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Abstract

The advance of minimally invasive interventional surgeries has accelerated the iterative upgrading of continuum surgical
robots. High compatibility with robotic applications and high precision are key features of sensors for robot navigation. In this
paper, a spun multi-core fibre (SMCF) 3D shape sensor for continuum surgical robots is proposed. The sensor is fabricated
by ultraviolet (UV) light inscribing fibre Bragg gratings (FBGs) in the SMCF, showing good spectra characteristics. Shape
reconstruction is realized by the Frenet—Serret (F-S) frame and sensing characteristics such as twisting, strain and temperature
are systematically analyzed. Especially, the twisting characteristics of SMCF and MCF are compared and the feasibility
of self-torsional compensation of SMCF is demonstrated. In addition, shape measurement experiments with three known
shapes are performed. The mean relative error (MRE) for each shape is 0.49%, 1.90% and 5.13%, respectively. These results
show that the proposed sensor can accurately measure 3D shapes with temperature and twisting compensation, enabling its
application prospects in the online shape feedback of continuum surgical robots.

1 Introduction

Minimally Invasive Surgeries (MISs) have been widely used
clinically because of their benefits of less trauma, fast recov-
ery and strong targeting [1-3]. Different types of surgical
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robots are qualified to complete surgeries, such as urological,
cardiac, thoracic, and hepatobiliary [4-6].

However, conventional surgical robots generally use
rigid arms and rotating joints to drive instruments, which
have limited degrees of freedom. Improving their flexibility,
adaptability, human—computer interaction safety and friend-
liness, is a challenging task, which restricts the application
and development of MISs. To address such problems, con-
tinuous surgical robots with infinite degrees of freedom,
good flexibility and variable stiffness have attracted the
research spotlight.

Continuum robots are flexible and can deform according
to the actuator positions, external forces, and environmental
constraints. Due to their deformability, shape sensing is a
crucial technique for estimating and controlling the curved
shape of continuum robots. Moreover, shape sensing enables
the robots to achieve the desired position, prevent collisions,
or follow a certain path, which is essential for continuum
robots navigation [7-9].

Fibre optic sensing (FOS) technology uses optical sig-
nals transmitted by fibres to measure pose and force. Its
advantages include intrinsic safety, easy integration and
anti-electromagnetic interference, which is considered one
of the navigation technologies with the greatest application
potential [10-12].
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In general, an optic fibre is composed of a core and a
cladding, with a higher refractive index (RI) in the core than
in the cladding. The fibre is made of high-purity silica, with
a trace amount of dopants (e.g., Si0,) to increase the core’s
refractive index (RI). The properties of germanium-doped
silica fiber, such as RI, absorption spectrum, internal stress,
density, and nonlinear polarization rate, change permanently
when exposed to light at wavelengths, such as blue—green or
ultraviolet (UV) light.

At present, a multi-core fibre (MCF), whose core
arrangement can well feature the strain relationship in
bending, has been used for shape measurement. A fibre
Bragg gratings (FBGs)-based array is usually inscribed as
the sensing unit into the cores by RI modulation, reflecting
corresponding spectra. Wavelength shifts when the fibre
is subjected to torsion, tension, bending, and temperature
changes. However, attributes, such as the number of
sensing points, lengths, and intervals, will introduce large
cumulative errors in fibre shape measurement, and it is
difficult to achieve high-precision positioning. Floris et al.
[13] first reported the method of using SMCF to compensate
for twisting. Wolf et al. [14] proposed a method of inscribing
FBGs in the SMCF by a femtosecond laser and studied
the bending characteristics of the sensor. Bao et al. [15]
presented a selective FBG inscription method in a four-
core fibre with phase masks. Despite the high volume of
research on shape perception, the problem of twisting in
shape measurement has not been adequately addressed.

Fibre optic photosensitivity is a physical phenomenon in
which the RI of the fibre core changes when the fibre is
exposed to a laser with a specific wavelength and intensity.
It is a material property that refers to the temporary or
permanent change of the physical or chemical properties
of a substance under the action of external light. The
bandwidth of an FBG depends on the magnitude and
length of the RI modulation, that is, the larger the RI
modulation, the smaller the bandwidth. [16—18]. Therefore,
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by controlling the intensity and duration of the laser
exposure, the magnitude of the RI modulation induced
by fiber photosensitivity can be varied, thus changing the
bandwidth of the fiber grating. The grating length of an
FBG is usually in the order of millimeters. Its reflectivity is
larger than 90%, while its reflection spectral bandwidth is
less than 0.3 nm [15, 19]. Smaller reflection bandwidth is
conducive to the enhancement of the demodulation accuracy
and larger reflectivity is conducive to the improvement of
the signal-to-noise ratio. Therefore, the study of highly
photosensitive MCF sensor design and its application for
shape reconstruction has high value in the field of continuum
surgical robot navigation.

In this paper, a high RI quartz and self-torsional structure-
based sensor is proposed for shape measurement. The sensor
is fabricated by UV light inscribing FBGs into an SMCF.
The characteristics of the sensor that are studied include
twisting, strain and temperature. Shape measurement
experiments with three known shapes are also performed.
The main innovations and contributions are: a highly
photosensitive multi-core optical fibre sensor based on the
spun structure; Effective solution of the twisting problem in
3D measurement, known as the helical angle; Elimination of
the cumulative error caused by twisting, which has important
application value for improving the navigation accuracy and
reducing the positioning error of the continuum surgical
robots.

The remainder of this paper is organized as follows. The
sensor design and reconstruction method are described in
Sect. 2. Experimental results and analysis are presented in
Sect. 3. Finally, conclusions are discussed in Sect. 4.

Fig. 1 Structure of the sensor. a Schematic diagram and geometric relationship of the SMCF; b SMCF micrography
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2 Materials and methods
2.1 Sensor design

The structure of the sensor array is shown in Fig. 1. The
out cores are designed with a fixed pitch, while the center
core is straight. The red parts are the FBGs. The FBGs
of each cross section form a node together. A coordinate
system centered on the middle core is located on the neu-
tral axis. The cross section is the x-axis and y-axis, and
the z-axis is the tangent line along the fibre.

Outer cores, sensitive to bending, are outside the
neutral layer. The cores at 120 degrees have good 3D
directivity. The dark blue cores (cores numbered 1, 2,
3) in Fig. 1 are selected as the sensing source for shape
measurement.

2.2 Sensing model

For each FBG, the Bragg wavelength Ay is defined as [8]
Ag =2ngA, 1))

where n is the core effective RI and A is the grating period.
For strain (Ag) and temperature (AT)-induced wavelength
shift A4, Eq. (1) can be converted to

AA

TB =[(1 =P Ae+(a+¢)  AT] =k Ae + kr AT, (2)
where P, is the photoelastic coefficient, & is the thermal
expansion coefficient, ¢ is the thermal optical coefficient, k,
is the strain sensitivity coefficient and k; is the temperature
sensitivity coefficient. Therefore, core—strain relation
equations can be expressed as [20]

g, = —krcos (Gb - %n - 91>+e4
g, = —krcos (Gb - %7: - 92>+e4 3)
g3 = —krcos (Qb - %n - 03>+e4

where €;(1, 2, 3) is the strain, k is the curvature, r is the core
spacing, 6, is the bending angle and ¢, is measured by the
center core (No. 4) with axial bias induced by applied strain,
temperature variation and spectral fluctuation.

The cores of the SMCF have their own helix and
constant pitch. Assuming that the fibre is a cylinder
(Fig. 2), if it is sheared along its normal line, the
geometric relationship between the length of the core (x),
the pitch (h) and core spacing (r) is [21]

x = Vh?+r202, “@

Unfold
h =) x h

Fig.2 Geometric relationship of the MCF

where 6 is the torsion angle. Torsion €, can be expressed as

L _x=h _VIP+re—h

= 5
= p &)

h2e2+2h%e,

Finally, the torsion angle 8 = + =

2.3 3D shape reconstruction frame

Shape reconstruction is realized by the Frenet—Serret (F-S)
frame. The Frenet frame is composed of the tangent vector
T, the normal vector N, and the subnormal vector B. The
three vectors form a set of orthonormal basis, which can be
used to describe the position of any point on the space curve
r (s). To describe the change law of the curvature torsion of
the space curve, the derivative of the three vectors with the
curve can be expressed as [20]

A T® 0 kis) 0 TG
Ay =]k 0 <o [ N | ©6)
| B(s) 0 —7(s) 0 J\ Bs)

For calculating the coordinates of the discrete points of
the space curve, an eigenmatrix X (s) is introduced, which
can be expressed as

iX(s) = X(5)A(s)
ds
0 —k(s) 0 1

_[T() N Bs) r) || kGs) 0 —7(5) 0 O
=lo o o 1o o o of
O 0 0 0
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where A(s) represents the position information of the current
point. After each iteration, the curve can be completely
delineated. Taken as an integral, Eq. (7) can be expressed as

/ X(s)ds = &', ®

Finally, curve coordinates including point spacing As can
be expressed as

X(s + As) = X(5)e®A9, 9)

3 Experimental results and analysis
3.1 Sensor fabrication and spectral analysis

The FBG inscribing system setup is shown in Fig. 3. It
includes an optical module and a monitoring and control
system. The FBGs are fabricated by UV light (248 nm,
Coherent Co.) exposure with phase masks, whose + 1 order
diffraction light forms interference fringes on the fibre
(SSM-7C1500(6.1/125)/002) to realize RI modulation. The
monitoring and control system comprises an FBG interro-
gator (Xufeng Photoelectric Co.), a fan out unit (Fibrecore
Co.) and a computer.

First, the fibre was hydrogen loaded to ensure the FBG
can be inscribed. Then, 6 mm-long FBGs were inscribed
in each core, with a spacing of 20 mm between adjacent
FBGs, forming a four-node sensor array. Spectra are shown
in Fig. 4. The reflectivity of FBG is related to the grating
length and RI modulation depth. Simultaneously, RI modu-
lation depth and longer gratings have higher reflectivity. In
addition, arrays of short grating lengths will enhance recon-
struction accuracy. As a result, it is highly important and
valuable to the research of SMC-FBGs.

Fig.3 MCF-FBG inscribing
system
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Fig.4 Spectra of FBGs inscribed into SMCF

3.2 Sensing characteristics analysis

The experimental system setup for sensing characteristics
analysis is shown in Fig. 5. Twisting, strain, and temperature
are tested in the experiment.

Reflector

FBG Interrogator Fan out unit  Cylindrical
mirror
Phase mask
| Manufacture platform
Computer
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Fig.5 Experimental system
setup. a Strain and twisting
test system; b temperature test
system
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Fig.6 Wavelength—-angle fitting curves. a SMCF; b MCF

3.2.1 Twisting measurement

Twisting tests are performed on the two types of fibre,
respectively (Fig. 5a). The sensors are fixed by a 3D pre-
cise displacement platform, which can stretch and spin.
The wavelength—angle relation curves are obtained with

Table 1 Strain sensitivity values on average

Cores Nodes (pm/pe)

1 2 3 4
1 0.89 0.87 0.90 091
2 0.88 0.88 0.89 0.90
3 0.88 0.87 0.89 0.90
4 0.88 0.87 0.90 091
Average value 0.88 0.88 0.90 0.91

twisting angles ranging from 0° to 280° and sampling at
an interval of 20°.

Figure 6a shows the wavelength—angle fitting curves
of the spun fibre array. Cores' numbers correspond to
the number in Fig. 1. Sine functions are used to fit the
discrete points. The equations fitting to the four curves
can be expressed as

-

_ . [ (@, —127.1980)x ]
ﬂ’l = 0.3540sin -W- + 1532.6157
_ . (@,~126.7899)x
A, =0.3461 sin _—21809302 | + 1532.0581 0
Ay = 0.3223 sin | L2029 | 4 15318300 (10
3T | 182.0656 | )
_ . (@,~1263719)x
A4 = 0.3301 sin _—4 oy + 1532.3026

where a;(i=1,2,3,4) are the twisting angles and
A;(i=1,2,3,4) the wavelengths. All the cores exhibit the
same trend, indicating the magnitude and direction of

Table 2 Temperature sensitivity values on average

Cores Nodes (pm/°C)

1 2 3 4
1 9.93 9.93 9.90 10.07
2 9.98 9.28 10.03 9.97
3 9.95 9.72 9.91 10.01
4 9.82 10.72 9.83 10.13
Average value 9.92 9.91 9.92 10.04
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torsion. The twist sensitivity is 0.12 pm/° with an accu-
racy of 3.14°. Results show that in shape measurement, the
centre core can be used as the reference for twisting-strain
decoupling. Compared with Fig. 6a, the results of the paral-
lel fibre shown in Fig. 6b are irregular, and the results of the
cores trend are also inconsistent. In other words, in 3D shape
measurement, the error caused by torsion cannot be ignored.

3.2.2 Strain/temperature sensitivity calibration

The strain introduced to the fibre is calculated by rotating the
highly precise micrometer of the displacement platform to
adjust the distance. The maximum strain is set as 0-2000 pe
with sampling points at an interval of 200 pe, which covers the
range of bending strain variation for shape reconstruction. The
experiment includes the loading and unloading strain process
and is repeated three times and each obtained FBG sensitivity
value is averaged. Results are shown in Table 1 and Fig. 7.
All the sensitivity values are close, and the average value is
0.89 pm/pe with an accuracy of 118.44 pe.

For the temperature sensitivity calibration, the sensor
is placed into the temperature box (GDW-100, 0.1 °C @
(= 70~160) °C) (Fig. 5b). The experimental temperature
range is 2040 °C at an interval of 2 °C, which simulates the
temperature change during the surgical procedure. Similar to
the strain sensitivity calibration, three sets of increasing and
decreasing the temperature are performed. The average results

Fig. 10 Reconstruction results. a »=100 mm, 2=100 mm; b »=100 mm, =200 mm; ¢ =100 mm, 7#=300 mm

Table 3 Node errors of the
reconstruction curves

@ Springer

No Shapes (7, h, mm) Nodes relative error MRE
1 2 3 4
1 r=100, h=100 / 0.41% 0.05% 0.75% 0.49%
r=100, h=200 / 1.73% 0.36% 2.36% 1.90%
3 r=100, h=300 / 6.59% 2.02% 1.31% 5.13%
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are shown in Table 2 and Fig. 8. The FBGs on each node have
a certain deviation varied from 9.28 pm/°C to 10.72 pm/°C,
and the maximum bias is 1.44 pm with an accuracy of 0.68
°C. According to Eq. (2), a drift of 1 pm causes a deviation of
0.1 °C, so the average temperature sensitivity of 9.95 pm/°C
can be applied to the follow-up experiments.

3.2.3 Shape reconstruction

A 3D-printed standard plate (Fig. 9) with known shapes is
used in the shape measurement experiment. First, the fibre was
protected by a fibre tubing (FT900Y, Thorlabs Co.) and spot-
glued to it on one side to avoid continuous strain distribution
in the sensor array during the experiment. Then, the sensor
array was placed in the grooves with shapes of (r, &) (unit:
mm)=(100,100), (100,200), and (100,300), where r was the
radius and & was the pitch.

In shape reconstruction, we collected and averaged 1000
sets of data for each shape. We used the bending-insensitive
centre core (1) on the neutral layer to calibrate the strain values
of the outer cores (1, 2, 3) FBGs with Eq. (1) and Eq. (2). The
cubic splines method were applied for the strain interpolation
between two adjacent nodes. Finally, the calibrated curve were
obtained. The reconstruction results are shown in Fig. 10.

Reconstruction errors are evaluated by comparing the node-
origin distance. 6 is substituted to describe the reconstruction
error, which can be defined as

('xm - 'xt)2 + (ym - yt)2 + (Zm B Zt)

2
x 100% (1)
2 +y+ 7

o=

where (x,,,,y,,. 2,,) 1 the measured coordinate and (x,, y,, z,) is
the theoretical coordinate. The relative error of the nodes is
shown in Table 3. As the pitch 4 increases, the mean relative
error (MRE) also increases for each shape, reaching 0.49%,
1.90% and 5.13%, respectively.

4 Conclusion

In this paper, a fibre Bragg grating (FBG) shape sensor
is proposed based on photo-sensitively structural spun
multi-core fibre (SMCF). The fibre used in the sensor
fabrication shows high photosensitivity, and FBGs with
better spectral characteristics can be easily created. The
twisting characteristics of SMCF and MCF are compared
and the feasibility of self-torsional compensation of SMCF
is proved. Strain and temperature sensitivities are calibrated.
Finally, three shape reconstruction by Frenet—Serret (F-S)
frame is realized. The mean relative error (MRE) for each
shape is 0.49%, 1.90% and 5.13%, respectively. The work
conducted in this paper provides a novel approach for shape
measurement with twisting self-compensation. The proposed

sensor has application prospects in improving the navigation
accuracy and reducing positioning errors of continuum
surgical robots.
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