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Abstract

Dexterous continuum manipulators (DCMs) can largely increase the reachable region and
steerability for minimally and less invasive surgery. Many such procedures require the DCM to be
capable of producing large deflections. The real-time control of the DCM shape requires sensors
that accurately detect and report large deflections. We propose a novel, large deflection, shape
sensor to track the shape of a 35 mm DCM designed for a less invasive treatment of osteolysis.
Two shape sensors, each with three fiber Bragg grating sensing nodes is embedded within the
DCM, and the sensors’ distal ends fixed to the DCM. The DCM centerline is computed using the
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centerlines of each sensor curve. An experimental platform was built and different groups of
experiments were carried out, including free bending and three cases of bending with obstacles.
For each experiment, the DCM drive cable was pulled with a precise linear slide stage, the DCM
centerline was calculated, and a 2D camera image was captured for verification. The reconstructed
shape created with the shape sensors is compared with the ground truth generated by executing a
2D-3D registration between the camera image and 3D DCM model. Results show that the distal
tip tracking accuracy is 0.40 £+ 0.30 mm for the free bending and 0.61 + 0.15 mm, 0.93 + 0.05 mm
and 0.23 + 0.10 mm for three cases of bending with obstacles. The data suggest FBG arrays can
accurately characterize the shape of large-deflection DCMs.

Fiber Bragg grating; large curvature; shape tracking; dexterous continuum manipulator; obstacle

[. Introduction

Dexterous continuum manipulators are commonly used in minimally invasive surgery (MIS)
due to their superior steerability and large operating space. Previous studies have proposed
and tested variations of surgical DCMs for robotic minimally invasive surgery [1]-[6]. We
have developed a cable-driven DCM for the treatment of osteolysis (Fig. 1(a)). The DCM
removes and replaces osteolytic lesions occurring as a result of joint wear after total hip
arthroplasty [7]. This MIS approach uses the screw holes of a well-fixed acetabular implant
to reach an osteolytic lesion without removing the well-fixed implant, as shown in Fig. 1(b).
We believe that using the DCM will enable surgeons to access nearly the entire osteolytic
lesion [8] compared to the reported 50% from rigid tools [9]. However, there is still no
effective intraoperative technique for shape sensing when applying DCM. Previous efforts
involved developing models for estimating the shape from cable-length measurements [10]
as well as the intermittent use of x-ray for updating the model estimation [11]. However, the
predictive model met with limited success, even without considering the unknown
interaction with tissue and bone. Additionally, the amount of radiation exposure to the
patient precludes real-time x-ray control.

Multi-strain sensors are capable of detecting curvatures of multiple points along the DCM,
enabling reconstruction of the DCM shape. Polymer strain sensors, such as piezoelectric and
piezoresistive polymers, are competitive for large deflection shape sensing, as they yield to
large strains. Cianchetti et al. used Electrolycra, a piezoresistive sensor of 20mm x 15mm to
reconstruct the spatial configuration of a 2D DCM, OCTOPUS, which is able to bear a strain
up to 60% [12]. Shapiro et al. utilized polyvinylidene fuoride (PVDF), a thin 25mm X% 13mm
piezoelectric polymer to build the 2D shape of a hyper-flexible beam [13]. However, the
stress-strain hysteresis of the piezoresistive polymer and the bias and drifting problem of
PVDF bring in considerable errors and difficulties to the signal processing. Moreover,
PVDF’s size and requirement for multiple lead wires are not compatible with a micro
surgical DCM.
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The Fiber Bragg grating (FBG) sensor is another commonly used strain sensor, offering a
great number of advantages over polymer type sensors. These include electromagnetic
interferences (EMI) immunity, stability, repeatability, high sensitivity and fast response.
Moreover, multi-sensing nodes can be contained within one optical fiber, allowing all
sensing nodes to share one connector. Due to their intrinsic characteristics, FBG sensors are
particularly well suited for precisely measuring strain for shape tracking.

Various types of curvature detecting sensors based on FBGs have already been devised. Yi et
al. evenly attached four multi-FBGs optical wires to a 0.76mm NiTi wire and used it to
detect the shape of a colonscope [14]. Park et al. developed a 3D shape sensor for MRI-
compatible biopsy needles by creating three 350um grooves along the 1mm diameter inner
stylet and embedded 3 FBG optical fibers in these slots [15]. Roesthuis et al. used a similar
method, but utilized a Imm diameter NiTi needle [16]. Other ways to achieve directional
bend sensitivity in FBG-based solutions include employing fibers with asymmetrical core or
cladding geometries, introducing an asymmetrical index perturbation in the cross section of
fiber by the use of CO, or femtosecond lasers, such as the multi-core fiber [17], eccentric
core fiber [18], and D-shape sensor [19]. Moore used multi-core fiber with FBG arrays for
3D shape sensing [20]. A multi-core FBG can detect larger curvature than previous kinds,
but each fiber core must be separated sufficiently to avoid core—core interaction. Similar to
multi-core fiber, Moon et al. assembled three FBG optical fibers in a triangular shape
molded with epoxy [21]. Among all previous work, the maximum curvature detected was
22.7m~1[17]. Our DCM is capable of an extremely tight radius of curvature (approximately
6mm), resulting in an approximate curvature of 166.7m=1 [11]. Current shape or curvature
sensors have been unable to detect such a large curvature.

We previously proposed a novel large curvature detection sensor that can detect a maximum
curvature of 80m=1 for constant curvature bending [22]. This paper presents the design of a
shape sensing scheme for real-time tracking of the DCM shape in the presence of non-
constant curvature bending. Tests are conducted for free bending of the DCM and bending
of the DCM with an obstructed path. Section Il introduces the shape sensor’s configuration
and curvature detection principles. Section 111 presents the sensor’s arrangement with the
DCM and the shape reconstruction scheme. In section IV, the experiments conducted via
control of the driven cable are described. Section V provides the experimental results, and
section VI discusses tracking accuracy, comparison of curvature, and other relevant
interpretations of the results.

Il. Large Curvature Detection Sensor

Generally, curvature detection is the basis of shape tracking. An array of FBG sensing nodes
are placed along an optical fiber and the fiber’s shape is reconstructed from the curvatures
detected by each sensing node. The FBG sensing node detects curvature based on the
wavelength change of FBG due to strain and the thermal effect on wavelength. According to
He, et al. [23], the wavelength shift AL is:

AX=ke -etky - AT (1)
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where &, is the strain coefficient, A 7is thermal coefficient, e is strain, 7is temperature and
A stands for the increment of a specific variable.

The FBG optical fiber is attached to a substrate; therefore, the curvature of the core of the
FBG optical fiber is biased from the neutral bending plane of the overall assembly. The
curvature is proportional to the strain that the FBG core undertakes. If the temperature
influence is well compensated, the curvature is proportional to the wavelength shift,

where x denotes the curvature and & denotes the biased distance of FBG core from the
neutral plane.

Figure 2 shows the configuration of our large curvature detecting sensor, which includes one
FBG optical fiber and two NiTi wires in parallel as substrate. The biased distance from the
neutral plane allows the FBG to detect large curvature without exceeding its breaking strain
of 0.5% [24]. The strain sensitivity of our curvature sensor is adjusted by controlling the
distance, ¢ between the two NiTi wires. A larger fgenerates a smaller &, which enables the
sensor to detect larger curvature. Additionally, the bending modulus varies in the
circumferential direction, which gives the sensor tendency to bend in a specific direction. To
a certain extent, this restricts the sensor from twisting.

lll. Shape Tracking Scheme for DCM

A. Shape Sensor Arrangement

To detect the shape, multi curvature sensors are needed. In this paper each curvature sensor
is called the shape sensing node. Also, the assembly of FBG arrays with NiTi wires is called
a shape sensor.

Our DCM is a nested NiTi tube cut with notches and has two drive cables actuating a planar
bend for a 35mm bending segment. Since the bending is limited to two inflection points
along the length of the DCM, we have used two shape sensors with 3 FBG sensing nodes for
DCM shape tracking. Figure 3(a) shows the assembly of the shape sensors onto the DCM.
The sensors pass through channels within the walls of the DCM, and the distal ends are
fixed. The sensors’ neutral planes are kept perpendicular to the bending plane of the DCM.
The sensors are able to move freely within the channels as the DCM bends and straightens.
This allows the FBG sensing nodes on the tension side to move forward to the DCM distal
tip, while the FBG sensing nodes on the contracting side will move backward to the
proximal end. If only one shape sensor is used, there may be a significant segment without
FBG sensors in the proximal part of the bending segment when the DCM bends too much.
Two shape sensors in both sides will allow better coverage of the full DCM shape. In order
to more accurately capture the shape of the DCM, the desired scheme is to assemble two
shape sensors within each side of the DCM. Additionally, two shape sensors may help to
eliminate any temperature gradient influence on the FBG’s wavelength.
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Figure 3(b) shows the detailed arrangement of the FBG sensing nodes along the shape
sensor, and the assembly of the sensors to the DCM. The sensors’ lumens are located along
the wall of the manipulator and 2.39 mm from the DCM’s centerline. Three 3mm length
FBG sensing nodes were arranged 10 mm apart. The magnitude of curvature change
resulting from the bend of the DCM is unknown; therefore the sensing nodes are evenly
spaced along the sensor. The sensing nodes N11 and N21 are 8mm from the distal end (the
tip of DCM) to avoid placing the sensor within the rigid part of DCM with no notches. The
sensing nodes N13 and N23 are 7mm from the proximal end (the base of DCM) to keep the
sensor within the bending segment. The wavelengths of the three FBG sensing nodes are
1534nm, 1545nm, and 1556nm. These were selected by considering the 40nm wavelength
detection range of the interrogator used for data acquisition. Each of the sensing nodes uses
a 14nm wavelength range to allow for large curvature detection.

The relationship between wavelength shift and curvature for the FBG sensing nodes was
calibrated from a series of known constant curve slots and the wavelength shift for each of
them [22]. The cubic polynomial was used to fit the wavelength and curvature for each FBG
node. The calibration coefficients Kggq for SS1 and Kgg) for SS2 are,

©)

B. Curve Shape Reconstruction

The shape sensor curves may be reconstructed using measured curvatures along the shape
sensor. For the 2D case with our DCM, we only considered planar bending. Several discrete
curvature points are measured and further extended to the whole length of the sensor. As
shown in (4), a linear relationship between curvature and arc length is assumed. This simple
relationship keeps the curvature continuous, the shape smooth, and reduces computational
complexity. In a Cartesian coordinate system, the tangent angle of point with respect to the
X axis is obtained from (5), and the coordinates for a series of discrete points can be
obtained from (6).

k=a-s+b (4)

0 (s)=[or (s)ds+6 (5)
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Azx=cosfAs
Ay=sinfAs 6)

where aand b denote coefficients for linear interpolation for curvature and s denotes the arc

length.

C. DCM Shape Reconstruction

The DCM’s shape is reconstructed according to the following 6 steps, and highlighted in

Fig. 4.

Step 1, start from the distal end, calculate the shape curves of both sensors
using the method described in Section I11-B, and keep the distance between
start points and the tangential direction of two shape sensor curves (SS1 and
SS2) 2ryand parallel (7/2 in this paper), as shown in Fig 4(a);

It is difficult to reconstruct the shape curve from the proximal end because the
FBG sensing nodes near the proximal end move during DCM bending.
However, it is feasible to build the shape starting from the distal end, because
the distances from all FBG sensing nodes to the distal end remains constant.
Herein, ¥ Drepresents the coordinate system built with the center of the distal
end as the origin point.

The distance between each of the shape sensors and DCM’s centerline, 73, is a
constant; this enforces a correct outline of the DCM. FBG sensing nodes N11
and N21 on two shape sensors are a certain length away from the distal end for
detecting an effective curvature. The distal end curvatures of the two shape
sensors are set to be the same as that of N11 and N21.

Step 2, offset two sensor curves to the centerline of DCM, as shown in Fig
4(b);

The points’ coordinates on each offset curve can be obtained by,
T, T siné K
= + STy —

{ Yo ] { Yss } [ —cos6 ] Kl @)

where x, and y, denote the coordinates of points on the offset curves, xg;and
Vss denote the coordinates of points on the shape curves, and &and x denote
the tangential angle with respect to xaxis of £ Dand curvature of a point.

Ideally, two sensors’ curves should coincide with each other in the distal part
after offsetting, but due to errors caused by factors such as friction between the
shape sensor and its lumen through the DCM wall and temperature variation,
two separate offset curves are obtained.
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Step 3, extrapolate two offset curves to obtain two curves with the same length,
and then calculate their centerline, as shown in Fig 4(c);

The length of shape curves are different after offsetting, therefore, the shape
curve of the shorter curve is extrapolated. With two point sets, the nearest point
pairs from both sides are searched and the middle points are calculated to
represent the DCM’s centerline.

Step 4, extrapolate the centerline to be 35mm long which represents the DCM
centerline, as shown in Fig 4(d);

Step 5, calculate the tangential direction of the proximal end, build the
proximal coordinate system X P, and calculate the transformation matrix as
shown in Fig 4(e);

Step 6, Transform the reconstructed centerline and offset the centerline to get
the DCM’s outline, as shown in Fig 4(f).

The coordinates can be calculated by,

x | cosb.q sinf.q T | e
Yy —sinf.q cosbeq y Yed

2 2 2D 20/ (8)

where xand y denote the coordinates of a point, 8,ydenotes the tangential angle of the distal
point, xyand ydenote the coordinates of the distal point, and the subscript = Dand ¥ P
denote the coordinate systems.

IV. Experimental Setup and Experiments

A. Experimental Setup

Experiments were performed to estimate the shape reconstruction performance of the above
shape tracking scheme. Fig. 5 shows the experimental setup. Two sets of experiments were
carried out: 1) free bending, and 2) bending in presence of obstacles on the path.

The reflective wavelengths from the FBG shape sensors (Technica Optical Components,
China) were analyzed using a Micron Interrogator (Micron Optics, USA). The wavelengths
were processed and the reconstructed shape was displayed with algorithms written in
MATLAB (MathWorks, USA). A PL-B741 camera (PixeLink, USA) was used to capture
planar images of the DCM. The camera was mounted above the DCM so that the focal plane
was parallel with the bending plane of the DCM. As shown in Fig. 5(b), the DCM was
assembled with two shape sensors embedded and then fixed at certain height. The DCM was
controlled by pulling its drive cables with two linear sliding stages, each with an accuracy of
0.01mm.
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B. Free Bending Experiments

The drive cable was pulled, and stopped, in 0.8mm increments to keep the DCM stable
during data collection. The FBG sensing nodes’ wavelengths and the camera image of DCM
were recorded at each increment. The drive cables were pulled to the maximum 4mm
(bending cycle) and then released in 0.8 mm increments in order to return to the origin point
(straightening cycle). Data at nine positions were recorded including five positions for the
bending cycle and four positions for the straightening cycle. Each experiment was repeated
five times.

C. Bending With Obstacle Experiments

The path obstacles were placed in three positions on the same side when the DCM was
straight, as shown in Fig 6.

In the figure, F represents the force applied to one of the drive cables. The obstacles were
anticipated to create “S” shape deformation with at least one inflection point. Each obstacle
configuration represents a scenario in which a portion of the DCM is obstructed from free
bending within the lesion space. Obstacle cases Il and I11 represent scenarios when a portion
of the DCM is within the lesion space and the rest of the DCM is constrained by the screw
hole of the acetabular implant (see Fig. 1 for detail).

D. Accuracy Evaluation

V. Results

DCM images taken by camera were processed with a 2D-3D registration method previously
described in [10]. Using this method, the DCM outline in each camera image and the shape
curve, defined by the DCM’s centerline, are computed. Given the camera’s intrinsic and
extrinsic parameters, a 3D model of the DCM, and a kinematic/joint configuration of the
DCM, the registration method simulates planar images of the DCM and then compares the
simulated images with the true 2D camera images. This simulation process is run through an
optimization algorithm over the possible DCM joint angles. The registration ensures a
realistic, smooth, bend of the DCM by using a cubic spline with 5 control points to generate
all 27 joint angles of the DCM. The joint angles determined by the registration process
define the coordinate frames at each link of the DCM. The origins of each coordinate frame
represent the DCM’s centerline. The registration method approximates the DCM’s tip
position with an error less than 0.4mm [11]. The difference between tip positions from the
shape reconstruction and 2D-3D registration were used to evaluate the tracking accuracy of
the shape sensors. For the accuracy evaluation we also compared the curvatures. The 29
points along the DCM’s centerline, computed by the 2D-3D registration were fitted with a
cubic spline and then curvature was analytically calculated.

A. Free Bending

This experiment were repeated five times, each involving bending and release cycles with
measurements at nine positions for each group. Forty-five shapes were reconstructed and
images processed through 2D-3D registration. Fig. 7(a) displays one of the reconstructed
shapes, showing the original sensor curves, their offset from the centerline, the final center-
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line, and the outline of the DCM. The FBG sensing nodes and their mapping points are also
marked on the figure. In order to qualitatively verify consistent results, these images were
superimposed on a model of the DCM generated from joint angles using 2D-3D registration
method (Fig. 7(b)).

The average and standard deviation of the tip position error for each of the nine drive cable
displacements are listed in Table 1. The overall distal tip tracking accuracy of the curvature
sensor is 0.28 = 0.20mm for bending, 0.48+0.34 mm for straightening and 0.41 + 0.30 mm
for a bending/straightening cycle. To facilitate comparison with shape tracking research in

the literature, tip error is normalized to the length of the DCM. The normalized accuracy is
1.1%+/~0.86%, and the maximum error is 3.4% for 35mm length.

Figure 8(a) shows the comparison of DCM’s centerlines between the ones reconstructed
with FBG shape sensors and the ones extracted from images (on figures, ‘reconstructed’ is
used to represent the calculated results with shape sensors, and ‘image’ is used to represent
the extracted results from images captured by camera). Each shape curve represents the
average of 5 experiments. Except for the largest bending, the other 8 centerlines are in pairs
(1, I, Hland 1V in Fig. 8) involving identical drive cable displacements. Hysteric behavior
of the DCM was observed by comparing the identical drive cable displacements during each
pair’s bending-straightening cycle. Fig. 8(b) displays the hysteresis of the tip position.

Figure 9 illustrates the comparison of curvatures along the DCM’s centerlines for both FBG
calculated shape and 2D-3D registration methods. For the image extraction method,
although the shape is smoothed before calculating the curvature, there is still fluctuation
caused by limited joint position and spline interpolation method, especially for those points
near proximal and distal end. For each drive cable length, the average curvature of the five
groups is plotted. The figure also demonstrates hysteric behavior in bending/straightening
cycles.

B. Bending With Obstacle in the Path

Table 2 lists the average and standard deviation of the distal tip tracking error for the
bending with three different obstacle setups. Figure 10 shows the qualitative consistency of
the results when superimposing the reconstructed shape from FBG sensors to that of the
camera image obtained from 2D-3D registration. Figure 11 shows the curvatures obtained
from camera images after 2D-3D registration change less drastically along the arc length.

VI. Discussion

A. Tracking Performance for Free Bending

From Fig. 7 and Table 1, it can be seen that the reconstructed shape with shape sensors
matches well with the shape extracted via image processing. Figure 9 illustrates that two
shape sensors with three FBG sensing nodes on each have embodied the curvature tendency
along the centerline. Thus, a limited number of FBG sensing nodes can achieve good
tracking accuracy. From Fig 7(a), it can be seen that shape curves from the two shape
sensors are not parallel; therefore, using the centerline of two shape sensors can get better
accuracy than using the shape curve of a single shape sensor.
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There are two major factors that cause error. The first source of error is the difference
between the curvature used for shape reconstruction and the actual curvatures. The shape
and curvature of the DCM vary along its length. The limited number of FBG sensing nodes
and linear interpolation and extrapolation for curvature with arc length does not always work
well. In Fig. 11(c), the curvature shows nonlinearity of approximately 10mm from the
proximal end, indicating that the curvature was not well captured at this point. The second
source of error is the clearance between the shape sensor and its lumen on the DCM’s wall.
While the curvature readings were consistent and repeatable for the five sets of experiments,
the clearance between the shape sensor and its lumen may cause curvature detection error.
Using more FBG sensing nodes may improve the accuracy for curvature estimation;
however, as mentioned in Sec. I11-A, the number of FBG sensing nodes is restricted by the
bandwidth of the interrogator and the wavelength range for each sensing node.

The most desirable placement for the shape sensors is along the neutral axis of the DCM.
This will cause maintaining the shape sensor length and position during bending. However,
doing so may reduce the stiffness of the DCM, which would limit its effectiveness for the
motivating orthopedic surgery.

B. Hysteresis

Hysteresis was observed in all groups of free bending experiments (Fig. 8). The distal tip,
shape curves, and curvature for each pair of position all vary. The major difference in
bending and straightening is observed at the proximal end of the DCM (Fig. 9). A major
reason for this behavior, among others, may be the local friction force between the DCM
slots and the drive cable during bending/straightening cycles.

C. Tracking Performance With Obstacles

Form the tip tracking error listed in Table 2 and the shape overlay in Fig. 10, it can be seen
that the tracking method remains effective even when there is an obstacle in the path of
bending. For identical cable pulls, the tracking error in presence of obstacles is larger than
free bending. This may be caused by the clearance between the shape sensor and its lumen.
Even more so for the S shape observed in Fig 10, the clearance will cause varying
interaction between the shape sensor and its lumen, from the one obtained during
calibration.

Figure 11(a) shows that the shape sensor can capture the S shape. From the image extracted
curvature, there is an inflection point with zero curvature and the shape sensor successfully
captures this inflection point. Figure 11(b) also has an inflection point, but the shape sensor
does not accurately capture this point. Therefore, the S shape is not significant than that
from the image. There is no inflection point on Fig 11(c). The presence of an inflection point
is determined by the obstacle’s position and stiffness of the DCM. The curvature tendency
for case Il is significantly different from the obstacle setups of | and Il. For case 11, the
largest curvature occurs near the proximal end, and is not directly captured by the shape
sensors. However, the overall accuracy for case 11 is better than cases | and I1.
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D. Large Deflection

During the experiments, two shape sensors were observed to move along their lumens
through the DCM wall. The distance the shape sensor travelled may be estimated to be the
same as that of the drive cable because the drive cable and shape sensor lumens along the
DCM wall are parallel. The average strain for 6 points are 0%, 2.29%, 4.57%, 6.86%, 9.14%
and 11.43%. In this paper, 1% from the FBG manufacture (Technica Optical Components,
China) is set for the safe working strain of FBG optical fibers. The sensor will break under
this strain, if the FBG optical fiber is fixed to the surface of the DCM. This proves that a
novel large deflection shape sensing is necessary for this variation of DCM.

E. The Influence of Temperature

The difference between the inside and outside body temperatures during the surgery, in
addition to operations such as tissue cutting or water injection, may create a temperature
gradient along sensor nodes. The shape reconstruction method as described in this paper
may possibly compensate for such changes if the two adjacent FBG sensors are close
enough with insignificant temperature gradient. The thermal conductivity of NiTi used as for
the DCM body will help to minimize the temperature gradient along the sensor nodes. The
structure and thermal sensitivity of both shape sensors used were similar to those in [25] and
[26]. Moreover, there will be an opposite effect on wavelength shift at each of the sensors.
This is because one sensor will be in compression (the inner side) and the opposing side’s
sensor (outer side) will be in tension. Therefore, the overall effect on the centerline may be
reduced. Further study on the amount of temperature rise during the surgery may be required
to justify these arguments.

VIIl. Conclusion

This paper demonstrates the feasibility of large deflection shape tracking for a 35mm length
DCM using two shape sensors. The tracking scheme could well capture the DCM the shape
for both free bending and bending with obstacles in the path. For the free bending case, the
distal tip tracking accuracy was 0.28+0.20mm for bending, 0.48+0.34mm for straightening
and 0.40+0.30 mm for bending/straightening cycle. The normalized accuracy was 1.1%
+0.86%, and the maximum error was 3.4%. Hysteresis was observed during the bending/
straigtening cycle and accurately captured with the shape sensors. For the cases with
obstacles, the tracking accuracy was 0.61+0.15mm, 0.93+0.05mm and 0.23+0.10mm as
obstacle was placed from distal to proximal location with respect to the DCM. The
normalized accuracy was 1.7%+0.4%, 2.7%+0.2%, and 0.7%=0.3% respectively. The
maximum error was 3.0%. This technique promises accurate tracking of the DCM for use in
minimally invasive surgery; especially when working with large bending curvatures. Real-
time shape tracking using FBG sensors combined with occasional accuracy verification (and
possibly re-calibration) using x-ray images, may provide means for accurate, real-time,
control of the DCM during minimally- and less-invasive procedures, and specifically for the
treatment of osteolysis during Total Hip Replacement.
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Fig. 1.
The (a) osteolysis and (b) DCM with a tool through screw hole on acetabular cup.
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The configuration of large curvature detection sensor.
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(a) Assembly of shape sensors to the DCM [22]. (b) Arrangement of FBG sensing nodes.
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Schematic diagram for the shape reconstruction method. (a) SS1 -Shape sensor 1. (b) SS2 -
Shape sensor 2. (¢) N11, N12 and N13 - Three FBG sensing nodes along SS1. (d) N21, N22
and N23 - Three FBG sensing nodes along SS2. (e) D - Distal coordinates system. (f) ZP -

Proximal coordinates system.

IEEE Sens J. Author manuscript; available in PMC 2016 October 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liuetal.

FBG
Interrog

Computer /s
e

Back light

!Linear slide, @

Fig. 5.

(a) Overall view. (b) Partial enlarged view for experimental platform.
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Obstacle setup to be (a) near the distal tip (case 1), (b) in the middle of bending segment

(case Il) and (c) near the proximal end (case IlI).
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Fig. 7.

(a) The reconstructed DCM for 4mm pulling cable displacement. (b) Overlapping of
reconstructed and image extracted DCM under different driven cable displacements.
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Fig. 8.
The (a) centerlines and (b) tip tracks of both shape reconstruction and image extraction.
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Centerline’s curvature comparison for shape reconstruction and image extraction.
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Comparisons between the curvatures reconstructed from sensors and extracted from image

for case: (a) I, (b) Il and (c) III.
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TABLE |

The Distal Tip Tracking Accuracy for Free Bending

Cabledisplacement/mm  Averageerror/mm  Standard deviation of error/mm Status
0.8 0.18 0.072
1.6 0.12 0.017
24 0.29 0.204 Bend
3.2 0.35 0.217
4.0 0.47 0.223
3.2 0.97 0.220
2.4 0.62 0.195
Straighten
1.6 0.40 0.147
0.8 0.23 0.057
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TABLE Il

Distal Tip Tracking Accuracy for Bending With Obstacle

Cabledisplacement/mm  Averageerror/mm  Standard deviation of error/mm  Status

0.8 0.75 0.040 |
1.6 0.47 0.052

0.8 0.97 0.060 ’
1.6 0.90 0.021

0.8 0.33 0.06

1.6 0.24 0.08 "
2.4 0.14 0.05

3.2 0.21 0.11
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