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Abstract: In various fields, bending sensors based on optical fibers have gained significant at-
tention. These include structural health monitoring and shape measurement of medical devices
such as catheters. The characteristics of fibers, such as thinness, flexibility, light weight, and
immunity to electromagnetic interference, make them suitable for various applications. Among
various techniques, fiber Bragg grating (FBG) sensors are widely employed to measure strain
through shifts in their reflection spectra, which are proportional to the applied strain. A sin-
gle FBG can only measure the strain along one direction. In contrast, multicore fibers with
Bragg gratings inscribed in multiple cores enable directional bending sensing by comparing
the spectral shifts of peripheral cores against the central core. However, it is challenging to
simultaneously measure overlapping reflection spectra from multiple cores using a single pho-
todetector. Conventional approaches employ broadband light sources or wavelength-tunable
lasers with multiple photodetection units, resulting in complex systems. In this study, we pro-
pose a novel method for spectral separation and identification that utilizes incoherent optical
frequency domain reflectometry (I-OFDR) and the two-photon absorption (TPA) process of a
silicon avalanche photodiode (Si-APD). I-OFDR uses laser light whose intensity is modulated
by a chirped signal. The TPA photocurrent enables I-OFDR signal detection without the need
for complex electrical circuitry. A key advantage of the proposed system is its fast measurement
capability: in our proof-of-concept experiment, the measurement was completed in 25 s, which
is significantly shorter than the several minutes typically required by our conventional methods.
The system design and preliminary experimental results validate the feasibility and efficiency of
the proposed approach.

Keywords: Bending sensor; Fiber sensor; Incoherent optical frequency domain reflectometry;
Two-photon absorption

1. Introduction

Optical fiber-based sensing technologies have attracted considerable attention across var-
ious fields due to their inherent advantages such as thinness, light weight, and immunity to
electromagnetic interference of an optical fiber (Lyu et al., 2025; Madani et al., 2023; Nor et
al., 2023; Zhu et al., 2022 ; He and Liu, 2021; Pevec and Donlagić, 2019; H. Li et al., 2004;
Hochberg, 1986). These features make them particularly suitable for applications in structural
health monitoring of civil infrastructure (Riza et al., 2020) and shape sensing in medical devices
(Ben Hassen et al., 2023; Issatayeva et al., 2021; Wei and Jiang, 2021; Henken et al., 2014;
Roesthuis et al., 2014) such as catheters (Ben Hassen et al., 2023) and endoscopes (Vilches
et al., 2023). Among these technologies, fiber Bragg grating (FBG) sensors (You et al., 2025;
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Roesthuis et al., 2014; Kersey et al., 1997; Hill and Meltz, 1997) are widely used for multipoint
sensing, including strain and temperature.

In recent years, bending sensing using FBGs (Yue et al., 2023; L. Li et al., 2021; Fujiwara
et al., 2019; Liu et al., 2019; James et al., 2016) and other grating structures (Allsop et al., 2006;
Liu et al., 2000) has emerged as a promising technique for detecting curvature, particularly in
applications requiring flexible and electromagnetic noise-resistant sensing, such as robotic motion
tracking (Wang et al., 2016) and biomedical shape reconstruction. While a single FBG can only
measure strain along one axis, multicore fibers with Bragg gratings inscribed in multiple cores
enable directional bending detection by comparing the Bragg wavelength shifts with each other
cores (Yang et al., 2022; Budnicki et al., 2020; Khan et al., 2019; Barrera et al., 2015; Moore
and Rogge, 2012). However, the simultaneous measurement of overlapping reflection spectra
from multiple Bragg gratings typically requires specially designed gratings, multiple detection
units, or an optical switching system (Donko et al., 2018; Lindley et al., 2014; Flockhart et al.,
2003). Achieving this with a single photodetector would greatly simplify the overall system
architecture.

To address this issue, our research group has been investigating a novel approach that
utilizes intensity correlation measurements based on the two-photon absorption (TPA) process
in a silicon avalanche photodiode (Si-APD) (Tsuzuki et al., 2024; Sato et al., 2022; Sonoda
et al., 2021;Tanaka et al., 2019; Tanaka and Miyazawa, 2017; Tanaka et al., 2017). This method
enables the spatial separation and identification of multiple FBG spectra based on their relative
positions. The positions of the FBGs are identified by sweeping the modulation frequencies of
the intensity-modulated probe and reference beams. Additionally, the probe laser wavelength is
swept to measure the reflection spectra of the FBGs.

In our previous method, step-by-step modulation frequency scanning was performed, al-
lowing precise and long-distance measurement, but at the cost of increased measurement time.
Recently, we demonstrated a faster technique using incoherent optical frequency domain reflec-
tometry (I-OFDR) combined with the TPA process in a Si-APD (Sato et al., 2022). Although
the measurable distance range in I-OFDR is limited, it significantly reduces the measurement
time. In this study, we propose a system that applies this technique to a fiber-optic bending
sensing system. In this system, the measurement can be completed within a few tens of seconds,
which is significantly faster than the several minutes required in the previous methods. We
demonstrate its feasibility through system design and preliminary experiments. Our approach
offers a simplified and scalable solution for high-resolution, direction-sensitive bending sensing.

2. Methods

2.1 Two-photon absorption process in silicon avalanche photodiode

In silicon photodiodes and avalanche photodiodes (Si-APDs), the photocurrent is propor-
tional to the optical power of visible light, where the silicon bandgap is overcome by one photon
energy. The Si-APD used in our experiment has a sensitivity to the light with a wavelength
in the range of 400–1000 nm. On the other hand, the Si-APD is generally insensitive to the
light with a wavelength of 1.55 µm. However, high-intensity 1.55 µm light can induce the TPA
process and generate a photocurrent (Figure 1). In the TPA process, the silicon bandgap is
overcome by the two-photon energy. Suppose that the probability of excitation to the virtual
state in the middle of the bandgap by a single photon is P , the probability of excitation to
the excited state is proportional to P 2. Consequently, the photocurrent generated by TPA is
proportional to the square of the incident light intensity, allowing for optical signal intensity
correlation measurements.

2.2 Incoherent optical frequency domain reflectometry (I-OFDR)

I-OFDR is a technique that uses intensity modulation with a repetitive chirped signal, as
illustrated in Figure 2(a). Unlike our previous methods, which employed step-by-step frequency
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scanning, I-OFDR enables faster measurements by sweeping modulation frequencies over tens
of MHz. The performance depends on the function generator used in the system, but MHz-
order modulation is achievable. The chirped signal frequency F(t) is characterized by its center
frequency Fc, frequency deviation Fd, and modulation frequency Fm.

(a) (b)
Figure 1 (a) Illustration of the two-photon absorption (TPA) process in Si-APD; and (b)

conceptual figure of the carrier excitation

When the intensity-modulated probe light propagates through an optical fiber of length
∆L, it experiences a time delay τ given by the following:

τ = n c ∆L (1)

where n is the effective refractive index of the optical fiber, and c is the speed of light in
vacuum. In I-OFDR, the intensity of the reference light is modulated with the same chirped
signal applied to the probe light. Since the propagation time difference between the probe and
the reference is τ at the signal detection unit, the modulation frequency difference Fbeat in Figure
2(b) is given as follows:

Fbeat = 2 Fd Fm τ = 2 n Fd Fm ∆L

c
(2)

In the conventional I-OFDR system, the beat frequency is obtained by detecting the probe
and reference signals separately using different photodetectors and multiplying the O/E con-
verted signals. However, as explained in the next section, the use of the TPA process in a
Si-APD enables direct optical correlation detection, significantly simplifying the system archi-
tecture.

(a) (b)
Figure 2 (a) Chirped signal frequency for the intensity modulation of the optical probe and

reference signals; and (b) modulation frequency of the probe and reference light in the I-OFDR
system
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2.3 I-OFDR with TPA in Si-APD

The optical intensities of the probe and reference beams at the Si-APD surface can be
described as follows:

Ip(t) = Ip [1 + ϕIcos {2π fI(t − τ)}] [1 + ϕpcos{2πf(t − τ) · (t − τ)}] (3)

Ir(t) = Ir [1 + ϕrcos{2πf(t)t}] (4)

where I is the optical intensity, ν is the optical frequency, f is the chirped signal frequency,
fI is the modulation frequency for lock-in detection, ϕ is the modulation index, n is the refractive
index, and c is the speed of light. Subscripts p, r, and I are associated with the probe, reference,
and lock-in detection, respectively.

For simplicity, we assume the chirped signal frequency to be

f(t) = 2Fd Fm t + F0 (5)

The chirped signal in the actual system is periodic, resulting in two types of beat frequencies
Fbeat □. However, the higher beat frequency signal is not required and is removed during signal
processing. Therefore, this simplified assumption does not affect the validity of the analysis.

When the probe and reference lights are incident on the Si-APD and the TPA process is
induced, a photocurrent proportional to the mean square of the incident optical intensity is
generated. By using an appropriate load for the Si-APD to make the time constant much longer
than 1/Fm but shorter than 1/τ , the TPA photocurrent is given by

iT P A α
〈
|Ip(t − τ) + Ir(t)|2

〉
=

〈
|Ip(t − τ)|2 + |Ip(t)|2 + 2Ip(t − τ)Ir(t)

〉
(6)

where the square bracket ⟨⟩ denotes the time average. The TPA signal detected by the
lock-in amplifier is

iT P A α (DC term) + cos2π fbeat t (7)

The reflection points are measured from the beat signal frequency.

2.4 Bending measurement using multicore FBG (MCFBG)

Figure 3(a) shows a cross-sectional view of the MCFBG used in this study. The central
core is evenly surrounded by six peripheral cores. To define the reference plane for the bending
direction, we consider a plane passing through the midpoint between cores 1 and 6 and the
midpoint between cores 3 and 4, as shown by the dashed line. The solid line indicates the actual
bending plane, which is rotated from the reference plane by θB. The angle between the reference
plane and the plane containing the central and individual cores is denoted as θj (j = 1, 2, ...,
6). The perpendicular distance from each core to the bending plane is denoted as rj (j = 1, 2,
..., 6). As the strain applied to each core increases, rj also increases. This distance rj can be
expressed in terms of the distance r between the peripheral and central cores and the angular
difference between the bending and reference planes. Therefore, the strain εj applied to each
core is given by the following equation:

εj = rj

R
+ εj0 = Kr sin (θj − θB) + εj0 (8)

where εj0 is the initial strain, R is the bending radius, and K = 1/R is the curvature.
When the optical fiber is bent, the outer region undergoes tensile strain, whereas the inner

region experiences compression. The central core remains unaffected by the strain due to its
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position at the neutral axis. Therefore, the Bragg wavelengths shift differently, depending on
whether the core is located in the center, outer, or inner region.

Figure 3(b) plots the Bragg wavelength shifts against the angular positions of each core,
using polar coordinates with the central core as the origin. These data points can be fitted
with a sinusoidal curve. In this model, the sinusoidal function amplitude corresponds to the
curvature, and the initial phase represents the bending direction.

Let S be the strain sensitivity coefficient, ∆ε the applied strain on the FBG, K the tem-
perature sensitivity coefficient, and ∆T the temperature change. Then, the Bragg wavelength
shift of the FBG can be expressed as:

∆λB = S∆ε + K∆T (9)

When strain is applied to a multicore FBG with no temperature change, the Bragg wave-
length shift for core j is derived from Equation (9) as:

∆λBj = S(εj − εj0) (10)

Using Equations (8) and (10), the curvature R and bending direction θB can be obtained
by measuring the difference in the Bragg wavelengths before and after bending.

(a) (b)
Figure 3 (a) Cross-section of multicore FBG (MCFBG) and (b) relative Bragg wavelength

shift of FBGs in peripheral cores

2.5 Design concept of the bending sensor using I-OFDR and TPA in Si-APD

Figure 4 illustrates the optical fiber bending sensor design concept based on the two-photon
absorption (TPA) response of a Si-APD and the I-OFDR technique. Unlike conventional mul-
tidetector systems, this system can distinguish multiple cores using a single photodetector (Si-
APD). To detect the position of the Bragg gratings and the intensity of the reflected light, the
probe and reference beams are intensity-modulated using a chirped signal. The chirped signal
can be generated by a commercially available signal generator in the actual experimental setup.
Simultaneously, the wavelength of the probe light is swept to measure the reflection spectrum.
A lock-in amplifier detects the two-photon absorption photocurrent from the Si-APD, and the
resulting signal is observed in real time with a spectrum analyzer. The experiment was con-
ducted under vibration-free conditions at room temperature. Therefore, FBGs were not affected
by factors other than bending. This configuration enables real-time bending measurement.

3. Results and Discussion

We conducted a proof-of-concept experiment to validate the proposed sensing system based
on incoherent optical frequency domain reflectometry (I-OFDR) and the two-photon absorption
(TPA) process in a Si-APD. The experiment was performed by placing the optical fiber along the
circumference of printed circles with radii of 5, 6, 7, 8, and 9 cm on paper and manually bending
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the fiber to match the circular arcs. Table 1 shows the estimated curvature radii obtained
for each target bending radius and the errors between them. Figure 5 presents the sinusoidal
curve fitting of the relative Bragg wavelength shifts measured in each core of a MCFBG when
the bending radius was 7 cm. The amplitude of the sine curve fitted by plotting the Bragg
wavelength shift of each core relative to core 0 represents the curvature radius according to
equations (8) and (10). The estimated curvature radius was 7.15 cm from the fitting results,
which sufficiently demonstrates the feasibility of the design concept. The errors for each target
bending radius were comparable. A maximum error of 0.19 cm is considered reasonable, given
the radius error of the curve drawn on the paper and the positioning error caused by manual
fiber setting. In this experiment, the wavelength sweep time was 25 s, which represents the
system’s effective measurement time.

Figure 4 Design concept of the proposed bending sensor based on I-OFDR and TPA in
Si-APD

Table 1 Actual and estimated bending radii and measurement errors

Curvature radius / cm Estimated curvature radius /cm Error / cm
9 9.19 0.19
8 7.97 0.03
7 7.15 0.15
6 5.96 0.04
5 5.16 0.16

Figure 5 Sinusoidal curve fitting of the relative Bragg wavelength shift of the grating in each
core
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4. Conclusions

In this study, we proposed and demonstrated a novel design concept for a fiber-optic bending
sensor based on I-OFDR and the Si-APD TPA process. The system uses intensity-modulated
probe and reference beams with chirped signals, enabling the simultaneous detection of Bragg
grating positions and reflection spectra. The sensing architecture is significantly simplified
by leveraging the nonlinear TPA process, eliminating the need for high-speed photodetectors
and complex electrical circuits. In this experiment, the measurement time was 25 s, which is
significantly shorter than that of conventional methods. A proof-of-concept experiment was
conducted using an MCFBG bent along a circular arc. The measured Bragg wavelength shifts
were successfully fitted with a sinusoidal curve, and the estimated curvature radius closely
matched the actual bending radius, validating the effectiveness of the proposed sensing approach.
These results confirm that the integration of I-OFDR and TPA in Si-APD provides a practical
and scalable solution for real-time, direction-sensitive fiber-optic bending measurement. The
proposed method offers promising potential for applications in structural health monitoring,
biomedical sensing, and robotics.
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