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An optical fiber φ-OFDR shape sensor with a submillime-
ter spatial resolution of 200 µm was demonstrated by using
femtosecond-laser-induced permanent scatter array (PS
array) multicore fiber (MCF). A PS array was successfully
inscribed in each slightly twisted core of the 400-mm-long
MCF. The two-dimensional (2D) and three-dimensional (3D)
shapes of the PS-array-inscribed MCF were successfully
reconstructed by using PS-assisted φ-OFDR, vector projec-
tions, and the Bishop frame based on the PS-array-inscribed
MCF. The minimum reconstruction error per unit length of
the 2D and 3D shape sensor was 2.21% and 1.45%, respec-
tively. © 2023 Optica Publishing Group

https://doi.org/10.1364/OL.486644

Optical fiber shape sensing (OFSS), a proprioceptive type of
sensing, has been widely used due to its advantages: electromag-
netic immunity, a small size, and a light weight [1]. Currently,
various techniques based on wavelength division multiplexing
[2], Brillouin optical time domain analysis [3], Brillouin opti-
cal correlation domain analysis [4], phase-sensitive optical time
domain reflectometry [5], and optical frequency domain reflec-
tometry (OFDR) [6,7] have been proposed to achieve OFSS.
Among them, shape sensing using OFDR is particularly promis-
ing due to its high measurement accuracy and spatial resolution.
To improve the measurement accuracy, a UV-enhanced SMF
cluster [8], an MgO-doped-SMF cluster [9], and multicore fiber
(MCF) with a fiber Bragg grating array (FBG array) fabricated
by a UV [10] or femtosecond [2] laser have been demonstrated.
Compared with that inscribed by a UV laser, the femtosecond
laser inscribed FBG array is more resistant to high tempera-
tures [11]. In the case of low spatial resolution, an interpolation
method is necessary to improve the accuracy and smoothness
of shape reconstruction [12]. Point reflectors fabricated by a
femtosecond laser have also been proposed to improve the
spatial resolution for distributed acoustic sensing [13], hydro-
gen gas sensing [14], and high-temperature sensing [15]. The
wavelength shift of the point reflectors under strain could be
demodulated by using spectrum-based OFDR, but the sensing

spatial resolution is limited by the number of samples in the
sliding widow of the inverse fast Fourier transform (FFT). Com-
pared with spectrum-based OFDR, no sliding window is applied
to the spatial domain signal to conduct inverse FFT and cross
correlation for φ-OFDR, which could exert its full potential
in high resolution [16–18]. A strain sensor with submillimeter
spatial resolution that used permanent-scatter-assistedφ-OFDR
was also demonstrated [19].

In this Letter, aφ-OFDR shape sensor with a spatial resolution
of 200 µm was demonstrated by using femtosecond-laser-
induced permanent scatter array (PS array) MCF. A fabrication
strategy was developed to inscribe PS arrays effectively and
accurately into each slightly twisted core of the MCF. The two-
dimensional (2D) and three-dimensional (3D)-shape-sensing
properties of the obtained PS-array-inscribed MCF were investi-
gated. Moreover, the detailed process of shape reconstruction by
using PS-assisted φ-OFDR, vector projections, and the Bishop
frame based on the PS-array-inscribed MCF was also studied.
Furthermore, the 2D and 3D shape reconstruction errors were
compared.

As shown in Fig. 1(a), a femtosecond laser micromachin-
ing system consisting of a shutter, half-wave plate (HWP),
Glan-prism (GP) polarizer, and beam splitter (BS) was built
to inscribe a permanent scatter array (PS array) in each core of
commercial multicore optical fiber (MCF, YOFC). The nominal
core/cladding diameter and the space between two cores of the
MCF were 8/150 µm and 42 µm, respectively. The MCF included
a central core, i.e., core 0, and six hexagonally arranged outer
cores, i.e., core 1, core 2, core 3, core 4, core 5, and core 6, as
shown in the inset of Fig. 1(b). A single pulse with an energy
of 134.5 nJ was focused onto each core of the MCF through
an 100× oil-immersion microscope objective. With the assis-
tance of a charge-coupled device (CCD), the PS array in each
core was inscribed by moving the MCF, which was installed
on a high-precision three-axis translation stage with two optical
fiber holder clamps on the right and left. Note that the MCF
was firstly leveled by adjusting the three-axis translation stage
to ensure that the positions of the inscribed PSs in the cores were
in the same cross section.
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Fig. 1. (a) Schematic diagram of the femtosecond laser fabrica-
tion setup for inscribing permanent scatters in multicore optical fiber
(MCF). HWP: half-wave plate, GP: Glan-prism polarizer, BS: beam
splitter. (b) Schematic diagram of multicore fiber with permanent
scatters.

Although commercial MCF has a nominal parameter, a tor-
sion of 0.029 rad/mm and an outer core space fluctuation of 39.5
to 42.5 µm are observed during the process of moving the MCF.
To inscribe the PS array effectively and accurately into each
slightly twisted core, a fabrication strategy was developed. The
detailed fabrication process of the PS array in each core is listed
as follows.

Step 1: Find the central core, i.e., core0, of the MCF fixed
on the right fiber clamp, focus the femtosecond laser onto the
upper edge of the fiber cladding, and then move 75 µm along the
z axis, i.e., along the cladding radius to the center core. At this
time, the coordinate is recorded as (x0, y0, z0).

Step 2: Find any outer core in the same cross section and
record the coordinate as (xR, yR, zR). Then, the coordinates of the
other five outer cores, i.e., (yi, zi), can be calculated by[︃

yi

zi

]︃
=

[︃
cosα −sinα
sinα cosα

]︃
∗

[︃
yR − y0

zR − z0

]︃
+

[︃
y0

z0

]︃
, (1)

where α is changed from 60◦ to 120◦, 180◦, 240◦, and 300◦ until
all outer cores are positioned.

Step 3: Move the three-axis translation stage along the x axis
to the left fiber clamp, and then repeat step 2 until all seven
cores are found. It is worth mentioning that the known right
outer core should be the same outer core on the left. In this
way, the core coordinates on the right and left can be obtained,
i.e., (xR, yR, zR) and (xL, yL, zL), respectively. Since the center
core is a straight line, we can interpolate any inscribed posi-
tion according to the predefined PS interval. In addition, the
inevitable slight torsion induced by clamping the MCF on the
fiber holder makes the outer core twist. Fortunately, this twist
angle can be calculated and compensated for using the obtained
left and right coordinates. Then the specific position of the PS
can be generated by calculation, and the PS can be inscribed by
moving the translation stage to the calculated position.

Step4: Use the winding system to move to the next fiber
section, as reported in Ref. [11].

In this way, a 400-mm-long PS-array-inscribed MCF with
13,965 PSs was obtained by repeating steps 1–3, where the
interval between two PSs was 200 µm, as illustrated in Fig. 1(b).

To measure the Rayleigh backscattering (RBS) amplitude
of each core for the PS-array-inscribed MCF, traditional opti-
cal frequency domain reflectometry (OFDR) was employed, as
illustrated in Fig. 2(a). Note that the MCF was spliced with by a

Fig. 2. (a) Schematic diagram of the optical frequency
domain reflectometry (OFDR) shape sensor based on MCF with
femtosecond-laser-induced PS arrays. Schematic diagrams of (b)
2D and (c) 3D shape sensing by using a 400-mm-long PS-array-
inscribed MCF with 13,965 PSs. Note that the black S-curve in
Fig. 2(b) was printed on A4 paper.

Fig. 3. Measured Rayleigh backscattering (RBS) amplitudes of
(a) core 0, (b) core 1, (c) core 2, (d) core 3, (e) core 4, (f) core 5 and
(g) core 6, respectively, for the PS-array-inscribed MCF.

fan-in/out (FIFO), and a 1× 8 mechanical optical switch (OSW)
was used to switch the light to each core. The wavelength of the
tunable laser source (TLS) was swept from 1540.0 to 1564.7 nm
with a sweep rate of 100 nm/s. As shown in Fig. 3, the RBS of
each core was enhanced by the PS array. However, the ampli-
tudes of the PSs in the same core are not completely equal, and
the average amplitudes of the cores are also different. One reason
for this is that the focus of the femtosecond laser deviated from
the center of the fiber core, which lowered the RBS amplitude
of the PS array. Another reason is that the femtosecond laser
was not perfectly perpendicular to the fiber surface, especially
for the outer core. In this case, the focus of the laser would
have diverged slightly due to the existence of the fiber, i.e., the
cylindrical lens phenomenon.

To verify the performance of the PS-array-inscribed MCF,
the 2D- and 3D-shape-sensing properties were investigated. As
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Fig. 4. Flow chart for shape reconstruction using φ-OFDR and
the PS-array-inscribed MCF.

shown in Figs. 2(b) and 2(c), the PS-array-inscribed MCF was
bent into a designed S-curve and an arbitrary three-dimensional
shape, which were denoted as S1 and S2, respectively. To mini-
mize the introduction of torsion during MCF placement, the fiber
should be kept as close to the plate as possible instead of lifting,
lowering, and bending the fiber during 2D-shape sensing. For
3D-shape sensing, external forces introduced by contact with
the fiber should be avoided. The process of shape reconstruc-
tion using φ-OFDR and PS-array-inscribed MCF is illustrated
in Fig. 4. Firstly, the strain distribution of each core was demod-
ulated by extracting the phase difference of the PS array, i.e.,
using the PS-assisted φ-OFDR method in Ref. [18]. Secondly,
the curvature vector, including the curvature, i.e., κ, and the
bending orientation, i.e., θ, was obtained from two outer cores
by using the vector projections method in Ref. [20]. Finally, the
2D and 3D shapes were reconstructed using the Bishop frame
[21], which can be expressed as

d
ds

⎡⎢⎢⎢⎢⎣
T

M1

M2

⎤⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎣

0 k1 k2

−k1 0 0
−k2 0 0

⎤⎥⎥⎥⎥⎦ ·
⎡⎢⎢⎢⎢⎣

T
M1

M2

⎤⎥⎥⎥⎥⎦ , (2)

where T is the tangent vector, and M1 and M2 are two normal
vectors perpendicular to T. k1 and k2 can be expressed as

k1 = κ∗ cos(θ), (3)

k2 = κ∗ sin(θ). (4)

The space position of each PS, i.e., r(s), can be obtained using
the tangent vector, i.e., T, by

r(s) =
N∑︂

i=0

T(i) · ∆s, (5)

where ∆s is the spatial resolution of the PSs-assisted φ-OFDR,
i.e., the interval between two PSs, corresponding to ∆s= 200
µm. N is the number of PSs in each core, and s is the length of
the PS-array-inscribed MCF, i.e., 400 mm.

As shown in Fig. 2(b), a designed S-curve was printed before-
hand on paper, and then the PS-array-inscribed MCF was placed
and fixed with tape along the designed S-curve, i.e., S1. The arc
length of S1 was 400 mm, corresponding to the length of the
PS-array-inscribed MCF. The curvature was gradually changed
from 0 to 25 m−1, and the bending orientation was suddenly
changed by 180° in the middle of the arc. The strain distribution
of each core for the PS-array-inscribed MCF is illustrated in
Fig. 5(a). The recovered strain profiles are not theoretical sine
curves due to a slight torsion of 0.029 rad/mm of the employed
commercial MCF outer core. The curvature, i.e., κ, and the
bending orientation, i.e., θ, were obtained from the combination

Fig. 5. (a) Obtained strain distribution of each core for the PS-
array-inscribed MCF, based on PS-assisted φ-OFDR, when the
MCF was placed along the designed 2D S-curve, i.e., S1. (b) Calcu-
lated curvature and (c) bending orientation of the PS-array-inscribed
MCF from combining two outer cores using the vector projections
method. (d) 2D shape reconstructed using two outer cores in combi-
nation based on the Bishop frame. Note that Cij is the combination
of core i and core j (e.g., C12 is the combination of core 1 and
core 2).

Table 1. Shape Reconstruction Errors of Pairs of Outer
Cores

Cores C12 C13 C15 C16 C23 C24 C26

S1 (%) 2.73 2.64 2.72 3.97 2.21 2.50 2.32
S2 (%) 3.68 4.30 4.56 3.00 3.13 3.83 1.45
Cores C34 C35 C45 C46 C56 Integration
S1 (%) 2.70 2.65 2.63 4.03 3.08 2.01
S2 (%) 3.34 4.42 3.87 2.05 2.30 1.25

of two outer cores, i.e., C12, C13, C15, C16, C23, C24, C25,
C34, C35, C45, C46, and C56 (here, Cij is the combination of
core i and core j; e.g., C12 is the combination of core 1 and
core 2) by using the vector projections method, as shown in
Figs. 5(b) and 5(c). As shown in Fig. 5(d), the reconstructed
2D shape was in good agreement with the designed S-curve,
i.e., S1, when using the three vectors, i.e., T, M1, and M2, in
the Bishop frame. Note that no interpolation method was used
for fiber shape reconstruction due to its high spatial resolution,
i.e., 200 µm. Moreover, the sudden 180° change in the bending
orientation was also well recovered. This indicates that both the
continuous and disjunctive changes in the curvature vector for
the PS-array-inscribed MCF were well recognized by using the
Bishop frame instead of the Frenet–Serret frame. The deviations
in some positions were induced by a tiny misalignment between
the designed S-curve and the actual curve pasted with tape. As
listed in Table 1, the reconstruction error per unit length of the
two different outer core combinations for S1 varied from 2.21%
to 4.03%.

Moreover, the 3D-shape-sensing property of the PS-array-
inscribed MCF was also further investigated. As shown in Fig. 6,
the reconstructed 3D shape was also in good agreement with the
designed curve, i.e., S2. This further indicated that the 2D and
3D shapes could be well reconstructed by using the PS-array-
inscribed MCF. The minimum and maximum reconstruction
errors of C26 and C35 for S2 were 1.45% and 4.42%, respec-
tively, as listed in Table 1. Note that the reconstruction error
is defined as the error at the end position, where the actual end
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Fig. 6. (a) Obtained strain distribution of each core for the PS-
array-inscribed MCF, based on PS-assisted φ-OFDR, when the
MCF was bent into an arbitrary 3D shape. (b) 3D curves recon-
structed using two outer cores in combination based on the Bishop
frame.

Table 2. Comparison between the Previous Research
and the Proposed Method

Work Sensing fiber Spatial resolution

[6] MCF grating arrays 10.0 mm
[7] Plane MCF 3.6 mm
[8] UV-enhanced-SMF cluster 10.0 mm
[9] MgO-doped-SMF cluster 5.0 mm
This work MCF with PS arrays 0.2 mm

position could be accurately measured by a ruler. It could be seen
that the minimum reconstruction errors of S1 and S2 were not
from the same core combination. The reason for this is that the
reconstruction error is dependent not only on the strain accuracy
but also the fiber shape complexity [22]. As indicated in Table 1,
the shape reconstruction errors of S1 and S2 were reduced to
2.01% and 1.25%, respectively, by using the integration method
in Ref. [20]. This method could be used to improve the accu-
racy of the reconstructed shape by integrating the obtained fiber
shapes from all core combinations. In addition, the proposed
shape sensor exhibited higher spatial resolution, i.e., 0.2 mm, as
presented in Table 2.

In conclusion, a φ-OFDR 2D and 3D shape sensor with
a spatial resolution of 200 µm was demonstrated by using
femtosecond-laser-induced PS-array MCF. The PS array was
successfully inscribed in each slightly twisted core of the
400-mm-long MCF. The strain distribution of each core was
demodulated by extracting the phase difference of the PS array,
i.e., PS-assisted φ-OFDR, while the curvature vector was calcu-
lated by the vector projections method. Using the Bishop frame,
delicate and smooth 2D and 3D shapes of the PS-array-inscribed
MCF were accurately reconstructed with the highest spatial res-
olution, i.e., 200 µm. The reconstruction error per unit length
of the 2D and 3D shape sensors was 2.21% and 1.45%, which
could be further reduced to 2.01% and 1.25%, respectively.
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