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A soft miniaturized continuum robot with 3D shape sensing via
functionalized soft optical waveguides
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Abstract—In this paper, we present a fully soft miniaturized
continuum robot that integrates 3D optical shape sensing
through functionalized tubing used as soft optical waveguides.
The sensor is fabricated by laser patterning an off-the-shelf
medical tubing, allowing for bidirectional responses to large
curvatures in two bending directions, enabling 3D shape sensing
and tip tracking of the continuum robot. The robot is able to
bend and sense its own shape up to a curvature of 44.7 m’,
corresponding to a bending angle of 102°, having high-accuracy
tracking capabilities, resulting in an average tracking error
of 3.08 mm, that is 7.7 % of the robot length. The robot’s
functionality was shown in validation experiments, including a
real-time shape prediction through a graphical user interface.

I. INTRODUCTION

In the evolving landscape of robotics, soft robots stand
as a promising alternative to their traditional rigid counter-
parts [1], [2]. Drawing inspiration from the inherent flexi-
bility and adaptability of natural organisms, these systems
are able to continuously deform with an infinite number
of degrees of freedom [3], [4]. Due to their large body
length to cross-section diameter ratio, or slenderness, soft
continuum robots are uniquely suited to tasks that require
the deployment of tools into tortuous and narrow paths,
and present a high degree of compliance when interacting
with objects [2]. Besides enhancing flexibility and com-
pliance, they bring other numerous advantages, such as
safety, lightweight, versatile design and actuation, simplified
control, and adaptation to unstructured environments [5]-[7].
These aspects enable a variety of applications, ranging from
inspection and repair in aerospace [8], [9], search and rescue
in hazardous environments [10], [11], underground explo-
ration [12], [13], object manipulation [14], [15], to medical
applications, such as wearable devices [16]-[18], minimally
invasive surgery (MIS), and endoscopic procedures [19]—
[23].

Due to the intricate and delicate nature of surgical pro-
cedures and the need for safe and gentle interactions with
tissues and organs, MIS and endoscopy are particularly
promising applications for soft continuum robots [24]-[27].
However, robots need to be scaled down to a millimeter scale
to navigate through the human body, thus increasing their
design and manufacturing complexity and system component
integration difficulty [28]. Moreover, surgeons rely on their
tactile senses and visual cues to make informed decisions
during traditional surgery. Replicating these sensing capa-
bilities in a robotic system, along with providing real-time
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Fig. 1. A soft miniaturized continuum robot with 3D shape sensing via
functionalized soft optical waveguides. a) External view of the robot body.
b) Internal and section view of the robot. The sensor loops are running
along the body in an orthogonal configuration. The three actuation channels
are spaced 120° apart and the cables are running inside them. ¢) A picture
of the fabricated robot while bending. The sensor and actuation channel are
visible inside the robot body.

information, such as force feedback, tissue properties, or
shape sensing, is a challenge that requires advanced sensing
technologies and control algorithms [24], [29]. By exploiting
magnetic actuation, soft miniaturized catheters have been
developed [30]-[33]. However, they do not integrate sensing,
thus they cannot be controlled in closed-loop.

A variety of soft sensing technologies are available today,
both for proprioception and exteroception, but there is still
a gap to effectively utilize them in soft robots for MIS
applications, mainly due to challenges in size, high number
of sensors needed, wiring, system integration, and lack of
biocompatibility [34]. Stretchable strain sensors based on
resistive and piezoresistive technologies have been integrated
in soft actuators to sense curvature and elongation, includ-
ing conductive liquid metals [35]-[37], ionic fluids [38]—
[40], conductive polymer nanocomposites [41], [42] and
yarns [43], [44]. These types of sensors, however, have
limited sensitivity, large hysteresis and temperature drift.
Soft capacitive sensors have been developed for tactile sens-
ing [45]-[47], but they are very sensitive to the environment
and require shielding techniques, that increases fabrication
complexity. Magnetic sensors have also been proposed for
soft robotic skins [48], [49] and curvature sensing [50], [51].
They are a promising approach, but vulnerable to external
magnetic interactions. Optical sensors such as FBGs (Fiber
Bragg Grating) [52], [53] and FOSSs (Fiber Optic Sensing
System) [54] have also been proposed for shape sensing
of continuum robots. However, these technologies present
limitations such as high cost, manufacturing complexity,
limited stretchability, and bulky electronics, hampering their
applications in soft continuum robots [55], [56]. Soft optical
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sensors are a promising emerging approach since they are
highly deformable, low cost, intrinsically safe, immune to
electromagnetic interferences, easy to fabricate, and versatile
in their design [57], [58]. They have been mainly used for
curvature sensing [59], [60], tactile sensing [61], and contact
force detection [62], [63].

This paper presents a fully soft, miniaturized continuum
robot that integrates 3D optical shape sensing through func-
tionalized soft optical sensors (Fig. 1). The robot can steer in
all directions via three cables running through three actuation
channels. It features two U-shaped soft optical sensors placed
in an orthogonal cross configuration. The soft optical sensor
is created through a laser precision machining functional-
ization technique performed on a commercial off-the-shelf
medical tubing, resulting in a simple, low-cost, versatile
sensing solution with a potential of multiple applications in
soft robotics. Each optical sensor is able to sense the degree
and also the direction of bending, represented by changes in
optical power (i.e., optical gain and optical loss), thanks to
a selective patterning of its surface.

II. MATERIALS AND METHODS
A. Soft Robot Design

The soft continuum robot diameter is 5 mm, and its
length is 40 mm (Fig. 1, a). Three actuation channels with
a 1 mm diameter are spaced 120° apart, with a distance
from the center of the robot of 1.75 mm (Fig. 1, b). The
two perpendicular optical sensors have a radius of curvature
of 0.5 mm in correspondence with their U-shaped section.
Their cross section is 3.142 mm?. Each sensor consists of a
functionalized optically clear polyurethane medical tubing
(Micro-Renathane®, Braintree Scientific) with an external
diameter of 0.635 mm and internal diameter of 0.305 mm.
The tube works as an optical waveguide with the core being
the polyurethane tube material itself, the external cladding
being the surrounding Dragon Skin® 10 MEDIUM (Smooth-
On), and the internal cladding being air. Two red 650 nm
LEDs (IF-E99B, Industrial Fiber Optics) are utilized as
light source emitters, while two photo-transistors (IF-D92,
Industrial Fiber Optics) are used as receivers to read the
sensor signal. A picture of the robot is shown in Figure 1, c.

B. Soft Robot Fabrication

The fabrication process consists of two main steps: first,
the sensor fabrication, and then the integration of the sensor
into the soft continuum robot body.

1) Sensor fabrication: Two 40 cm sections of tubing are
used as waveguides. A laser (Coherent Matrix 355 nm laser
precision micromachining system, 5 W) is used to function-
alize the tubing by patterning its surface via the creation
of six V-shaped cuts. Only one side of the tube surface is
functionalized with cuts spaced 4 mm apart and with a depth
of 0.3175 mm, that is half of the tube diameter. This results
in a patterned length of 20 mm (Fig. 2, a). In order to place
the tubes in a cross-configuration, two soft aligners are firstly
fabricated by pouring Dragon Skin® 10 MEDIUM (Smooth-
On) mixed with 10% by weight OS-2 solvent (DowSil, Dow

Inc.) into 3D printed molds, degassed, and placed in oven
to cure at 70°C for 10 min (Fig. 2, b). The aligners contain
four holes each to accommodate the waveguides and their
aim is to maintain the two loops in place. After removing
the extra material needed from de-molding the two aligners,
each waveguide is looped into them, making sure that the two
patterned surfaces are orthogonal to each other (Fig. 2, c).

2) Soft continuum robot body fabrication: Four 0.254 mm
stainless steel rods are inserted into each of the four waveg-
uide ends as a core support for the next molding step. This
maintains the sensor in position and prevents silicone from
entering the cuts during the subsequent molding. The mold
for the robot body consists of two 3D printed halves of a
5 mm cylinder printed on (Formlabs®, Form 2). It has two
interchangeable end caps with three holes for accommodat-
ing 1 mm pins that will create the actuation channels. In
the front end cap an additional central hole of 1.65 mm
provides an exit for the sensor tubing (Fig. 2, d). Having
interchangeable end caps is advantageous since it allows to
quickly change the robot design by keeping the cylindrical
mold and re-printing only the end caps. Once the sensor is
placed in the mold and the pins are inserted, Dragon Skin®
10 MEDIUM (Smooth-On) mixed with 10% by weight OS-
2 solvent (DowSil, Dow Inc.) is poured into the two halves
of the mold. They are degassed, sandwiched together, and
cured in oven at 70°C for 10 min. The rods and the pins are
then pulled out and the continuum robot is de-molded. Three
cables of 0.3 mm diameter are inserted in each channel, and
secured at the tip of the robot with adhesive (Fig. 2, e).
The larger size of the actuation channels, with respect to
the cables, reduced friction between the latter and the robot
silicone body.

C. Sensor working principle

According to optical theory, light travels in an optical
waveguide by total internal reflection. When deformed (i.e.,
bending, stretching, or applying contact force), the optical
output power (light intensity) of a waveguide will be altered.
This optical power loss P is calculated from the baseline
signal in an undeformed state I and the measured signal
as:

P =10log (Ip/I). (1

In order to be used as a curvature sensor, the incident angle of
the reflected light needs to change with bending; this, in turn,
causes the measured light intensity to change. In an isotropic
and symmetrically shaped waveguide, this alteration usually
results in a loss of signal with respect to its baseline (/) in
a straight configuration due to some light rays reflecting off
the interface of the materials making up the waveguide at
an angle less than the angle of total internal reflection 6., as
defined by Eq. 2:

0. = sin~" (ny/n,) )

where ny, is the refractive index (RI) of the cladding material
of the waveguide and n, is the core material RI. The core
is the medium the light travels through and the cladding is
the medium surrounding the core that makes up the optical
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Fig. 2. Fabrication of the soft continuum robot. a) Laser patterning of the upper surface of the sensor producing V-shaped cuts. b) Two aligners are
molded by pouring silicone into a 3D printed mold. The aligners have grooves for accommodating the actuation pins and four holes for accommodating
the sensor tubing. c) After removing the extra material needed for de-molding the aligners, the sensor is looped inside them, placing the patterned surfaces
orthogonal to each other. d) Three stainless steel rods are inserted into the sensor and the latter is placed inside the continuum robot mold, along with
three pins for the actuation channels. Silicone is poured into the two halves of the mold and, after degassing, they are sandwiched together, and cured.

e) The continuum robot is removed from the mold. Three cables are inserted into the actuation channels, and secured at the robot tip with adhesive.

interface that the light interacts with by reflecting off of,
transmitting through, or being absorbed by the cladding
material. Internal reflection can occur when n, > n; and a
larger disparity between the RIs will mean that 6. is smaller
and thus will mean that more of the light is totally internally
reflected, on average. It follows that the larger disparity
between the RIs will mean that the sensors are less prone to
bending losses due to the fact that bending losses occur due
to changing the angle of the incident light on the sensors;
however, in the case of smaller 6., even large changes to
the incident light angle will still allow for total internal
reflection to occur. If an anisotropy is introduced only on one
side of the waveguide surface, the waveguides sensitivity to
bending (curvature changes) can be more easily monitored.
Further, two different responses can be obtained depending
on the direction of bending if the sensors are manufactured
selectively.

In this paper, we introduce anisotropy by selectively
patterning the tubing upper surface via laser precision mi-
cromachining, creating a series of V-shaped cuts, as shown
in Fig. 3, a, (right). Rather than a waveguide consisting of
only two materials (ng, = Neore and M, = Nejadding), the
fabrication results in the waveguide core (n2 = ntyping) being
interfaced with two separated cladding materials (n1 = ng;,
and n3 = Nglicone [Dragon Skin® 10 MEDIUM]), as shown
in Fig. 3, a, (left). Fig. 3, b depicts the effects that the
multiple cladding have on the ability of the waveguide
core to pass light through it. The RI of air is n; ~1.00,
which is significantly smaller than the polyurethane tubing
(ny ~1.67) and the silicone cladding material (ng ~1.41)
(the cladding material RIs are estimated based on the RI of
similar materials and quantified in order to further explain

(@) Sensor I

cross section

©
V—she}p{ed cuts Direction 2

Gain

P<0
>

=1, Baseline I

-

[
J! \

-

4-"7o0om into half tubing section

B i 7 Loss Openi
11, No loss I p>o pening
2 cuts
L<I,
Direction 1 I

Fig. 3. Physical principle of the soft optical sensor. a) Tube waveguide cross
section showing the core material (n2) surrounded by a silicone cladding
(n3) on the outside and an air cladding (n1) on the inside of the tube as
well as the patterned cuts on the top of the tube. b) A side view of the
waveguide path showing the different 6. values depending on the interface.
¢) A diagram of the patterned cuts effect on the light traveling through the
waveguide. In an unbent configuration (Ip), the baseline signal traverses the
optical path with minimal light intensity losses. When bent in direction 2,
the cuts close, and the optical signal increases as compared to direction 1,
wherein the cuts open further and optical loss occurs.

the physics related to the critical angle of total internal
reflection) [64], [65]. This means that the interface between
the core material and the two mediums will have different
6., as shown in Fig. 3, b. In Fig. 3, b, we see that a
light ray with an angle of incidence of o with respect to
the interface will be totally internally reflected when the
cladding material is air (o > 6.1) but only be partially
reflected when interacting with the silicone cladding material
(o < 0,2). This unique waveguide (having air as an internal
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cladding) causes the light rays to traverse the waveguide with
high baseline signals, due to the small critical angle of the
polyurethane and air interface 0., ~ 36.8°.

When the robot bends in the direction of the patterned
region (Fig. 3, ¢), the cuts will gradually close and more light
is going to be transmitted through the tube surface since its
probability to escape through the cuts is decreasing as they
become smaller, until closure. This leads to an increase of
signal, or optical gain P; < 0 (Fig. 3, c). Moreover, the
cladding material is closing as the bending occurs, meaning
that the trapped light either does not travel through a different
medium or scatters back into the sensor. Conversely, when
the robot bends in the opposite direction, towards the un-
patterned region, the cuts are going to gradually open and
more light will escape through them, resulting in a decrease
of signal, or optical loss P, > 0 (Fig. 3, c). Since each sensor
fabricated with this patterning technique has a bidirectional
response to 2D bending, in order to sense the robot shape
in 3D, two sensors placed in an orthogonal configuration
will provide sufficient responses to allow for unique sensor
signals throughout 3D space. This, ultimately, allows for the
ability to use two embedded waveguides within the body of
a continuum robot to track shape and tip positions of the
small-scale soft continuum robot.

III. EXPERIMENTS
A. Bidirectional response test

In order to evaluate the bidirectional response of the
sensor, a planar bending experiment was performed. The
robot was oriented with one of the two sensors orthogonal
to the testing platform. The robot’s base was locked in a
fixture, and its body was bent, stepping into 12 different
curvatures, up to a curvature of 46.5 ml, recording the sensor
data for each step, by using an Arduino. The setup is shown
in Fig. 4, a. This procedure was repeated both in the direction
of optical gain and optical loss. The test was subsequently
performed on a robot integrating a sensor without surface
patterning (i.e., an off-the-shelf medical tubing without laser
functionalization) for comparison to highlight the capabilities
of our patterning technique.

B. Calibration

The robot was calibrated by relating its position to the
response of each of the two sensors P, and P, throughout
the 3D workspace. Three servo motors (LD-220MG, Hiwon-
der) were connected to the three actuation cables. When the
servo motors rotate, each cable can be pulled by winding
on a pin, causing the robot to bend. The sensor data was
collected by a DAQ (NI USB-6002), and the position of the
robot tip was acquired by an Aurora electromagnetic (EM)
tracker. A small EM probe was fixed at the tip of the soft
robot. The test setup is shown in Fig. 5, a. All the data was
synchronized and analyzed through a Python code. The robot
was actuated up to a curvature of 44.7 m™!, corresponding to
a bending angle of 102°. The bending angle was calculated
as the length of the continuum robot divided by the radius
of curvature.

To model the shape of the continuum robot, a constant
curvature modeling approach was utilized [66]. The tip co-
ordinates (x,y, z) were converted into arc parameters (k, ¢)
representing the curvature and the rotation around z-axis (see
Fig. 5, b). The relationship between (z,y, z) coordinates and
the arc parameters is given by trigonometric functions:

k=1/r 3)
¢ =tan""(y/x) 4)

where 7 is the radius of curvature and it is given by r = /6,
where 0 = f(x,y, z) is the bending angle (defined previously
by trigonometric rules), and [ = 40 mm is the length of the
robot and it is constant.

C. Surface mapping

Given that each waveguide has an area of optical gain
P < 0, and an area of optical loss P > 0 depending on the
bending direction, from the calibration data it is possible to
identify distinct sections having different combinations of the
waveguides responses. In these sections, both r and ¢ were
mapped as unique surfaces by using MATLAB (Mathworks,
USA), as previously done in [67]. The four surface maps
extracted are defined as follows:

Sy, S84, if P, >0and Py >0 (5)
Sy, S84, if Py >0and Py <0 (6)
Spyy Sy it Py <0 and Py >0 7
Spss S, if Py <0 and Py <0 (8)

For example, when P, < 0 and P, > 0, S3 is the surface
used, with ¢ = Sy, (P, P) and r = S, (P1, P»). See the
results of the surface mappings for the measured parameters
in Sect. IV-B.

D. Accuracy test

To evaluate the accuracy of the shape sensing, the robot
was programmed to automatically follow a specific path
through a range of ¢ and r values. Then, the predicted
position of ¢ and r was compared to the actual (true) values
recorded by the EM tracker, which tracked the tip position
of the robot. A small EM probe was fixed at the tip of the
soft robot. Subsequently, the average error in the tip position
tracking across the experiment was determined and compared
to the overall length of the robot, which verifies the accuracy
of the shape sensing and tracking methods utilized.

E. Validation test: real-time shape sensing

To validate the ability of the sensor to sense its shape,
the robot was actuated in a section of the 3D space, and its
predicted shape was plotted on a MATLAB graphical user
interface (GUI) in real-time in order to display to the user
the results of the sensor feedback predictions.
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Bidirectionality test. a) The experiment setup wherein the robot base is fixed and its tip is attached to a rigid mount that is inserted into the

curvature slots. b) When the sensorized robot is bent in two opposite directions, there are two distinct behaviors of optical loss (blue) and optical gain
(red). c) If the sensor does not have surface patterning, moving the robot in two opposite directions gives the same response, resulting in insensitivity to
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Fig. 5. Calibration of the robot workspace. a) Test setup including three
servo motors connected to the actuation cables. b) Constant curvature
modeling and surface fitting parameter definitions showing the tracked
positions of the system (continuum robot base and tip).

IV. RESULTS AND DISCUSSION
A. Bidirectional response test

Fig. 4 shows the performance of the patterned sensor with
respect to an off-the shelf unpatterned tube. When the robot
integrating the functionalized sensor is bent in two opposite
directions, there are two distinct sensor responses of optical
loss (Direction 1) and optical gain (Direction 2), that can
be used to predict the direction of bending (Fig. 4, b),
as described in Sect. II-C and Fig. 3. Conversely, a robot
integrating an unpatterned tube not only has the same
response for the two opposite directions, resulting in two
overlapping curves, but it is also relatively insensitive to
bending, since the signals do change minimally throughout
the test and the optical loss measured is close to zero
(Fig. 4, ¢). A negligible optical gain (= -0.5 dB) can be
noticed at high bending curvatures for both directions of
the unpatterned tube, suggesting that our functionalization
technique is necessary to achieve the desired bidirectional
response of the sensor.

The bidirectional gain and loss behavior is due to two
factors. Firstly, having air as the internal cladding material

enables an exceptionally favorable angle of total internal
reflection even at large curvatures, as shown in Eq. 2, a
phenomenon not possible with other higher refractive index
cladding materials. Additionally, the surfaces of the tube are
highly smooth and enable the light to travel through the
length of the waveguide without much optical transmission
loss due to light scattering on a rougher surface interface.
The functionalized soft optical waveguides, achieved with
our laser patterning manufacturing approach (see Sect. II-
B), exhibit unique sensor responses at all curvatures in both
bending directions, allowing for two orthogonally aligned
sensors to track 3D shape and tip position of the continuum
robot accurately.

B. Calibration and workspace mapping

The workspace obtained from the calibration is shown in
Fig. 6, a. The different colors represent the four surfaces
based on the waveguides responses, see Sect. III-C, Eq. 5-
8. The two polynomial surface mappings for  and ¢ used
for the sensor validation are shown in Fig. 6, b and 6, c,
respectively. A fifth order polynomial fit was used for both
¢ and r surface mappings. To find the best order that could
map the data, a first order polynomial surface was initially
calculated, and stepped up until the best R? errors were
obtained. The R? errors of the fits are 0.93 for r and 0.90
for ¢, resulting in highly accurate fittings of the data.

C. Sensing accuracy and validation experiments

In Fig. 7, a and Fig. 7, b, the predicted positions of ¢ and
r, respectively, are compared to the true positions. The 3D
projection of the tip position of the robot compared to the
true tip position had an average error of 3.08 mm, which is
7.7% of the length of the robot (Fig. 7, ¢). The accuracy for ¢
decreases when the robot gets closer to the baseline position
as if the robot is perfectly vertical, as visible in Fig. 7, b,
both at the beginning and at the end of the test. This is due
to the fact that, when r approaches infinity, ¢ is not able to
be tracked.

Fig. 8 shows the real-time experiment described in
Sec. III-E; starting from its baseline undeformed position
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error over time during the experiment, which was 3.08 mm on average,
which is 7.7 % of the length of the robot.
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Fig. 8. Real-time shape sensing. a) The robot in its baseline configuration.
b-c) The robot is actuated and its curvature (k) increases. d) Keeping &
constant, ¢ is increased, resulting in the robot moving closer to the camera.

(Fig. 8, a), the robot was first actuated by keeping ¢ constant,
and increasing its curvature k (Fig. 8 b-c), thus decreasing r,
according to Eq. 3. Then, the curvature was kept constant,
and ¢ was increased, resulting in the robot moving closer
to the camera. (Fig. 8 d). The experiment exhibited an
accurate prediction of the shape and tip location relative to
the observed true position of the robot in space. Please see
the accompanying video.

V. CONCLUSIONS

We presented a miniaturized 5 mm fully soft continuum
robot with functionalized fully soft optical sensor waveguides
for shape sensing and tip tracking. We have introduced a laser
precision micromaching patterning technique to functionalize
tubing to create bidirectional soft optical sensors. We have
characterized the patterned cuts effects on the waveguide
tubing in bidirectional bending experiments to understand
the optical light intensity changes up to large curvatures
(i.e., 46.5 m!). By utilizing constant curvature modeling, in
addition to surface mappings based on the two waveguides
signals, the system was calibrated to track its shape and tip
position. The calibrated workspace was validated through an
accuracy experiment that proved the system’s capabilities in
the 3D space. A GUI was used to display the continuum
robot’s shape and tip position as it moved through a section
of its workspace, allowing for a real-time visualization. The
bidirectional response of the waveguides, enabled by the
patterning technique, allows for a minimal number of sensors
to be required to provide the shape tracking feedback. The
reduced number of sensors outputs can lower the computa-
tional complexity of the control strategy and simplify system
integration. The functionalized tubing represents a low cost,
versatile, and simple shape sensing strategy for soft robotic
systems, compared to other optical shape sensing approaches,
such as FBGs. Our approach allows for a large range of
potential applications in soft robotics. The low footprint and
compliance of the sensor allow integration into small soft
robotic systems, which is beneficial for robots that need to
safely navigate in narrow spaces, such as in surgical robotics
environments. Future work will focus on optimizing the laser
patterning of the waveguides to increase the sensitive range
of the robot to have better accuracy when predicting the
shape and tip position. Implementation of closed-loop control
will be done to allow the robot to not only understand its
shape but also move around obstacles in tight spaces and
accomplish tasks without the need for manual control.
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