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Abstract— This paper presents a new 6 DOF soft robotic
manipulator intended for colorectal surgery. The manipulator,
based on a novel design that employs an inextensible tube to
limit axial extension, is shown to maximize the force exerted
at its tip and the bending angle, the latter being measured
with a soft sensing skin. Manufacturing of the prototype
is achieved with a lost-wax silicone-casting technique. The
kinematic model of the manipulator, its workspace, and its
manipulability are discussed. The prototype is evaluated with
extensive experiments, including pressure-deflection measure-
ment with and without tip load, and lateral force measurements
with and without the soft sensing skin to assess hysteresis. The
experimental results indicate that the prototype fulfils the key
design requirements for colorectal surgery: (i) it can generate
sufficient force to perform a range of laparoscopic tasks; (ii) the
workspace is commensurate with the dimensions of the large
intestine; (iii) the soft sensing skin only results in a marginal
reduction of the maximum tip rotation within the range of
pressures and external loads relevant for the chosen application.

I. INTRODUCTION

Colon cancer was the third most common cancer in the
world as reported in GLOBOCAN2020 [1]. Early detection
and treatment are crucial for prevention and improved patient
outcomes. However, conventional colonoscopy has several
drawbacks, including discomfort and complications, which
result in low uptake among patients. Thus, new laparoscopic
instruments and corresponding workflows are needed to
reduce patient discomfort, procedure time, and complications
[2].

Soft robots are well suited for minimally invasive surgery
(MIS), since they are intrinsically safe, they have no internal
moving parts thus they can be miniaturised more easily, and
their stiffness can be tuned in some cases. In addition, they
can be manufactured with biocompatible materials, they can
be safely disposed of after each surgery, and they can be
compatible with magnetic resonance imaging (MRI). As a
result, a myriad of soft robots has been proposed for MIS
[3]. A notable example is stiff-flop, which has a tubular
structure with multiple degrees-of-freedom (DOF) actuated
with compressed air, which provides variable stiffness and
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some level of proprioceptive sensing [4], [5]. However, stiff-
flop can only stiffen when stationary and the manipulator
is comparatively large, which might be limiting for some
endoscopic procedures. Another soft robot designed for MIS
of the colon is described in [6]: the system has only two
active DOF resulting in reduced mobility and limited ability
to perform complex surgical tasks. Other examples that
employ pneumatic artificial muscles arranged in parallel
to generate bending include [7]–[9], as well as [10]–[15].
Several other soft robots, although not specifically designed
for medicine, could be adapted for MIS, such as [16]–[18]
and the flexible micro actuator (FMA) [19] , which in turn
has inspired other similar designs [20].

Besides design, proprioceptive sensing is instrumental to
performing complex manipulation tasks with soft robots
that have multiple DOF [21]. To this end, Zhang et al.
[22] developed a soft modular manipulator consisting of
different sections stacked together with a magnetic interface.
Subsequently, Truby et al. [23] used proprioceptive kirigami
sensors and recursive neural networks to map the kinematics
of three stacked soft actuators and to account for hysteresis
and sensor nonlinearities. In summary, while several out-
standing examples of soft manipulators have been proposed
in the literature, to the best of our knowledge, none fully
meets the requirements of colorectal surgery.

In this work, the design and development of a 6 DOF soft
manipulator for colorectal surgery are presented. The design
of the manipulator is optimized to achieve sufficient force
for laparoscopic tasks despite its small size. The kinematics
of the manipulator, its workspace and manipulability are
discussed. The fabrication process, which employs a lost-
wax silicone-casting technique, is outlined. The manipulator
is integrated with a soft sensing skin that measures bending
in a proprioceptive fashion. The prototype is evaluated
with extensive experiments, including pressure-deflection
measurements with tip load, and lateral force measurements
with the sensing skin to quantify hysteresis.

II. DESIGN AND FABRICATION

A. Colon anatomy and design requirements

The large intestine has a complex shape consisting of
five sections (i.e. rectum, sigmoid colon, descending colon,
transverse colon, and ascending colon). The maximum diam-
eters of the cecum, transverse colon, and descending colon
are respectively 9 cm, 6 cm, and 3 cm [24]. Conventional
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Fig. 1: (a) Schematic diagram of the colon with the proposed
soft manipulator. (b) Prototype of the manipulator.

colonoscopes have an outer diameter ranging from 9.0 mm
to 13.7 mm [25]. However, due to their limited number of
DOF, navigating the intestine requires highly experienced
operators. We hypothesize that mounting a soft manipulator
with 6 DOF at the tip of a conventional colonoscope could
mitigate these issues (see Figure 1a). Average tool forces
for natural orifice transluminal endoscopic surgery (NOTEs)
assessed during in-vivo tests on pigs are 0.8 N ± 0.7 N for
pushing and pulling [26]. Thus, the soft manipulator should
provide tip forces up to 1.5 N and bending angles larger than
90◦.

B. Manipulator design

The prototype has a tubular geometry and consists of three
actuated segments connected in series by rigid separation
disks, which were aligned by means of a fixture, as shown in
Figure 1b. Each actuated segment can bend in any direction,
thus providing two actuated DOF. The three segments in
series provide six actuated DOF at the distal end. The design
of the actuated segments follows the framework presented in
our previous work [27]. Firstly, to achieve bending on any

plane, the segments have a uniform cross section divided
into three equal chambers, which can be pressurized inde-
pendently. The total cross-sectional area of the segments is
maximized to increase the tip force, resulting in an 11.75 mm
outer diameter, which meets the geometric requirements for
colonoscopy. The three partition walls dividing the chambers
were designed with minimum thickness and low stiffness
to facilitate deformation of the cross-section when one or
two chambers are pressurized. This enables the chambers to
expand when pressurized, and thereby maximize the bending
force. In addition, to facilitate bending, the internal chambers
have a pleated structure which was obtained with a lost-wax
process (see Section II-C).

An inextensible tube with a 1.47 mm inner diameter (5F
Angiographic catheter, Merit Medical) was placed at the
centre of the segments and was attached at both ends of
each segment. This prevents axial elongation while enabling
bending, thus increasing the bending force (see [27] for
details). Moreover, the tube also serves as a working channel
for feeding instruments (e.g. camera, laparoscopic tool, diag-
nostic probe, or laser ablation probe). Lastly, an inextensible
thread (polyester thread, size 15, avg. break tensile force
7N) was wound around the outer surface of the prototype to
prevent radial expansion, using a 1.25 mm pitch dual helix
arrangement. The length of each segment is 25 mm and the
separation disks are 3 mm thick, resulting in a total length
of 84 mm for the prototype (see Section II-D).

Supply pipes connected to the chambers of the distal
segments run inside the proximal and middle segments,
resulting in a compact device. Therefore, the three segments
have slightly different structures: the proximal segment has
six passages for the supply pipes to the other two segments;
the middle segment has three passages; the distal segment
has no internal pipes. The supply pipes (Perfluoroalkoxy
Polymer, IWASE Co.ltd, Japan) were inserted during the
assembly procedure, and are characterized by small diameter
(0.6 mm OD, a 0.4 mm ID), high pressure rating (5 bar
maximum), bio-compatibility, and high chemical resistance.
A soft sensing skin was mounted on the external surface of
the prototype to measure the bending of the segments in a
proprioceptive fashion (see Section III).

C. Fabrication process

The actuated segments were fabricated using lost-wax
silicone casting which allows producing convex shapes with
a small size. The fabrication process consists of four main
steps: main body casting, fiber reinforcement, assembly, and
sensor integration. A 3D printer (Objet500, Stratasys) was
used to fabricate the molds required in the different steps.

The first step is the main body casting, which includes
fabricating the wax cores corresponding to the internal cham-
ber geometry, and the silicone casting. The inner chamber
geometry of each segment was built by injecting molten
wax into a first mold. The socket at both ends of the wax
mold was used to align the chambers with the adjacent
separation disks (see Figure 2a). We employed Paraffin wax
(Materialix, Model No.49901), since it has a melting point
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Fig. 2: (a) Wax mould employed to fabricate the internal geometry of the chambers. (b) Custom 3D-printed thread winding
station. (c) Sequence of assembly for the actuated segments. (d) Key steps in the fabrication process.

slightly above 56◦ Celsius hence it does not dissolve when
curing the silicone. The wax cores were then assembled with
two silicone molding caps and 0.7 mm metal rods used to
create passages for the supply pipes (see Figure 2d). The
number of metal rods varies depending on the segment, as
discussed in Section II-B. The resulting mold was injected
with silicone (Elastosil M4601, Wacker) and cured at 50◦

Celsius for 12 hours.
In the second step the silicone cast was reinforced by

winding a double-helical inextensible polyester thread. The
thread was wound into a groove on the cylindrical face of
the silicone cast with a constant pitch of about 1.25 mm
by employing a bespoke winding station (see Figure 2b).
Afterwards, the resulting structure was covered with a thin
layer (0.375 mm thickness) of silicone to fix the thread pitch
to the groove. The wax inside the silicone mold was removed
by rinsing with hot water, Toluene at 45 C◦ and finally with
isopropanol. Once the cleaning process is completed, the
weight of each actuated segment is approximately 2.5 grams.

In the third step three segments were connected in series
to obtain a 6 DOF instrument. All components were bonded
together with semi-flexible glue (i.e., polyolefin primer Per-
mabond POP and flexible cyanoacrylate adhesive Permabond
2050, Permabond Engineering Adhesives Ltd, UK), which
preserves some degree of viscosity, thus preventing cracks.
The assembly sequence starts from the proximal segment
and finishes with the distal segment, as shown in Figure
2c. Firstly, the central inextensible tube was glued to the
proximal separation disk. At the same time, the supply pipes
for the middle segment and the distal segment were inserted
and glued into the proximal segment. Secondly, the supply
pipes are inserted into the next separation disk, which was
then glued to the proximal segment. These steps are then
repeated for the remaining segments. Finally, a cap was
mounted at the tip of the distal segment and attached to
the inextensible tube. A leakage test was performed before
integrating the soft sensing skin.

The last step in the fabrication process is sensing skin
integration. PDMS material was used to cast the soft sensing
skin, which features 9 sensing channels. The sensing skin
was wrapped around the manipulator and glued to it with
PDMS. Finally, all supply pipes were connected with a

tapered syringe tip serving as adapter for the pneumatic
actuation unit.

D. Kinematics and workspace
The kinematic analysis presented in this section relies

on the constant curvature assumption (see Figure 3a), thus
external loads are assumed negligible. The resulting kine-
matic model is characterized by two variables, namely the
tip rotation on the bending plane ζi, and the orientation of
the bending plane ϕi with respect to a fixed reference frame
[28]. The curvature of a segment bi and the arc length li are
defined as

bi =
2 sin ζi
σi

, (1)

li =
ζiσi

sin(ζi)
. (2)

Since the segments have constant axial length, the euclidean
distance between tip and base is

σi =
li sin(ζi)

ζi
. (3)

When a segment is bending, the orientation of its tip is
expressed in the ZYZ Euler angles convention by the ho-
mogeneous transformation matrix (4), which depends on σi,
ζi, ϕi according to Rodrigues’ formula.

Ti =


S2
ϕi
(1− C2ζi) + C2ζi Sϕi

Cϕi
(C2ζi − 1) Cϕi

S2ζi σiSζiCϕi

SϕiCϕi(C2ζi − 1) C2
ϕi
(1− C2ζi) + C2ζi SϕiS2ζi σiSζiSϕi

−CϕiS2ζi −SϕiS2ζi C2ζi σiCζi

0 0 0 1


(4)

The notation Cϕi
= cos(ϕi), Cζi = cos(ζi), Sϕi

= sin(ϕi),
Sζi = sin(ζi) is employed here for conciseness. If instead
the manipulator is straight (i.e. ζi = 0), the corresponding
transformation matrix represents a translation in z, that is

Ti =


1 0 0 0
0 1 0 0
0 0 1 li
0 0 0 1

 , (5)

where li is the constant arc length, and also applies to the
separation disk. The pose of the tip of the soft manipulator
is

T base
tip = T1TdT2TdT3, (6)



(a) (b) (c)

Fig. 3: Kinematic and workspace analysis: (a) Kinematic model of an actuated segment; (b) manipulability ellipsoid of the
soft manipulator in one position; (c) reachable workspace and half of the dexterous workspace of the soft manipulator.

where T1,T2,T3 are the transformation matrices of proximal
segment, middle segment, and distal segment, while Td

refers to the separation disks.

The workspace of the soft manipulator is shown in Fig-
ure 3c, where the surface mesh represents the reachable
workspace, while the scatter plot represents half of the
dexterous workspace. For illustrative purposes, the angles
ζi range from 0 to 45◦, while ϕi range from 0 to 360◦.
The corresponding reachable workspace measures 71 mm
in width and 81 mm in height, thus it can cover over 90%
of the whole section of the cecum. A color bar shows the
manipulability index, which is a measure of dexterity and
is calculated as M =

√
JJT , where J is the Jacobian

computed by differentiation of the tip pose with respect to
ϕi and ζi, and it is given by

Ji =


− lSϕi

S2
ζi

ζi
− lCϕi

Sζi
(Sζi

−2ζCζi
)

ζ2
i

lCϕi
S2
ζi

ζi
− lSϕi

Sζi
(Sζi

−2ζCζi
)

ζ2
i

0 − l(S2ζi
−2ζiC2ζi

)

2ζi

 . (7)

The manipulability ellipsoid, which represents the ability of
the manipulator to change the orientation of the tip at each
location, is shown in Figure 3b. It follows from (7) that the
angle ϕ does not affect M on the z axis. Finally, if ζi = 0
(i.e. the segments are straight), the Jacobian is undefined.

III. SENSING SKIN

The sensing skin should have similar mechanical proper-
ties to the manipulator to allow unhindered motion. A wide
range of materials, fabrication methods, sensing modalities,
and architectures can be used for strain/pressure sensing
in soft manipulators [29] including capacitive, inductive,
impedimetric, piezoelectric, optical, and piezoresistive prin-
ciple, with the latter being the most common modality. While
high-cost microfabrication is often used to create intricate
high-resolution devices, we employed a clean-room free,
lower-cost additive fabrication approach [30].

(a)

(b) (c)

Fig. 4: (a) Experiment setup; (b) bent manipulator with
sensing skin; (c) components of sensing skin

In particular, a piezoresistive sensing skin consisting of
three strain sensing elements at each primary bending direc-
tion for each of the three segments of the soft manipulator
was designed. Thus, a 3 x 3 sensor array was fabricated
on a 0.3 mm thick polydimethylsiloxane (PDMS, Sylgard
184, Dow Cornig, USA) substrate. A 10:1 prepolymer to
curing agent weight ratio was used. Custom conductive elas-
tomeric composites of PDMS with graphite powder and with
silver microparticles were used. The piezoresistive sensing
elements were printed using a graphite-PDMS composite
ink, while the silver-PDMS composite was used to print
the electrical interconnects. The latter is significantly less



piezoresistive, thus the resistance change of the graphite
composites will dominate a two-point resistance measure-
ment. This consequently reduces the need for bonding pads,
facilitating the integration with the soft manipulator. Three
stainless steel stencil masks with a thickness of 0.1 µm were
designed: one for the strain sensing elements, one for the
electrical interconnects, and a final one for the bonding pads
used for interfacing the skin to the electronic instrumentation.
The bonding pads, which were located at the bottom of
the sensing skin as shown in Figure 4c, were printed with
the graphite-PDMS ink, as their conductivity is not critical,
and it were then covered with silver paste (RS Components,
UK) to attach 27 AWG wires. Subsequently, the device was
degassed for 15 minutes and then baked for 2 hours at 70
◦C. After the wires were attached with the silver paste, the
device was again baked at 140 ◦C for 10 minutes to cure
the paste. Square graphite-PDMS pads were added at each
terminal of the piezoresistive sensing elements of the skin
to ensure that an electrical connection is achieved with the
printed silver-PDMS interconnects. For the graphite-PDMS
ink, a weight ratio of 24% was used. This choice was based
on the work presented in [30] to achieve a good trade-off be-
tween mechanical properties, hysteresis, linearity, and stain-
sensing characteristics of the material. For the silver-PDMS
composite, a 70% weight ratio was empirically chosen to
achieve good mechanical and electrical properties, low stain
sensitivity, and an ink viscosity suitable for stencil printing
(see [30] for more details on the formulation, processing, and
printing of the inks). Custom 3D printed molds and fixtures
were used to produce a 0.3 mm thick PDMS substrate and to
align the three masks. The sensing skin is shown in Figure
4.

IV. EXPERIMENTAL RESULTS

Experiments were conducted to assess the performance
of the soft manipulator. The tip rotation was measured at
different pressures of the internal chambers, and the measure-
ments were repeated without the soft sensing skin and with
different sensing skin thicknesses (i.e. 0.3mm, 0.5 mm, 0.75
mm). The measurements were then repeated in the presence
of external tip forces to assess hysteresis. The lateral force
at the tip of the manipulator was then measured at different
pressures. Finally, the resistance of the sensing elements on
the sensing skin was measured at different bending angles
corresponding to increasing pressures.

A. Measurement of the bending angle

The position and orientation of the tip of the manipulator
were measured with an electromagnetic (EM) tracking sys-
tem (Aurora, NDI) and one EM sensor was attached at the tip
of the manipulator. The pressure in the internal chambers was
measured with a pressure sensor (MXP2022, NXP). The sys-
tem setup is shown in Figure 4a: the manipulator is clamped
at the base and hangs down vertically at rest as shown in
Figure 1b. This configuration, although not representative of
the application, is widely used for the mechanical charac-
terization of soft manipulators. The actuated segment was
pressurized independently by employing proportional valves
(Tecno Basic, Hoerbiger). A Matlab script was employed
to communicate the pressure values to the valves though
a microcontroller (mbed NXP LPC1768) with a Remote
Procedure Call protocol. The maximum pressure was limited
to 3 bar for safety.

The chambers of each segment were supplied with in-
creasing pressure values while recording the tip orientation.
The pressure was increased in 10 steps from 0 to 3 bar
with a 10 s time interval to allow the system to stabilize.
After reaching the maximum, the pressure was instantly
released to assess hysteresis in a worst case scenario. The
measurements were repeated 5 times for this setup. The
results show in Figure 5a, indicated that the three actuated
segments behave slightly differently. This is expected since
the proximal segments support the additional weight of the
distal segments. The average bending angle and orientation
of the bending plane at 3 bar for the proximal, middle,
and distal segment considering sensing skins of different
thicknesses are listed in Table I. The results indicate that
adding the soft sensing skin slightly reduces the bending
angle at a given pressure and it slightly varies the orientation
of the bending plane. The results also suggest that the
relationships between bending angle ζi, orientation of the
bending plane ϕi, and pressure are nonlinear , similarly to
our previous prototypes [31].

Figure 5b shows the tip position of each actuated segment
when pressurized and highlights the effect of the soft sensing
skin. Hysteresis was assessed by measuring the Euclidean
distance between the tip position at rest and after applying
and removing pressure (see Table I). The last column of
Table I shows that the additional stiffness resulting from
the sensing skin can partially overcome hysteretic effects
arising from the inextensible tube at the center of the

TABLE I: Experimental results

Segment Bending angle at 3 Bar (rad) Bending plane orientation at 3 Bar (rad) Euclidean Distance (mm)
No Skin 0.3 mm 0.5 mm 0.75 mm No Skin 0.3 mm 0.5 mm 0.75 mm No Skin 0.3 mm 0.5 mm 0.75 mm

1 0.6707 0.51 0.507 0.4507 -0.2759 -0.1796 -0.3034 -0.0482 3.4546 4.4122 3.5416 1.5392
2 1.5763 1.412 1.1739 0.9674 -0.6265 -0.4956 -0.6091 -0.3474 2.4102 1.7665 1.9562 1.1455
3 1.7233 1.593 1.2177 1.2684 -0.5813 -0.5239 -0.4333 -0.5343 0.8099 0.6966 0.4883 0.5838

Segment Tip Position on vertical axis (mm) Potential Energy (J)
No Load 20 g Load No Load 20 g Load Energy Difference Percentage Change(%)

1 -92.0369 -40.2239 -7.88 -18.039 10.159 -128.92%
2 -82.2772 -51.22 -10.03912 -16.1263 6.08718 -60.63%
3 -47.6822 -42.5273 -8.3353 -9.3457 1.0104 -12.12%
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Fig. 5: (a) Bending angle at different pressures (left); orientation of the bending plane at different pressures (centre);
relationship between bending angle and pressure (right). (b) Tip position of the manipulator (left); detail view of the origin
(right).

(a) (b)

Fig. 6: (a) Bending angles of the actuated segments with a 20 g mass attached at the tip of the manipulator (left); tip position
with and without tip mass (right). (b) Test setup with 20 g mass attached at the tip of the manipulator.

manipulator. Thus we can infer from the results that complete
cancellation of hysteretic effects could be achieved with a
non-uniform thickness of the sensing skin at the cost of
reducing the maximum bending angle and the maximum
lateral force. Manufacturing a variable-thickness sensing skin
requires significant changes to the current process and shall
be investigated in our future work.

B. Effect of external forces

To assess the effect of an external force on the bending
angles, a 20 g mass was attached at the tip of the manipulator
(see Figure 6b). The resulting moment acts on the proximal
segment and attempts to align the manipulator with gravity.
The position on the vertical axis is employed to compute the

potential energy of the tip mass, while the tip rotations are
compared to the values without the tip mass (see Figure 6a).
The results are summarized in Table I.

C. Lateral Force Measurement

The lateral force produced by one actuated segment was
measured with an electronic scale, as shown in Figure 7. Two
conditions were considered: in the first one, the pressure was
increased up to 2 bar in one chamber, while the remaining
chambers were left at atmospheric pressure. In the second
condition, two chambers were supplied at constant pressure
(i.e., 0.2 bar) to prevent twisting effects, while the remaining
chamber was pressurized up to 3 bar. The maximum lateral
force was 1.56 N in the first case and 1.99 N in the second,



Fig. 7: Lateral force measurement for one actuated segment: test setup (left); force measurements (right).

which is larger than the average forces for push / pull tasks
in NOTES [26].

D. Sensing skin measurements

The resistance of the sensing skin at increasing pressures
of the actuated segments was recorded with a semiconductor
analyzer (4200A-SCS, Keithley) using standard two-point
measurements. The experiment was repeated 5 times for each
segment.Figure 8c shows the filtered value of the resistance
of actuated segment, which increases simultaneously to the
pressure. In Figures 8b and 8d, the raw resistance was
averaged over all data points and over the five trials, and then
normalized, showing that there is a 1 to 1 correspondence
between resistance and bending angle. This suggests that
the sensing skin could be used to measure the bending
angle in a proprioceptive fashion by employing appropriate
signal processing and calibration techniques, which will be
investigated in future work.

V. CONCLUSION

This paper presented the design and fabrication of a 6
DOF soft continuum manipulator consisting of three actu-
ated segments connected in series. The fabrication of the
prototype employs a lost-wax casting technique. A simplified
kinematic model was employed to analyze the workspace of
the manipulator and the manipulability index. Finally, the
working principle of the soft sensing skin and its integration
with the manipulator were described in detail.

Experiments were conducted to characterize and evaluate
the prototype. The results indicate that the manipulator has
nonlinear stiffness, which is in accordance with our earlier
works. In addition, the three actuated segments have different
stiffness characteristics due to their different internal struc-
ture. The soft sensing skin helps reducing hysteresis and only
results in a small reduction of the bending angle. Thanks to a
unique design based on an inextensible tube that limits axial
extension of the soft manipulator, the system was shown to
provide sufficient bending angle and force output for a range

(a) (b)

(c) (d)

Fig. 8: (a) Bending angle of distal/middle segment with sensing skin; (b,d) relationship between bending angle and normalized
resistance value for distal segment and middle segment; (c) 0.5 Hz Low-pass filter resistance for stepped input pressure.



of minimally invasive tasks. Finally, the results show that the
sensing skin can be used to measure the bending angle of
different segments, thus it could eventually replace external
EM sensors.

Future work shall focus on minimizing hysteresis and on
further improving the fabrication process in order to reduce
offset between segments, which could lead to undesired
twist. In addition, an analytical model of the stiffness of
the manipulator will be constructed, and signal processing
techniques will be employed to reconstruct the bending
angles from the measurements of the sensing skin. Finally,
we intend to integrate the soft manipulator with an endoscope
resulting in a complete system for MIS of the large intestine.
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