
1811Sensors and Materials, Vol. 32, No. 5 (2020) 1811–1822
MYU Tokyo

S & M 2219

*Corresponding author: e-mail: yongwook@pknu.ac.kr
https://doi.org/10.18494/SAM.2020.2829

ISSN 0914-4935 © MYU K.K.
https://myukk.org/

Simultaneous Measurements of Strain and Temperature
Using Long-period Fiber Grating Written 

on Twisted High-birefringence Photonic Crystal Fiber

Do Kyung Kim,1 Jihoon Kim,2 Seul-Lee Lee,1 Sungwook Choi,1 
Min Seok Kim,1 Jinsil Han,2 and Yong Wook Lee1,2*

1Interdisciplinary Program of Biomedical Mechanical and Electrical Engineering, Pukyong National University,
45 Yongso-ro, Nam-gu, Busan 48513, Korea

2School of Electrical Engineering, Pukyong National University,
45 Yongso-ro, Nam-gu, Busan 48513, Korea

(Received February 14, 2020; accepted April 20, 2020)

Keywords:	 long-period fiber grating, high-birefringence photonic crystal fiber, twisted fiber, strain, 
temperature, simultaneous measurement

	 Here, we propose a novel fiber-optic sensor capable of simultaneous measurements of strain 
and temperature by using a long-period fiber grating (LPFG) inscribed on a twisted high-
birefringence photonic crystal fiber (HBPCF) as a sensor head.  The sensor head was fabricated 
by scanning CO2 laser pulses to one side of the twisted HBPCF using a line-by-line technique.  
The LPFG written on the twisted HBPCF (referred to as a THBPC-LPFG) exhibits two different 
resonance bands, obtained at two orthogonal input polarization states, with multiple attenuation 
dips within each band.  Two attenuation dips, each of which was selected in each resonance 
band, were utilized as sensor indicators.  For these two indicator dips designated as Dips 1 and 
2, their strain and temperature responses were examined in a strain range of 0–1953 με with 
a step of 217 με and in a temperature range of 35–95 °C with a step of 10 °C.  At a fixed room 
temperature (25 °C), that is, without any temperature changes, the strain sensitivities of Dips 
1 and 2 were measured to be approximately −0.99 and −1.29 pm/με, respectively.   Similarly, 
the temperature sensitivities of Dips 1 and 2 were measured and found to be ~7.14 and ~10.07 
pm/°C without the applied strain, respectively.  Owing to their linear and independent responses 
to strain and temperature, strain and temperature changes applied to the THBPC-LPFG can be 
simultaneously estimated from the measured wavelength shifts of the two indicator dips (i.e., 
Dips 1 and 2) using their predetermined strain and temperature sensitivities.  From the repetitive 
simultaneous measurements of the applied strain and temperature, the rms deviations of the 
measured strain and temperature were evaluated as 20.2 µε and 1.78 °C, respectively.  The 
experimental results prove that the THBPC-LPFG can be employed as a cost-effective sensor 
head for the simultaneous measurements of strain and temperature.
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1.	 Introduction

	 Over the past decade, fiber-optic sensors have demonstrated the potential for applications in 
a wide range of fields, such as structural health and environmental monitoring and biomedical 
instrumentation, owing to their merits of rapid response, compactness, durability, and immunity 
to electromagnetic interference, compared with conventional electronic sensors.  Optical fiber 
gratings, which are intrinsic fiber devices that allow the modulation of the properties of light 
propagating within the fiber, are most commonly employed as the sensor heads of fiber-optic 
sensors.  According to the grating period, fiber gratings are classified into short-period fiber 
gratings, also called fiber Bragg gratings (FBGs), with periodicities on the order of the optical 
wavelength, and long-period fiber gratings (LPFGs) with periodicities of 100–1000 nanometers.  
In particular, LPFGs enable the optical power coupling between the fundamental core mode 
and the copropagating cladding modes at specific resonance wavelengths.  This mode coupling 
results in the transmission spectrum of an LPFG, which has a series of rejection bands centered 
at discrete resonance wavelengths.  Each rejection band is formed by the coupling of the 
fundamental core mode into one of the dissimilar cladding modes.  In comparison with those of  
FBGs, the resonance dips of LPFGs are much more sensitive to external perturbations, such as 
curvature,(1‒3) surrounding refractive index,(4,5) humidity,(6,7) strain,(8‒10) and temperature.(11‒13) 
However, one of the main challenges of LPFGs is their cross-sensitivity between strain and 
temperature.  To eliminate this cross sensitivity, numerous approaches have been suggested to 
realize separate measurements of strain and temperature.(14‒16)  Among these works, an LPFG 
written on a conventional high-birefringence fiber (HBF), designated as an HB-LPFG, provided 
an efficient and affordable solution to the simultaneous measurements of strain and temperature.(16)  
It was possible to obtain two resonance dips with dissimilar cladding-mode orders, obtained at 
two orthogonal input polarization states (PSs) aligned along the principal axes of the HB-LPFG, 
i.e., slow and fast axes, within several tens of nanometers.(16)  The two resonance dips with 
different cladding-mode orders have different strain and temperature sensitivities as well.  The 
simultaneous measurements of strain and temperature could be accomplished by harnessing 
their independent strain and temperature responses.  The birefringence of a conventional 
HBF is introduced by two stress-applying parts placed on either side of the core, which have a 
thermal expansion coefficient different from that of silica. The elasto-optically induced HBF 
birefringence can easily be varied by bending, leading to the coupling between orthogonal 
polarization modes.  This bend-induced mode coupling deteriorates the stability and accuracy 
of the sensor when an HBF is employed as a sensing fiber on which an LPFG is written.  To 
resolve this mode-coupling problem, a high-birefringence photonic crystal fiber (HBPCF) 
composed only of pure silica can be utilized as a sensing fiber.  If an LPFG written on an 
HBPCF is employed as a sensor head, the mechanical stability of the sensor can be improved 
because the elliptical core of the HBPCF creates a stronger birefringence (close to 10–3) than that 
of the conventional HBF (e.g., ~5.05 × 10–4),(16) which suppresses the mode coupling between 
orthogonal PSs, induced by macro- or microbending.  Moreover, the measurement accuracy, 
another important performance parameter, can be enhanced by sharpening the resonance dip 
of an LPFG, whose sharpness normally increases with decreasing bandwidth.  When an LPFG 
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is fabricated on a twisted fiber, the spectral splitting of its individual resonance dips occurs,(17) 
which leads to multiple attenuation dips with smaller bandwidths in each resonance dip.  These 
attenuation dips with smaller bandwidths have more pointed dips beneficial to the accurate 
measurement of their wavelength shifts.  
	 Here, we propose a fiber-optic sensor capable of simultaneously measuring strain and 
temperature using an LPFG inscribed on a twisted HBPCF, referred to as a THBPC-LPFG, by 
CO2 laser pulses as a sensor head.  As far as we know, this is the first study on the application 
of the THBPC-LPFG to the simultaneous measurements of strain and temperature.  The 
transmission spectrum of the fabricated THBPC-LPFG has two different rejection bands 
according to the input PS, each of which has multiple attenuation dips within its band.  Two 
pointed attenuation dips, one dip at each rejection band, obtained at two orthogonal input PSs, 
were chosen as sensor indicators designated as Dips 1 and 2.  The axial strain and temperature 
responses of these indicators of the fabricated THBPC-LPFG were investigated by applying 
independent strain and temperature variations (denoted by ∆S and ∆T) to the sensor head, 
respectively.  When the axial strain was applied (i.e., ∆S > 0) to the THBPC-LPFG at a fixed 
room temperature (∆T = 0), Dips 1 and 2, whose wavelengths were indicated by λ1 and λ2, 
respectively, showed blue shifts of different amounts.  On the other hand, with increasing 
ambient temperature (∆T > 0) without the applied strain (∆S = 0), λ1 and λ2 exhibited red 
shifts of different amounts.  On the basis of the linear responses of λ1(∆S, ∆T) and λ2(∆S, ∆T) 
with respect to strain and temperature and the independence of λ1(∆S, ∆T) and λ2(∆S, ∆T) 
responses, strain and temperature variations applied to the THBPC-LPFG (i.e., ∆S and ∆T) can 
be simultaneously derived  from the measured wavelength shifts of Dips 1 and 2 utilizing the 
predetermined strain and temperature sensitivities of λ1 and λ2 (i.e., ∆λ1/∆S, ∆λ2/∆S, ∆λ1/∆T, 
and ∆λ2/∆T).  In Sect. 2, the fabrication process and spectral characteristics of the THBPC-
LPFG will be described.  Then, experimental results on the strain and temperature responses 
of the THBPC-LPFG and some discussion on them will be provided in Sect. 3.  Finally, a brief 
summary and conclusion will be given in Sect. 4.

2.	 Fabrication and Spectral Characteristics of THBPC-LPFG and Principle of 
Simultaneous Measurement

	 The mode-field diameters of an HBPCF (Crystal Fibre) on which an LPFG is written are 4.3 
and 6.8 μm along its slow and fast axes, and its birefringence and attenuation are ~8.18 × 10–4 
and less than 2 dB/km at 1550 nm, respectively.  An HBPCF is well known for a reduced bend-
induced coupling between orthogonal polarization modes and a 30 times lower temperature 
sensitivity than a conventional HBF.  Figure 1 shows a schematic diagram of the fabrication 
setup of a THBPC-LPFG based on a 10.6 µm CO2 laser (Synrad Inc.).  The THBPC-LPFG was 
fabricated by forming an LPFG on an unjacketed HBPCF, twisted at a rate of RT = 2πN/L,(17) 
with CO2 laser pulses.  Here, N and L are the number of twist turns and the length of the twisted 
fiber, respectively.  The diameter of the output beam of the CO2 laser is increased by the beam 
expander, and the expanded beam is focused by an f-θ lens in a computer-controlled 2D optical 
scanner.  Then, the focused beam with a spot size of ~70 µm is exposed to the HBPCF.  The 
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average power of the focused CO2 laser beam was ~2.23 W.  The grating pitch, grating length, 
number of laser scanning cycles, and twist rate (RT) of the fabricated THBPC-LPFG were 
~400 μm, 12.0 mm (30 grating periods), 6 cycles, and ~31.42 m–1, respectively.  During the 
laser irradiation of the HBPCF segment, one end of the segment was fixed, and longitudinal 
tension was applied to the other end with a weight of 15 g to ensure the exact grating period of 
the fabricated THBPC-LPFG.  Moreover, during the whole process of the grating fabrication, 
the transmission spectrum of the fabricated grating was monitored by using a broadband light 
source (BBS, Fiberlabs FL7701), a polarization controller (PC, Agilent 8169A), and an optical 
spectrum analyzer (OSA, Yokogawa AQ6370C), as shown in Fig. 1.  
	 The phase-matching condition of a conventional LPFG can be described as 

	 , ,( )res co eff cl effn nλ = − Λ, 	 (1)

where λres is the resonance wavelength, Λ is the grating pitch, and nco,eff and ncl,eff are 
the effective refractive indices of the fundamental core and cladding modes of the LPFG, 
respectively.(18)  Owing to the birefringence of the HBPCF between its two principal axes (fast 
and slow axes), caused by its asymmetric cladding structure and large index difference between 
air and glass, λres satisfying (1) depends on the input PS.  This is because the ratio of optical 
power coupled to the fast and slow axes of the HBPCF is different; thus, nco,eff and ncl,eff have 
different values according to input polarization.  As a result, the transmission spectra of the 
THBPC-LPFG have two rejection bands with different λres’s with respect to orthogonal input 
PSs aligned along the slow and fast axes of the HBPCF.  The band rejection ratio (BRR) of the 

Fig. 1.	 (Color online) Schematic diagram of inscription setup of the THBPC-LPFG and experimental setup used 
to investigate its strain and temperature responses.
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THBPC-LPFG directly depends on the input PS, because its BRR is determined by the coupling 
ratio of input light into its two principal axes.(16)  If one of the two principal axes is excited, one 
of the two rejection bands with the maximum BRRs at their resonance wavelengths is chosen.  
In particular, these two rejection bands bound within several tens of nanometers, obtained at 
orthogonal input PSs, can have different cladding-mode orders.(16)

	 Figure 2 shows the input-polarization-dependent transmission spectra of the fabricated 
THBPC-LPFG, measured for two orthogonal input PSs denoted by polarizer angles of 0 and 
90°, displayed as violet and orange solid lines, respectively, at room temperature without any 
applied strain.  The input PS was set by a polarization controller (PC, Agilent 8169) composed 
of a linear polarizer, a quarter-wave plate (QWP), and a half-wave plate (HWP).  The orientation 
angles of the polarizer, the QWP, and the HWP of the PC were controlled to excite two principal 
axes of the THBPC-LPFG.  The polarizer angles of 0 and 90° in Fig. 2 stand for these angular 
arrangements of the PC to excite the fast and slow axes (or vice versa) of the THBPC-LPFG, 
respectively.  As can be seen from the figure, not one resonance dip but multiple attenuation 
dips are observed in each rejection band.  This spectral splitting of the resonance dip can be 
understood as follows.  When the fiber is under tension, a relatively weak CO2 laser radiation 
is sufficient to induce a significant index change in the cladding through the effect of frozen-
in viscoelasticity.(19)  Frozen-in viscoelasticity is the effect of freezing inelastic strains in a 
fiber during the fiber draw or by the heat treatment of a post-draw fiber under tension.(20)  In 
our study, the HBPCF is under twisting tension during the CO2 laser irradiation.  Hence, CO2 
laser heating produces a frozen-in strain in the twisted HBPCF at the point of irradiation.  This 
locally induced strain turns into a torsion stress, when untwisting the HBPCF after the grating 
inscription.  This torsion stress frozen in the HBPCF makes each rejection band spectrally 
split.  No wavelength splitting was observed in an LPFG fabricated by simply rotating the fiber 
exposed to CO2 laser radiation;(21) frozen-in strains do not exist in such an LPFG.  Dips 1 and 2, 

Fig. 2.	 (Color online) Input-polarization-dependent transmission spectra of the fabricated THBPC-LPFG, 
measured for two orthogonal input PSs denoted by polarizer angles of 0 and 90°, displayed as violet and orange 
solid lines, respectively. Dips 1 and 2 indicate two pointed dips selected as sensor indicators in the two attenuation 
bands of the THBPC-LPFG, obtained at polarizer angles of 0 and 90°, respectively.
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displayed as violet and orange solid lines, are sensor indicators selected at two rejection bands 
of the fabricated THBPC-LPFG, obtained at polarizer angles of 0 and 90°, respectively.  The 
wavelengths λ1 and λ2 of Dips 1 and 2 were measured to be ~1499.8 and ~1528.7 nm at polarizer 
angles of 0 and 90°, respectively.  Moreover, the BRRs of Dips 1 and 2 were measured to be 
larger than 26 and 18 dB, respectively.
	 Most attenuation dips of an LPFG show a highly linear strain or temperature response, 
regardless of the shift direction (i.e., red or blue shift).  Resonance dips with different cladding-
mode orders have different strain or temperature sensitivities,(22) and two rejection bands of 
the THBPC-LPFG, obtained at two orthogonal input PSs, can have different cladding-mode 
orders.  If Dips 1 and 2 have different strain or temperature sensitivities, which implies that 
their responses are independent, strain and temperature changes (i.e., ∆S and ∆T, respectively) 
simultaneously applied to the THBPC-LPFG can be discriminated and calculated using the 
following relation:
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Here, Δλ1 and Δλ2 indicate the perturbation-induced wavelength shifts of Dips 1 and 2, 
respectively.  The sensitivity coefficients KS,1 and KS,2 imply the strain sensitivities (i.e., 
∆λ1/∆S and ∆λ2/∆S) of Dips 1 and 2, respectively, when ΔT = 0.  Similarly, KT,1 and KT,2 denote 
the temperature sensitivities (i.e., ∆λ1/∆T and ∆λ2/∆T) of Dips 1 and 2, respectively, when 
ΔS = 0.  These four sensitivity coefficients can be predetermined from the independent strain 
or temperature response measured for each sensor indicator dip (i.e., Dip 1 or 2).  Hence, if 
strain- and temperature-induced Δλ1 and Δλ2 are measured from the transmission spectra of 
the THBPC-LPFG, ΔS and ΔT can be found through the following relation (3) using these 
predetermined sensitivity coefficients.  That is, simultaneous measurements of strain and 
temperature can be achieved by measuring only Δλ1 and Δλ2.  
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where D = KS,1KT,2 − KT,1KS,2 is the determinant of the sensitivity coefficient matrix.

3.	 Experimental Results and Discussion

	 To investigate the independent strain or temperature response of the fabricated THBPC-
LPFG, an experimental setup was constructed using a BBS, a PC, an OSA with a resolution 
bandwidth of 0.02 nm, a metal block, a translation stage, and a hot plate, as shown in Fig. 1.  
First, we utilized an adhesive to attach one end of the sensor head (i.e., the THBPC-LPFG) to 
a fixed metal block and the other end to the translation stage with an axial resolution of 5 μm.  
The longitudinal strain applied to the THBPC-LPFG could be adjusted by moving the translation 
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stage.  The distance L0 between the metal block and the translation stage was set at ~92 mm.  If 
the axial displacement of the translation stage is given by ΔL, the longitudinal strain applied to 
the THBPC-LPFG can be expressed as ΔL/L0.  Figures 3(a) and 3(b) show the strain-induced 
spectral variations of Dips 1 and 2 of the fabricated THBPC-LPFG (obtained at polarizer angles 
of 0 and 90°), measured for an applied strain from 0 to 1953 με at room temperature (25 °C, ∆T = 0), 
respectively.  As can be seen from the figure, Dips 1 and 2 exhibit blue shifts (in the direction 
of blue arrows) of ~1.92 and ~2.48 nm with increasing applied strain, respectively.  Figures 3(c) 
and 3(d) show the resonance wavelength shifts of Dips 1 and 2, indicated by violet diamonds 
and orange circles, respectively.  Solid lines in Figs. 3(c) and 3(d) indicate the linear fits of 
measured data points.  It can be observed from the figures that Dips 1 and 2 show sufficiently 
linear strain responses with adjusted R2 values of ~0.99845 and ~0.99874, respectively.  The 
strain sensitivities of Dips 1 and 2, i.e., KS,1 and KS,2, were calculated from the measurement 
results to be approximately –0.99 and –1.29 pm/με, respectively, which are comparable to those 

Fig. 3.	 (Color online) Strain-induced spectral variations of Dips (a) 1 and (b) 2 of the fabricated THBPC-
LPFG, measured for an applied strain from 0 to 1953 με at room temperature (25 °C, ΔT = 0), and the resonance 
wavelength shifts of Dips (c) 1 and (d) 2, indicated by violet diamonds and orange circles, respectively. Solid lines in (c) 
and (d) indicate the linear fits of measured data points.

(a) (b)

(c) (d)
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of the HB-LPFG.(16) Here, KS,2 is ~1.3 times greater than KS,1, which implies that both rejection 
bands containing Dips 1 and 2 have different cladding-mode orders.
	 To examine the thermal responses of Dips 1 and 2 of the THBPC-LPFG, the fabricated 
THBPC-LPFG was placed on a hot plate, as shown in Fig. 1, and the spectral variations of Dips 
1 and 2 were monitored in a temperature range of 35 to 95 °C (step: 10 °C) without the applied 
strain (∆S = 0).  During the temperature response investigation, a weight of 15 g was suspended 
on one side of the HBPCF segment containing the THBPC-LPFG with its other side fixed, to 
keep the sensor head straight.  Figures 4(a) and 4(b) show the temperature-induced spectral 
variations of Dips 1 and 2 of the fabricated THBPC-LPFG (obtained at polarizer angles of 0 and 
90°), measured for an applied temperature from 35 to 95 °C without the applied strain (∆S = 0), 
respectively.  As can be observed from the figure, Dips 1 and 2 show red shifts (in the direction 
of red arrows) of ~0.42 and ~0.60 nm with increasing ambient temperature, respectively.  
Figures 4(c) and 4(d) show the resonance wavelength shifts of Dips 1 and 2, indicated by violet 
diamonds and orange circles, respectively.  

(a) (b)

(c) (d)

Fig. 4.	 (Color online) Temperature-induced spectral variations of Dips (a) 1 and (b) 2 of the fabricated THBPC-
LPFG, measured for an applied temperature from 35 to 95 °C without applied strain (ΔS = 0), and the resonance 
wavelength shifts of Dips (c) 1 and (d) 2, indicated by violet diamonds and orange circles, respectively. Solid lines in (c) 
and (d) indicate the linear fits of measured data points.
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	 Similarly, solid lines in Figs. 4(c) and 4(d) indicate the linear fits of measured data points.  
It can be found from the figures that Dips 1 and 2 also show sufficiently linear temperature 
responses with adjusted R2 values of ~0.99237 and ~0.99334, respectively.  The temperature 
sensitivities of Dips 1 and 2, i.e., KT,1 and KT,2, were evaluated to be ~7.14 and ~10.07 
pm/°C, respectively.   Here, KT,2 is ~1.4 times higher than KT,1, which also corroborates that 
both rejection bands containing Dips 1 and 2 have different cladding-mode orders.  These 
temperature sensitivities of the THBPC-LPFG are much smaller than those of the HB-LPFG.(16)  
This is because the HBPCF consists of pure silica, a single substance.  However, the lower 
temperature sensitivity does not make the simultaneous measurements of strain and temperature 
impossible.  On the basis of the measurement results of the four sensitivity coefficients (KS,1, 
KS,2, KT,1, and KT,2), Eq. (3) can be rewritten as

	 1

2

10.071
0.990.758 9
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7 1.2
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∆∆     

=      ∆∆ −   

−

 
.	 (4)

	 The different magnitudes and signs of these four sensitivity coefficients are attributed to the 
core and cladding effective refractive indices, the waveguide structure, and strain- or thermo-
optic coefficients of the HBPCF, which are also polarization-dependent.  By measuring the 
wavelength shifts (∆λ1 and ∆λ2) of Dips 1 and 2, one can use Eq. (4) to directly find the applied 
strain and temperature.  
	 Finally, we carried out simultaneous measurements of strain and temperature by ten times 
for specific variations of the applied strain and temperature by using the THBPC-LPFG.  The 
simultaneous measurements were performed for three different applied strain variations (∆S 
= 651, 868, and 1085 µε) and three different applied temperature variations (∆T = 0, 20, and 
40 °C).  Figure 5 shows the simultaneous measurement results for nine (∆S, ∆T) points, which 
were obtained by analyzing the measured transmission spectra.  The error bars in the measured 
points indicate the maximum deviations from the applied parameter values.  The rms deviations 
of the measured strain and temperature were 20.2 µε and 1.78 °C, respectively.   It is found 

Fig. 5.	 Simultaneous measurement results for nine (ΔS, ΔT) points, which were obtained for three different 
applied strain variations (ΔS = 651, 868, and 1085 με) and three different applied temperature variations (ΔT = 0, 20, 
and 40 °C).
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from these measurement results that the proposed sensor can perform separate measurements 
of strain and temperature with sufficient measurement accuracy.  In brief, the THBPC-LPFG 
can be employed as a bend-insensitive sensor head capable of simultaneously discriminating 
between strain and temperature.

4.	 Conclusion

	 We demonstrated a fiber-optic sensor capable of separately measuring strain and 
temperature by using a THBPC-LPFG as a sensor head.  The THBPC-LPFG was manufactured 
by irradiating CO2 laser pulses on a twisted HBPCF.  The fabricated THBPC-LPFG had 
two different rejection bands, within which multiple attenuation dips existed, with respect to 
two orthogonal input PSs.  These two rejection bands were closely spaced and had different 
cladding-mode orders.  Two attenuation dips (i.e., Dips 1 and 2), each of which was selected in 
each rejection band, were utilized as sensor indicators.  The strain and temperature responses 
of these two indicators were investigated in a strain range of 0 to 1953 με and in a temperature 
range of 35 to 95 °C.  The two dips showed linear and independent responses to the applied 
strain and temperature, and their strain and temperature sensitivities were evaluated from the 
measurement results as approximately –0.99 pm/με  and 7.14 pm/°C for Dip 1 and −1.29 pm/με 
and 10.07 pm/°C for Dip 2, respectively.  Using these four sensitivity coefficients, strain and 
temperature changes applied to the THBPC-LPFG can be simultaneously drawn out from the 
measured wavelength shifts of the two sensor indicators (Dips 1 and 2).  From the repetitive 
simultaneous measurements for nine (∆S, ∆T) points, the rms deviations of the measured strain 
and temperature were evaluated as 20.2 µε and 1.78 °C, respectively.  This implies that the 
fabricated THBPC-LPFG can be used as a bend-insensitive sensor head for the simultaneous 
measurements of strain and temperature.
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