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In this study, a high-sensitivity, high-spatial-resolution distributed strain-sensing approach based on a
poly(methyl methacrylate) chirped fiber Bragg grating (CFBG) is proposed and experimentally demonstrated.
Linearly chirped FBGs in a polymer optical fiber provide an alternative to the silica fiber owing to the lower
Young’s modulus, which can yield a higher stress sensitivity under the same external force. According to the
spatial wavelength-encoded characteristic of the CFBG, a fully distributed strain measurement can be achieved
by optical frequency-domain reflectometry. Through time-/space-resolved short-time Fourier transform, the ap-
plied force can be located by the beat frequency originated from the space-induced time delay and measured by
the differential frequency offset originated from the strain-induced dispersion time delay. In a proof-of-concept
experiment, a high spatial resolution of 1 mm over a gauge length of 40 mm and a strain resolution of 0.491 Hz/με
were achieved. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.391160

1. INTRODUCTION

Optical-fiber-grating-based sensors are emerging as promising
devices owing to their high stabilities, high reliabilities, and
advanced multiplexing capabilities [1]. In recent years, the
application of chirped fiber Bragg grating (CFBG) with a non-
uniform modulation of the refractive index within the core of
an optical fiber has attracted considerable attention [2].

For high-spatial-resolution strain-sensing applications, such
as tactile perception and aircraft structural detection [3,4],
CFBG behaving as a cascade of FBGs of different Bragg wave-
lengths is a promising candidate for fully distributed sensors
owing to its large grating length, spatial dispersion character-
istic, and large reflection bandwidth. The strain information
is encoded into the wavelength-dependent reflection spectral
range. To interrogate the reflection spectrum, an optical spec-
trum analyzer [5], Fabry–Perot filter [6], microwave photonic
filter [7], and time-stretch frequency-domain reflectometry [8]
have been used. However, the performances of these interrog-
ation techniques are limited by either the lack of spatial reso-
lution or high-speed data acquisition requirement. With the
reasonable measurement time and considerably higher spatial
resolution, optical frequency-domain reflectometry (OFDR)
is a powerful method for the measurement of a small reflection
signal in small-scale optical components [9]. The distributed

strain information along the grating section of the CFBG
can be reconstructed theoretically from the recorded temporal
interference waveform and interrogated by means of OFDR in
a Michelson interferometer. Therefore, it is possible to detect
spatially resolved variations in strain with a resolution on the
order of millimeters over the grating length.

In addition to the high spatial resolution, high sensitivity is
another important factor for the distributed strain-sensing tech-
nology. In most cases, strain is due to the applied external force,
so the strain sensing is actually a measurement of external force.
According to Hooke’s law, polymer materials have higher sen-
sitivity to converting external force into internal strain of the
optical fiber, compared with silica material. Therefore, the
mechanical properties provide increased sensitivities to intrinsic
polymer fiber sensors when they are used for lateral force, stress,
and torque sensing. Recently, polymer materials such as
CYTOP, TOPAS, and PMMA have been researched for poly-
mer optical fiber (POF) fabrication and application. Liu et al.
[10] reported an axial tensile experiment using PMMA FBGs
with a maximum strain of 3.61%. Leal et al. [11] measured
the torque of an elastic actuator’s spring based on CYTOP FBG
arrays in the strain range of thousands. Woyessa et al. reported
a single-mode POF using ZEONEX/TOPAS for high-
temperature sensing [12]. Leal et al. reported a diaphragm-
embedded sensor applied on the pressure, force, and liquid level
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assessment using CYTOP fibers [13]. Among these materials,
PMMA was the preferred material for producing POF because
of its relative ease of fabrication, high optical transparency in
the visible region, and refractive index similar to that of a con-
ventional silica optical fiber [14]. CFBGs in PMMA-based
optical fibers are promising sensing devices owing to their fun-
damental mechanical advantages over silica fibers (73 GPa)
including a lower Young’s modulus (2.3 GPa) [15], higher elas-
tic limit, simple installation in a narrow space, and improved
biocompatibility for sensing applications [16]. Min et al. and
Marques et al. have reported that the PMMA-based CFBG
can be used as an average strain sensor with a good sensi-
tivity [17,18].

In this study, distributed measurement of strains along the
different stress points of a single PMMA CFBG is studied in-
novatively. We fabricate a single-mode PMMA POF using a
unique core dopant, diphenyl disulfide (DPDS), providing
both increase in core refractive index and photosensitivity.
The fabrication method is reported in Ref. [19]. CFBGs are
inscribed in the PMMA POF using a chirped phase mask.
The ultraviolet (UV) light source is a 248 nm KrF excimer laser.
Our aim is to study the distributed strain-sensing ability of this
novel PMMA CFBG. Compared with silica CFBG in an ex-
periment, PMMA CFBG shows that it could realize distributed
strain sensing with a good agreement between the theory and
the experiment. To the best of our knowledge, for the first
time, we have achieved a high-spatial-resolution, high-sensitiv-
ity distributed strain-sensing based on a PMMA CFBG, with a
spatial resolution of 1 mm over a gauge length of 40 mm and
strain resolution of 0.491 Hz/με.

2. SCHEMATIC AND THEORY

Figure 1 illustrates the proposed approach. The PMMA CFBG
wavelength spectrum of each grating section is different and
unique in the free state. The proposed system as shown in
Fig. 2 could be regarded as optical coherence tomography based
on OFDR, which includes a swept laser source (SS), a Faraday
rotator mirror (FRM) as a reference, and a PMMA CFBG as a
sensing element.

By beating the signals from the FRM and the PMMA
CFBG at the photodetector (PD), beat signals Δfn�λ� with
a microwave frequency dependent on the Bragg wavelength
and proportional to the time-delay difference between the
two reflected waveforms are generated, which could be used
as a baseline to measure and locate the strain information along
the PMMA CFBG:

Δfn�λ� � fFRM − fCFBG�λ� � α × Δτ�λ�, (1)

where α is the sweep rate, α = Δf ∕T , where Δf is the sweep
range and T is the sweep period; and Δτ�λ� is the distance-
induced time delay 2nL∕c, owing to the different positions
of the FRM and PMMA CFBG grating section.

Therefore, the beat signals generated by the time-delay dif-
ference correspond to the chirped dispersion wavelength and
spatial position of the PMMA CFBG as shown in Fig. 1. For
a given PMMA CFBG chirp rate and grating sensing length,
the sweep range and period could be adjusted to provide a
suitable measurement range output limited by the frequency
response of the receiver.

A lateral force F applied at a certain position A on the
PMMA CFBG produces an axial stress [20]

σ � 4γF∕πLD, (2)

where γ is the Poisson’s ratio of PMMA of 0.4, L is the lateral
force zone, and D is the diameter of the optical fiber. The strain
at this position can be expressed as

Δε � σ∕E , (3)

where E is the Young’s modulus of PMMA. The change in local
strain Δε modifies the specific Bragg wavelength at the local
position. Thus, the instantaneous Bragg wavelength shift at this
position can be expressed as

δλA � λA�1 − Pe�Δε, (4)

where δλA is the wavelength shift induced by the strain, Pe is
the effective strain-optic coefficient of PMMA of 0.034, λA is
the initial wavelength at a specific reflection position A in the
PMMA CFBG, and Δε is the applied strain.

For the PMMA CFBG with a chirp rate of C chirp [nano-
meters per centimeter (nm/cm)], by using Eq. (4), we obtain
the relationship between the strain-induced dispersion time
delay δτ�λA� and applied strain:

δτ�λA� �
2n

cC chirp

δλA, (5)

where n is the refractive index and c is the speed of light. The
strain-induced differential frequency offset (DFO) is

δf �λA� � α × δτ�λA�: (6)

As shown in Fig. 1, assuming that the Bragg wavelength at gra-
ting section A changes to the Bragg wavelength at grating sec-
tion B under a specific lateral force, then the beat frequency at
position A is time delayed to position B. So two beat signals
would exist at the sampling time of position B. One is the origi-
nal distance-induced beat signal at position B, and the other is
strain-induced beat signal from position A. Therefore, the
strain by lateral force at position A could be determined by
measuring the DFO δf �λA� between these two beat signals.

Fig. 1. Frequency relationship between the CFBG and FRM and
corresponding beat frequencies. Inset: differential frequency offset
δf �λA� of the CFBG under strain. SG, grating section.
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3. EXPERIMENTS AND ANALYSIS

An experiment is performed to verify the utility of the proposed
technique. Figure 2 shows a schematic of the experimental
setup in our laboratory based on a fiber-optical Michelson
interferometer. The PMMA CFBG used in this experiment
was manufactured at the Photonics Research Center, The
Hong Kong Polytechnic University, Hong Kong SAR. The op-
tical setup for chirped grating inscription is depicted in Fig. 3.
Linear CFBGs are inscribed in DPDS-doped PMMA optical
fibers using a UV KrF excimer laser operating at 248 nm.
During the writing of the CFBGs, the repetition rate of the
laser is 15 Hz, while the output energy of the laser is 50 mJ.
A cylindrical lens shapes the beam before it arrives at the
chirped phase mask (BRAGG Photonic Inc., 1067.17�
17.5 nm). The POF sections with a length of 30 cm are placed
within two magnetic clamps and kept under strain to
avoid undesired curvatures. The diameter of the laser beam

is 2 mm, considerably smaller than the grating size
(50 mm × 3 mm) on the phase mask. Thus, the beam scanning
method is used in this process to achieve 40 mm long chirped
Bragg gratings. The optimized scanning speed is 0.2 mm/s in
this case. The PMMA CFBG has a chirp rate of 10 nm/cm and
diameter of 120 μm.

To demonstrate the effectiveness and practicability of the
proposed method, we experimentally compare the distributed
strain-sensing abilities of silica CFBG and PMMA CFBG.
According to the reflection bandwidths of both CFBGs, a
swept laser source (Keysight 8164B) is adjusted and provides
a linear wavelength modulation in the range of 1520–1620 nm
with a sweep rate of 200 nm/s. The light wave from the swept
laser source is sent to the FRM and CFBG through an isolator
and a 3 dB fiber coupler with a weak wavelength-dependence
loss. The short-wavelength end of the CFBG is connected to
the coupler. The output of the interferometer with the wave-
length-swept source produces beat signals at the PD (Thorlabs
DET01CFC). The relative position of the FRM could be set
before or after the CFBG according to the application, which
only affects the increase or decrease in beat frequency in the
same sweep direction, as shown by experiments. By adjusting
the distance between the FRM and CFBG, the beat signals can
be acquired by a low-speed data acquisition card (NI6010
200 kHz). A fully distributed strain along the CFBG could
be measured through a time-/space-resolved short-term Fourier
transform (STFT) analysis.

In the experiments, the resonance wavelength of the sensing
silica-CFBG is centered at 1545 nm with a reflection band-
width of 40 nm as shown in the upper inset of Fig. 4(a).
The scanning measurement time covering the sensing silica
CFBG is 200 ms at a sweep rate of 200 nm/s. The temporal
interference waveform signals are detected by a PD and re-
corded using the data acquisition card by data sampling at
60 kHz. The lower inset of Fig. 4(a) shows the measured initial
temporal interference waveform in the absence of applied
strain. The spectrograms of the recorded waveforms are calcu-
lated using an STFT analysis. As shown in Fig. 4(a), the time-
frequency distribution is in the range of 19.6–9.3 kHz, owing
to the 40 mm length of the silica CFBG and 36 mm distance
from the silica CFBG to the FRM, consistent with Eq. (1). In
Fig. 4(b), the silica CFBG is replaced by the PMMA CFBG.
The resonance wavelength of the sensing PMMACFBG is cen-
tered at 1580 nm with a reflection bandwidth of 40 nm, owing
to the increase in material refractive index, as shown in the
upper inset of Fig. 4(b). The scanning measurement and signal
sampling are unchanged. As shown in Fig. 4(b), the time-
frequency distribution is in the range of 10.4–19.7 kHz, owing
to the PMMA CFBG length of 40 mm and distance from
the FRM to the PMMA CFBG of 40 mm. Compared to
the silica-CFBG, although a higher noise is observed in the
time-frequency distribution owing to the reflection magnitude
response ripples of the PMMA CFBG, the linear fitting of the
experimental signal of beat frequencies is in agreement with the
principle of CFBG demodulation by OFDR, and it conforms
to Eq. (1).

When an external lateral force is applied to the two types of
CFBGs at a certain carrying position, their strain responses

Fig. 2. Schematic of the experimental setup. Inset: beat frequency
relationship between the time and position. The blue dotted line is the
linear fit, which reflects the distance-induced beat frequency, while the
black spots show the DFO. SS, swept laser source; PD, photodiode;
PA, power amplifier; DAQ, data acquisition; DSP, digital signal
processor.

Fig. 3. Optical setup for chirped grating inscription.
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are different, owing to the different characteristics of the two
materials. As shown in Fig. 5(a), we increase the lateral force
over 50 N while preventing fiber breaking. Notably, no con-
siderable DFO is observed in the spectrogram of the silica
CFBG, even though the light entering the latter half of the
CFBG is blocked by the large external force. For the
PMMA CFBG, a considerable DFO is observed in the spectro-
gram under a lateral force smaller than 1 N, which could be
used for quantitative calculation and positioning as shown in
Fig. 5(b).

As shown in Fig. 6, when an external lateral force is applied
to the PMMA CFBG at a carrying position of 16 mm from its
short-wavelength end with a carrying zone of ∼0.5 mm, the
strain affects the grating section at this position according to
Eqs. (2) and (3). Spectrograms of the two recorded waveforms
are calculated by STFT and shown in the inset of Fig. 6 at uni-
form strains of 4060 and 5540 με. The strain-induced DFO is
observed at a definite time of sweeping the whole waveform,
which could be used to locate the strain position. Figure 6
shows the measured DFO as a function of the applied strain.
When the strain is increased from 3000 to 7000 με, the DFO is
shifted from approximately 1.50 to 3.50 kHz. The results in
Fig. 6 confirm the expected linear relationship between the

applied strain and the strain-induced DFO as predicted by
Eqs. (4)–(6). The sensitivity estimated by linearly fitting the
experimental data in Fig. 6 is 0.491 Hz/με. The result agrees
well with the theoretical value of 0.5 Hz/με calculated using
Eqs. (4)–(6), and the error rate between the experimental
and theoretical data is 1.35%. As the strain measurement range
of the POF is usually thousands of microstrain, this sensitivity
could be consistent with the kilohertz sampling rates of most
commercial data acquisition cards. In addition, the sensitivity
can be improved by reducing the chirp rate of the PMMA
CFBG and increasing the sweep speed according to the actual
measurement range.

Considering the high strain sensitivity and high spatial res-
olution of the proposed technique, we analyze the capability of
the PMMA CFBG to identify different stresses at different
positions of the sensor grating. We glue the sensing PMMA
CFBG on top of a substrate and simultaneously load stresses
at different positions. As shown in Fig. 7, two points of the
PMMA CFBG are loaded with external lateral stresses, which
act as test points. Based on the above theory, two sudden in-
stantaneous DFOs are expected at the specific times corre-
sponding to the individual stress points.

Figures 7(a)–7(d) show the experimental results of spatial
resolution between two stress points from 4 to 1 mm.
According to Eq. (1), the theoretical spatial resolution is the

Fig. 5. Microwave spectrogram calculated by STFT under strain.
(a) Silica fiber. (b) PMMA fiber. Insets: reflection spectra of the (i) silica
and (ii) PMMA fibers under stress.Fig. 4. Microwave spectrogram calculated by STFT without strain.

(a) Silica fiber. (b) PMMA fiber. Insets: (i) measured reflection spec-
trum and (ii) measured initial temporal interference waveform.
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frequency difference of two stress points of 0.25 kHz/mm. The
original graphs of the experiments are shown here. Even with
the SNR problems, the 1 mm resolution could still be seen in
the experiment with 0.28 kHz, which is in good agreement
with the theoretical value. Figure 8 shows the comparison of
theoretical and experimental values of spatial resolution.

As we know, the quality of fiber drawn from preform can
affect the quality of CFBG. So we think that the improvement
on the preform must be investigated from the two aspects: the
uniformity of the dopant in the core area must be improved,
and the surface of the preform after processing must be
smoother. According to the aforementioned information, in
the future, we may try adding no extra dopant (in this paper,
DPDS is the extra dopant) [12]. Therefore, by improving the

fabrication quality of PMMA CFBG devices, combined with
the relevant filtering algorithm and other conditions to
solve the SNR problems, it is believed that the spatial resolution
ability is not limited to 1 mm with the method of this
paper.

4. CONCLUSION

We propose and experimentally demonstrate a fully distributed
strain-sensing approach using PMMA CFBG based on OFDR
with high spatial resolution and sensitivity. The principle of the
approach is to transform the distributed strain and location in-
formation along the grating length to the DFO through the
distance-induced time delay and strain-induced dispersion time
delay. The proposed technique is verified by experiments. A
spatial resolution of 1 mm over a gauge length of 40 mm
and a strain resolution of 0.491 Hz/με are achieved. One mea-
surement cycle is about 200 ms according to the sweep rate of
the light source in this paper. The spatial resolution depends on
the reflection response ripples of the PMMA CFBG, while the
strain resolution and demodulation speed depend on the chirp
rate of the PMMA CFBG and sweep speed of the light source
[21]. Considering the high sensitivity of the PMMA fiber, by
improving the inscription quality of the CFBG and sweep rate
of the light source and using a new material with a considerably
lower Young’s modulus for the POF, the proposed technique
could be a promising distributed strain-sensing approach for
short-range fully distributed sensing systems where high spatial
resolution, sensitivity, and measurement speed are required.
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