hole PCF sensor.

optical fiber with a fiber polishing machine (FPM) to open any
two gold-plated air holes separated by three holes. The fifth
step is to use femtosecond laser (fs Laser) micromachining to
selectively fill PDMS. The same method is used to fill MF and
E7NLC. The sixth step is to deposit PVA onto the opened air
holes [11], [12].

The bulk material of the five-parameter ten-hole PCF sen-
sor is fused silica. The Sellmeier equation is employed to
derive n

n2 (λ, T) = 1.31552 + A1T +
(B1 + B2T) λ2

λ2
− (B3 + B4T)

+
(C1 + C2T) λ2

λ2
− 100

(1)

where n is the refractive index of SiO2, λ is the wavelength
of the incident light, T is the ambient temperature, A1 =

6.90754 × 10−6, B1 = 0.788404, B2 = 2.35835 × 10−5,
B3 = 0.0110199, B4 = 0.584758 × 10−6, C1 = 0.91316, and
C2 = 0.548368 × 10−6. Gold, as a plasmonic material for
the excitation of SPR, is used. Its dielectric constant can be
obtained by the Drude–Lorentz model

εAu (ω) = ε1 + iε2 = ε∞ −
ω2

p

ω (ω + iωc)
(2)

where ε1 and ε2 are the real and imaginary parts of the metal
dielectric constant, respectively, ε∞ = 9.48 is the dielectric
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constant of gold at high frequencies, ω is the angular frequency
of the incident light, ωp = 1.36 × 1016 rad/s represents the
angular frequency of the plasma, and ωc = 1.45 × 1014 rad/s
represents the damping frequency.

Voltage sensing is achieved by placing E7NLC in the air
holes. The n value of E7NLC is affected not only by the
voltage but also by the combined action of T and H [11],
[12]. The influence can be calculated using 1n [13], [14]

1n =
1ε01x0H2

9a0 (T − T∗)
√

ε̄
(3)

where 1ε0 is the anisotropy of the saturated dielectric and ε̄

is the isotropic part of the dielectric constant.
The refractive index of E7NLC is mainly affected by U

EC ≈
π

d

√
K11

1ε
, θ

=

 0, U ≤ Uc
π

2
− 2tan−1

[
exp

(
−

U − Uc

30Uc

)]
, U ≥ Uc

(4)

where EC is the threshold electric field. Under the action of
this electric field, the E7NLC molecules deflect by an angle of
θ along the X -axis. 1ε represents the difference in dielectric
constants. Under an electric field with a frequency of 1 kHz,
1ε = 12.7 and k11 = 11.1pn (k11 is the splay elastic constant)
[14], [15], [16].

The refractive index of E7NLC can be summarized as the
ordinary refractive index no, and the extraordinary refractive
index, no and ne, can be calculated using the following
Cauchy models [17], [18]:

no = Ao +

(
Bo

λ2

)
+

(
Co

λ4

)
ne = Ae +

(
Be

λ2

)
+

(
Ce

λ4

)


nx = no

ny =

(
sin2 (θ)

n2
e

+
cos2 (θ)

n2
o

)−
1
2

.

(5)

The influence of T on the refractive index of E7NLC
is mainly reflected in the difference of Cauchy coefficients,
where Ao, Bo, Co, Ae, Be, and Ce are the fitting coefficients
of the Cauchy model [15]. Under the combined effect, the cal-
culation formula for the n-value of E7NLC is as follows [17]:

nU =

√
n2

x + n2
y

3
, nE7NLC = nU + 1n. (6)

MF, a sensing material, is widely used in magnetic field
detection. By applying the Langevin model, the refractive
index of MF can be calculated [19]

nMF

=
(
ns − n p

) [
coth

(
α

H − Hc,n

T

)
−

T
α
(
H − Hc,n

)]+ n p

(7)

Fig. 3. 3-D electric field distribution map of y-pol FM.

where np = 1.4352 is the initial refractive index of MF, ns =

1.4385 represents the saturated refractive index of MF, Hc,n =

30 Oe is the magnetic field threshold, and α = 5 is the fitting
coefficient.

PVA is a humidity-sensitive material. Since PVA contains
hydrophilic hydroxyl groups, it expands after absorbing water,
and the refractive index changes with RH according to the
following equation [20], [21]:

nPVA = −3 × 10−6RH2
− 10−4RH + 1.4738. (8)

The refractive index of PDMS is only affected by tem-
perature and exhibits a linear relationship with temperature,
as shown in the following [22]:

nPDMS = −4.5 × 10−4T + 1.4176. (9)

To summarize, the multiparameter optical fiber sensor can
detect N, T, H, RH, and U simultaneously. By calculating the
sensitivity of each channel (i = 1–5) and using the sensitivity
matrix, the accurate optical fiber sensing calibration can be
achieved. The specific formulas are as follows:

Si (X) =
1λpeaki

1X
(10)

and
1RW1
1RW2
1RW3
1RW4
1RW5



=


S1 (N) S1 (T) S1 (H) S1 (RH) S1 (U)

S2 (N) S2 (T) S2 (H) S2 (RH) S2 (U)

S3 (N) S3 (T)

S4 (N)

S5 (N)

S4 (T)

S5 (T)

S3 (H)

S4 (H)

S5 (H)

S3 (RH) S3 (U)

S4 (RH)

S5 (RH)

S4 (U)

S4 (U)



×


1N
1T
1H
1RH
1U

 (11)

where Si(X) represents the sensitivity of the i th (i = 1–5) loss
peak with respect to X (X representing N, T, H, RH, or U,
respectively), 1RWi (i = 1–5) denotes the offset of the i th
loss peak, and 1N, 1T, 1H, 1RH, and 1U correspond to the
variations of N, T, H, RH, and U, respectively. By inversely
solving the matrix (11), the variations of N, T, H, RH, and U
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Fig. 4. Cross-interaction relationships between field quantities and
sensitive materials.

can be obtained
1N
1T
1H
1RH
1U



=


S1 (N) S1 (T) S1 (H) S1 (RH) S1 (U)

S2 (N) S2 (T) S2 (H) S2 (RH) S2 (U)

S3 (N) S3 (T)

S4 (N)

S5 (N)

S4 (T)

S5 (T)

S3 (H)

S4 (H)

S5 (H)

S3 (RH) S3 (U)

S4 (RH)

S5 (RH)

S4 (U)

S4 (U)


−1

×


1RW1
1RW2
1RW3
1RW4
1RW5

 . (12)

The sharpness of the loss peak, an important indicator to
evaluate the degree of optimization of the sensor, is calculated
as follows [19]:

SHP =
Loss

FWHM

(
dB/µm2

)
(13)

where SHP is the sharpness of the loss peak and FWHM
represents the full-width at half-maximum of the loss peak.
The larger the value of SHP, the higher the resolution of the
sensor.

The wavelength corresponding to the maximum value of the
loss peak is called the resonant wavelength (RW). The optical
wave loss can be calculated using the following formula [17]:

αLoss = 8.686 ×
2π

λ
Im (neff) × 107 (dB/cm) (14)

where λ is the wavelength of the incident light and Im( neff)
is the imaginary part of the effective refractive index.

The refractive indices of E7NLC and PVA are higher
than that of fused silica in optical fibers. However, the air
holes significantly reduce the refractive index of the cladding
region. Numerical analysis shows that the sensor can confine
light waves within the fiber core to achieve total reflection
propagation. Fig. 3 presents the 3-D electric field distribution
of the y-pol fundamental mode (FM) in the sensor.

Fig. 4 illustrates the interaction relationships between N, T,
H, RH, U, and the sensitive substance. n of E7NLC is affected
by T, H, and U, while that of MF is affected by T and H, and
that of PVA is affected by T and RH. By selecting the PDMS
material that is only sensitive to temperature, we achieve
progressive compensation detection of field quantities.

Fig. 5. (a) Loss spectra of the y-pol FM and Re(neff) for y-pol FM and
SPP. (b) Loss spectra of the x-pol FM and y-pol FM. (c) Electric field
distributions and 3-D mode field distribution models for x-pol FM, y-pol
FM, and SPP mode.

After filling of sensitive substances with different properties,
the sensor does not have rotational symmetry, and it is neces-
sary to compare and analyze the modal characteristics of the
x-polarized fundamental mode (x-pol FM) and the y-polarized
fundamental mode (y-pol FM).

Fig. 5 shows the spectral characteristics of the sensor for
N = 1.38, T = 25 ◦C, H = 60 Oe, RH = 50%, and U =

200 V. There are five significant peaks at the wavelengths of
610, 675, 775, 933, and 1225 µm. In addition, the neff curves
of the y-pol FM and the surface plasmon polariton (SPP) mode
intersect at these points, indicating that the phase matching
condition is satisfied at these five specific wavelengths for
the excitation of SPR. It can be seen from Fig. 4(b) that the
x-pol FM shows relatively gentle changes, and therefore, it is
not suitable for analyzing its spectral characteristics. Fig. 4(c)
shows the mode field diagrams of the x-pol FM, y-pol FM,
and SPP mode at RWi (= 1–5).

Fig. 6(a) shows that peak1 shifts significantly to red as
N increases, so peak1 can uniquely detect the refractive
index. Fig. 6(b) shows that only when T increases, peak2
shifts significantly to blue, and peak2 can uniquely detect
temperature. Similarly, peak3 can be used to detect H, peak4
for RH, and peak5 for U.

III. STRUCTURAL OPTIMIZATION

To improve the sensing properties, the important structural
parameters of the five-parameter ten-hole PCF sensor are
optimized step by step from the inside of the fiber core
outward. l2 is fixed at 125 µm and l1 + 0.25d2, respectively.
Since the sensor needs to detect five parameters simultane-
ously, numerical analysis shows that improving the sensitivity
of some parameters is accompanied by a decrease in the
sensitivity of other parameters. As shown in Fig. 7, with
the increase of the d2 value, the sensitivities to temperature,
relative humidity, and voltage increase, while the sensitivities
to refractive index and magnetic field decrease. Therefore,
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Fig. 6. (a)–(e) Relationship between the loss spectrum of y-pol FM and
N, T, H, RH, and U.

Fig. 7. Changes in sensitivity of the four loss peaks as d2 varies from
20.5 to 25 µm.

using sensitivity as the optimization criterion lacks universality
and persuasiveness. Instead, we optimize the total sharpness
(SSUM), total spacing (TSP), and total loss (SLoss) of the five
resonance peaks. Specifically, SSUM =

∑5
i=1 SHPi, where

SHPi is the sharpness of the i th resonance peak; TSP =

RW5 − RW1. The larger the SSUM value, the higher the
detection accuracy; the larger the TSP value, the wider
the detection range of the sensor; the larger the SLoss value,
the higher the transmission efficiency.

A. Optimization of Air Hole Radius
d2 is optimized within the range of 10–25 µm. If d2 is less

than 10 µm, the loss spectrum no longer exhibits five obvious
loss peaks, and if d2 exceeds 25 µm, the spacing between air
holes is too small and prone to mechanical breaking during
fiber drawing. Fig. 8(a) compares the 3-D models of the sensor
for different d2 values and Fig. 8(b) compares the loss spectra
of y-pol FM for different d2 values. As d2 increases, red-
shifting of the spectral lines occurs because when d2 increases,

Fig. 8. For d2 between 10 and 25 µm. (a) 3-D model of the sensor.
(b) Loss spectra of y-pol FM. (c) Electric field distributions and height
diagrams for the five resonance wavelengths. (d) Variations of SLoss,
SSUM, and TSP of the five loss peaks.

neff of the fiber core decreases, in turn decreasing neff of y-pol
FM. According to the optical formulas: n = c/v and λ = v/f
(where c is the speed of light in vacuum, v is the speed of
light in the medium, and f is the intrinsic frequency of light,
which is constant), a smaller neff increases the wavelength λ

and red-shifts. Fig. 8(c) shows the electric field distributions
for the five resonance wavelengths to visually compare the
coupling. Fig. 8(d) shows the variation trends of SLoss, TSP,
and SSUM of the five loss peaks with d2. When d2 is 25 µm,
the SSUM and TSP of the sensor reach their maximum, but the
loss increases accordingly. After a comprehensive evaluation,
d2 is selected to be 21.25 µm.

B. Optimization of Air-Hole Position
The optimization process of air hole positions is as shown

in Fig. 9(a)–(d). With d2 set to 21.25 µm, l1 is optimized
within the range of 37.5–50 µm. If l1 is less than 37.5 µm,
the spacing between air holes becomes too small, and if l1 is
greater than 50 µm, the sensor no longer exhibits obvious loss
peaks. It can be observed that the loss spectra hardly shift. The
refractive index distribution of the fiber cross section has a fan
shape along with the filled holes. When the size of the air holes
is fixed and their positions change radially, the refractive index
difference between the fiber core and the filled regions remains
almost unchanged, resulting in no significant shift in the loss
spectra.

The peak of the loss spectrum decreases as l1 increases.
This is because a smaller l1 shortens the distance between the
gold film and the fiber core, making it easier for the y-pol FM
and SPP modes to couple, thereby giving rise to a greater loss.
When l1 is 37.5 µm, the sharpness is optimal and the loss is
low; therefore, l1 is set to 37.5 µm.
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Fig. 9. For l1 between 37.5 and 50 µm. (a) 3-D model of the sensor.
(b) Loss spectra of y-pol FM. (c) Electric field distributions and height
diagrams for the five resonance wavelengths. (d) Variations of SLoss,
SSUM, and TSP of the four loss peaks.

C. Optimization of Gold Film Thickness
With d2 being 21.25 µm and l1 being 37.5 µm, h is

optimized within the range of 30–50 nm. When h is less
than 30 nm, the coating process becomes more difficult and
the loss is excessive. When h is greater than 50 nm, it is
impossible to excite loss peaks. Fig. 10(a) shows the 3-D
model, and Fig. 10(b) compares the loss spectra of the y-pol
FM. As h increases, the loss spectrum shows red shifts. When
the wavelength is between 600 and 2000 nm, the refractive
index of gold is about 0.6 RIU and significantly lower than
that of the optical fiber. Therefore, increasing h decreases the
average refractive index near the gold film and neff of the
SPP mode. As mentioned earlier, v = c/ n and λ = v/f ,
and so, λ increases, that is, red shift. It can be observed
that the peak spacing changes slightly, and the loss decreases
as h increases. This phenomenon can be explained by the
electric field diagrams in Fig. 10(c). A smaller h produces
more obvious coupling between the y-pol FM and the SPP
mode, meaning that more energy is coupled to the filled area
and a higher loss. When h is 30 nm, the sharpness reaches its
maximum, and the sensor shows the best detection accuracy
as well. Considering various factors comprehensively, h is
selected to be 30 nm.

Fig. 11 shows the 3-D model of the optimized sensor with
d1 = 125 µm, d2 = 21.25 µm, l1 = 37.5 µm, l2 = l1+
0.25d2, θ = 36◦, and h = 30 nm.

IV. SENSING PLATFORM AND CHARACTERISTICS

The sensor synchronously detects the refractive index, tem-
perature, magnetic field, relative humidity, and voltage using
the apparatus depicted in Fig. 12. The SMF is spliced at

Fig. 10. For h between 30 and 50 nm. (a) 3-D model of the sensor.
(b) Loss spectra of y-pol FM. (c) Electric field distributions and height
diagrams for the five resonance wavelengths. (d) Variation of SLoss,
SSUM, and TSP of the four loss peaks.

Fig. 11. (a) Optimized sensor cross-section. (b) Optimized sensor 3-D
model.

Fig. 12. Schematic of the apparatus for the measurement of refractive
index, temperature, magnetic field, relative humidity, and voltage.

both ends using a fiber fusion splicer, and the SMF transmits
the optical signals. A control box is used to simulate the
environment with a specific refractive index, temperature,
magnetic field, relative humidity, and voltage. The broadband
light source provides the optical signals required for the
desired band, and an optical spectrum analyzer (OSA) converts
the optical signals into electrical signals and modulates them.
The modulated electrical data are then analyzed by a computer.
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Fig. 13. (a) Loss spectra of y-pol FM for different N (1.32–1.38 RIU)
and (b) RW linear fitting.

Fig. 14. (a) Loss spectra of y-pol FM for different T (20 ◦C–40 ◦C) and
(b) RW linear fitting.

The refractive index sensing characteristics of the optimized
sensor are shown in Fig. 13. The loss spectra of the y-pol FM
are derived as N varies uniformly in the range of 1.32–
13.8 RIU. As shown in Fig. 13(a), peak1 shows an obvious
shift. As shown in Fig. 13(b), the average sensitivity of each
peak is calculated by linearly fitting the RW of each peak.
The fitting curves of peak i (i = 1–5) are: RW1 = 4490.34
N + 6400 (nm) with a coefficient of determination (R2) of
98.44%, RW2 = 620 (nm) with R2

= 100%, RW3 =

705 (nm) with R2
= 100%, RW4 = 840 (nm) with R2

=

100%, and RW5 = 1095 (nm) with R2
= 100%. The average

refractive index sensitivities of peak i (i = 1–5) are 4490.34,
0, 0, 0, and 0 nm/RIU, respectively.

Fig. 14 shows the temperature sensing characteristics of
the optimized sensor. The loss spectra of the y-pol FM are
derived with T varied uniformly in the range of 20 ◦C–40 ◦C.
As shown in Fig. 14(a), peak2 exhibits an obvious shift.
As shown in Fig. 14(b), the fitting curves of peak i (i = 1–5)
are: RW1 = 480 (nm) with R2

= 100%, RW2 = −8.05 T +

808 (nm) with R2
= 99.12%, RW3 = −0.55 T+ 715 (nm)

with R2
= 99.69%, RW4 = −0.001 T + 841 (nm) with

R2
= 99.86%, and RW5 = −1.23 T + 1118 (nm) with

R2
= 99.27%. The average temperature sensitivities of peak

i (i = 1–5) are 0, −8.05, −0.55, −0.001, and −1.23 nm/◦C,
respectively.

The magnetic field sensing characteristics of the optimized
sensor are shown in Fig. 15. The loss spectra of the y-pol
FM are generated with H varied uniformly in the range of
35–135 Oe. As shown in Fig. 15(a), peak3 shows an obvious
shift. As shown in Fig. 15(b), the fitting curves of peak i (i =

1–5) are: RW1 = 535 (nm) with R2
= 100%, RW2 =

Fig. 15. (a) Loss spectra of y-pol FM for different H (35–135 Oe) and
(b) RW linear fitting.

Fig. 16. (a) Loss spectra of y-pol FM for different RH (30%–70%) and
(b) RW linear fitting.

0.093 H + 582 (nm) with R2
= 98.37%, RW3 = 1.52

H + 606 (nm) with R2
= 90.58%, RW4 = 835 (nm) with

R2
= 100%, and RW5 = 0.35 H + 1076 (nm) with R2

=

98.43%. The average magnetic field sensitivities of peak i(i =

1–5) are 0, 0.093, 1.52, 0, and 0.35 nm/Oe, respectively.
The relative humidity sensing characteristics of the opti-

mized sensor are shown in Fig. 16. The loss spectra of the
y-pol FM are derived with RH varied uniformly in the range of
30%–70%. As shown in Fig. 16(a), peak4 exhibits an obvious
shift. As shown in Fig. 16(b), the fitting curves of peak i (i =

1–5) are: RW1 = −0.86RH + 603 (nm) with R2
= 99.36%,

RW2 = 620 (nm) with R2
= 100%, RW3 = −0.26RH +

711 (nm) with R2
= 98.56%, RW4 = −5.83 RH +

1043 (nm) with R2
= 99.86%, and RW5 = −0.14RH +

1095 (nm) with R2
= 99.12%. The average humidity sensi-

tivities of peak i (i = 1–5) are −0.48, 0, −0.26, −5.83, and
−0.14 nm/%RH, respectively.

The voltage sensing characteristics of the optimized sensor
are shown in Fig. 17. The loss spectra of y-pol FM are
generated for U varied uniformly in the range of 180–260 V.
As shown in Fig. 17(a), peak5 shifts significantly. As shown in
Fig. 17(b), the fitting curves of peak i (i = 1–5) are: RW1 =

560 (nm), R2
= 100%; RW2 = 620 (nm), R2

= 100%;
RW3 = 0.08 U + 705 (nm), R2

= 99.45%; RW4 =

835 (nm), R2
= 100%; and RW5 = 4.25 U + 302 (nm),

R2
= 99.63%. The average voltage sensitivities of peak i (i =

1–5) are 0, 0, 0.08, 0, and 4.25 nm/V, respectively.
By substituting the average sensitivities of peak1,

peak2, peak3, peak4, and peak5 into (12), the following
five-parameter sensitivity sensing matrix can be obtained.
By calculating the offset of the five resonance wavelengths,
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
1N
1T
1H
1RH
1U

 =


4490.34 nm/RIU 0nm/◦C 0 nm/Oe −0.86 nm/%RH 0 nm/V
0nm/RIU −8.05 nm/◦C 0.093 nm/Oe 0 nm/%RH 0 nm/V
0nm/RIU −0.55 nm/◦C

0nm/RIU −0.001 nm/◦C
0 /RIU −1.23 nm/◦C

1.52 nm/Oe
0 nm/Oe

0.35 nm/Oe

−0.26 nm/%RH 0.08 nm/V
−5.83 nm/%RH
−0.14 nm/%RH

0 nm/V
4.25 nm/V


−1

1RW1
1RW2
1RW3
1RW4
1RW5



Fig. 17. (a) Loss spectra of y-pol FM for different U (180–260 V) and
(b) RW linear fitting.

Fig. 18. Loss spectra when N, T, H, RH, and U change simultaneously.

the changes in refractive index, temperature, magnetic field,
relative humidity, and voltage can be demodulated, respec-
tively 1N–1U, as shown at the top of the page.

Fig. 18 shows the simulated characteristics of the sensor as
the five entities vary simultaneously.

V. CONCLUSION

A five-parameter multiphysical field optical fiber sensor
composed of ten-hole PCF is designed and demonstrated to
simultaneously detect the refractive index, temperature, mag-
netic field, relative humidity, and voltage. The sensor uses gold
as the plasmonic medium to excite SPR, while PDMS, MF,
PVA, and E7NLC serve as the sensing materials for N, T, H,
RH, and U, respectively. The optimized structural parameters:
d1 = 125 µm, d2 = 25 µm, l1 = 37.5 µm, l2 = 8.5625 µm,
θ = 36◦, and h = 30 nm. Numerical analysis reveals that
in the ranges of 1.32−1.38 RIU, 20 ◦C–40 ◦C, 35–135 Oe,
30%RH–70%RH, and 180–260 V, the sensor shows an average
refractive index sensitivity of 4490.34 nm/RIU, an average
temperature sensitivity of −8.05 nm/◦C, an average magnetic
field sensitivity of 1.52 nm/Oe, an average relative humidity
sensitivity of −5.83 nm/%RH, and an average voltage sensi-
tivity of 4.25 nm/V. Boasting a simple structure, this sensor
accomplishes simultaneous five-parameter sensing using a

single segment of optical fiber for the first time in the field of
multiparameter optical fiber sensing.
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