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Abstract— Fluid elastomer actuators are a prevalent design
paradigm in the field of soft robotics. To prevent the elastomer
from ballooning and increase the actuation consistency, a fibrereinforced design is commonly utilised, with the effect of the fiStiffnessbre angle on the robot’s
performance well established. However,
Stiffness
the impact of the geometry of the fibre-reinforced chambers has
not been tested. This paper explores two chamber geometries,
circular and semi-circular, using measurements in alignment
(a)
(b) to determine if there is
with minimally invasive surgery (MIS)
a difference in performance. The fabrication process of robots
with different chamber geometries is first streamlined, then the
characterisation of each robot is experimentally identified. The
results show the chamber geometry plays an important role in
affecting the performance of the robots, e.g., with a stiffness
variation greater than 20% between the two designs.
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Fig. 1. Overview of two robots with different chamber geometries. (a)
The manipulators response under different actuation includes elongation
and omni-directional bending. (b) Type-1 robot with three identical circular
chamber pairs. (c) Type-2 robot with three identical semi-circular chambers.
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[28] has demonstrated that the cross-sectional geometry of
surgery (MIS) [13], [14] and interventional tools [15], asthe actuation chambers is important, e.g., for miniaturising
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the dimension of FEAs and optimising the bending angle,
the impact of the geometry of individually fibre-reinforced
*This work is supported by the Springboard Award of the Academy
of Medical Sciences (grant number: SBF003-1109), the Engineering
actuation chambers has not been investigated.
and Physical Sciences Research Council (grant numbers: EP/R037795/1,
This paper explores
different cross-sectional
Three
chambers
actuation
One chamber
actuation geometrical
EP/S014039/1 and EP/V01062X/1), the Royal Academy of Engineering
(grant number: IAPP18-19\264), the UCL Dean’s Prize, UCL Mechanical
designs for individually fibre-reinforced actuation chambers
Engineering, and the China Scholarship Council (CSC).
in miniaturised fluidic-driven soft robotic manipulators. Our
1 Jialei Shi, Wenlong Gaozhang and Helge A. Wurdemann are with the
area of application is minimally invasive procedures. Here,
Department of Mechanical Engineering, University College London, UK.
h.wurdemann@ucl.ac.uk
medical instruments are inserted through 12 − 15 mm inci-

sions, known as Trocar ports allowing surgeons to carry out
essential surgical interventions inside the patient’s body [29].
In particular, we explore two chamber geometries: a circular
(defined as a type-1 robot) and a semi-circular chamber
(defined as a type-2 robot). The details of the robots’
designs are shown in Fig. 1. The design and fabrication
process of soft robots with different chamber geometries is
first generalised. The characterisation of each robot is then
identified and compared through testing to determine the
influence of chamber geometry and provide insight into how
chamber geometry can vary the performance of soft robots.
This paper is organised as follows: Section II describes the
design considerations of the robots and discusses how the
fabrication process can be streamlined. Section III presents
and analyses the experimental results of the main characterisations of the type-1 and type-2 robot. The conclusions and
potential for future research are summarised in Section IV.
II. D ESIGN , FABRICATION AND , A SSESSMENT C RITERIA
The actuation paradigm adopted here includes three sets
of chambers evenly distributed around the centre axis to
achieve both elongation and omni-directional bending in line
with [24]. This continuum type of soft robot has an elongation capability that further enlarges the reachable workspace
and enhances the tip dexterity. However, there are a few
specific surgical and practical requirements to be considered.
A. Principles of Design
1) Dimension Requirements: Considering requirements
emerging from a potential application in single port abdominal surgery, the diameter of a soft robot should be smaller
than 15 mm (the largest commercially available Trocar),
with a lumen in the range of 4 ∼ 5 mm to accommodate
the mounting of surgical tools [30]. The measurements used
for the robots discussed in this paper are a 14.5 mm outer
diameter Dr with a 4.5 mm inner lumen Dl (see Fig. 2).
2) Actuation and Fabrication: The silicone used in the
construction of the robot should have a sufficient thickness to guarantee a successful fabrication. For example,
it is necessary to ensure the demoulding process will not
unexpectedly tear the robot, especially when the chamber
moulds are removed. The minimum thickness of silicone to
the edge is defined as δ in this paper and shown in Fig. 2.
A smaller chamber diameter can facilitate the fabrication but
will require greater actuation pressure; this will compromise
the actuation efficiency. Given the body dimensions have
been determined in Section II-A.1, the chamber diameter is
maximised while ensuring that the margin of the silicone
thickness is sufficient. As such, δ1 of the type-1 robot is
empirically chosen as 0.65 mm, and the resulting maximum
chamber diameter is 2.50 mm. To make the two types
of robot comparable, the equivalent chamber area A2 of
the type-2 robot is designed approximately equal to one
chamber pair of the type-1 robot. This yields A2 ≈ 2A1 ,
and the 2% discrepancy is considered negligible. The detailed
dimensions of each robot can be found in Fig. 2.

B. Process of Fabrication
The generalised fabrication of the two types of robots are
the same, consisting of the three steps summarised in Fig. 3.
The reusable moulds are 3D-printed using resin Tough2000 (Formlabs Form 3) because the printing accuracy can
be guaranteed, and this resin is suitable for prototyping
sturdy parts without compromising the resilience. The only
difference between fabricating each type of robot is that
the chamber moulds (highlighted in blue in Fig. 3) vary
in shape, and the two adjacent chambers of the type-1
robot are connected by 1 mm diameter silicone pipe in the
procedure (b). The interchangeability of moulds reduces the
cost and fabrication time, e.g., the outermost moulds can be
shared by each type of robot (yellow cylindrical walls in
Fig. 3(a)). To maximise elongation capability and guarantee
consistency of the fibre winding, the fibre is weaved densely
with its direction perpendicular to the central axis [20]. The
fabricated manipulators can also be serially connected to
achieve greater dexterity.
C. Assessment Criteria
1) Response-to-actuation Ratio: To assess the actuation
efficiency, the response-to-actuation ratio β is defined as the
value of response denoted by Ω, which can be elongation,
bending angle and generated force, divided by the generalised actuation pressure P . This yields in (1).
Ω
p1 + p2 + p3
, and P =
(1)
P
3
The vector of chamber pressure is p = (p1 , p2 , p3 ). In this
way, the elongation ratio-to-actuation ratio is defined as βe ,
the bending angle-to-actuation ratio is defined as βb and the
force-to-actuation ratio is defined as βf .
β=
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Fig. 2. Dimension and structure of the cross-section of each soft robot.
(a) Type-1: the robot has six identical circular chambers with two adjacent
connected chambers, allowing three chamber pairs actuate individually. (b)
Type-2: the robot has three identical semi-circular chambers, with each
chamber actuated individually.

2) Hysteresis Ratio: Hysteresis has been observed in
elastomer-based materials, which indicates the response is
dependent on the direction of the change of actuation [23],
[25]. Considering this, the hysteresis ratio here is calculated
by taking the area between the forward and backward
actuation curves, and normalizing it by dividing it by the
maximum response. This yields in (2).
|Ωf − Ωb |
× 100%
(2)
Ωm
Ωf is the response of the forward, Ωb the response of the
backward actuation process. Ωm is the maximum response.
The hysteresis ratio of elongation and bending can then be
defined as he and hb , respectively. In this way, βe , βb , he , hb
are utilised to assess and compare the performance of each
robot design in Section III.
h=

III. E XPERIMENTAL C HARACTERISATION AND
C OMPARISON
A. Experimental Setup
Each robot design under investigation shares the same
setup. The pressure in each chamber is regulated by a
pressure regulator (Camozzi K8P), the output pressure of
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Fig. 3. Fabrication of each robot design: (a) → (b) → (c). Please note the
chambers shown here are from the type-2 robot. (a) Moulds assembly: One
set of chamber moulds is comprised of an inner core and two identical slide
Two chamber pairs actuation
parts. In-extensible thread is manually wound around the assembled chamber
moulds before assembling all moulds. (b) Silicone curing: after pouring
the silicone (EcoFlex 0050, Smooth On) into the moulds, the assembled
chamber moulds are slid out once the silicone completely cures. In this
way, the thread is partially embedded in the body of the robot. A thinner
chamber mould is then inserted and cast into the inner side of the chamber,
which fully integrates the thread into the silicone body. The next step is to
seal the bottom and top of the robot using a harder silicone (DragonSkin
0030, Smooth On). Finally, the pneumatic pipes can be connected to the
chambers via reserved holes. (c) Demoulding and finalising the robot: The
last step is to attach connection plates to the fully demoulded robot.

which is proportional to the control signal (0 ∼ 10 V),
and an incorporated pressure feedback channel (0 ∼ 3 bar).
The pressure regulators are monitored and controlled by the
NI-DAQ USB-6341, with multiple digital and analogue input/output ports. The input ports of all the pressure regulators
are connected to a compressor (BAMBI MD Range Model
150/500). The NDI Aurora electromagnetic tracking system
is used to monitor the configuration of the robots. The linear
rail (Zaber X-LSM100A) with an attached 6 Degrees of
Freedom (DoF) force/torque sensor (IIT-FT17) is designed to
identify the stiffness of the robots. Matlab is used to collect
and process the data with a 500 HZ acquisition frequency.
B. Experimental Protocols
Experiment 1 - Bending and Elongation: A 6 DoF NDI
tracker was attached at the tip of each robot, from which the
elongation ratio was calculated by variation of the position
in the z-axis divided by the original length. The bending
angle was calculated from the variation of the rotation matrix
by Matlab function quat2rotm(). In the elongation test, all
chambers were actuated simultaneously, with a maximum
elongation ratio of 0.6. For the bending test, one chamber
pair and two chamber pairs (for the type-1 robot) and
one chamber and two chambers (for the the type-2 robot)
actuation were both explored, with a maximum bending
angle of 150◦ .
Experiment 2 - Workspace: The pressure in each chamber
of the robots was kept in the same range of 0 ∼ 1.2 bar,
with an incremental step of 0.3 bar. In this way, there are a
total of 53 = 125 sets of pressurisation. The NDI tracker was
attached at the tip of robots to record the position. The x-axis
of the Aurora system aligns with the centre of a chamber (the
type-2 robot) or a chamber pair (the type-1 robot).
Experiment 3 - Force Generation: The top of each robot
was constrained by the force sensor, which prevents elongation and allows the blocked force to be measured. The robots
were then actuated by one chamber (pair), two chamber(s)
(pairs) and three chamber(s) (pairs) in turn, with the pressure
in the range of 0 ∼ 1.2 bar for both manipulators. To prevent
the robot from buckling when measuring the generated force
under different pressure, a stiff rod was inserted into the inner
lumen without influencing the measurement.
Experiment 4 - Stiffness: The stiffness was identified under
four configurations: no pressurisation, one chamber actuated
with a 90◦ bending angle, two chambers actuated with a
90◦ bending angle, and three chambers actuated with a 0.3
elongation ratio. The tip of the robot was pushed by the
linear rail with the maximum deflection displacement ∆d
set as 15 mm and the speed as 0.25 mm
s . The stiffness k can
fd
,
where
f
is
the measured force. In
be calculated by k = ∆
d
d
each configuration, the stiffness along the x-, y- and z- axes
were identified, and the stiffness is written in the tip frame.
C. Experimental Results
Results for Experiment 1: Fig. 4 shows the average elongation ratios (solid curves) and standard deviations (shaded
areas) of four trials when one, two and three chambers are
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Fig. 4. Results for Experiment 1 - Elongation and bending response of each robot design under different actuation. (a) Elongation response with the
corresponding hysteresis.
4.3N 0.73(b) Bending angle response with the corresponding hysteresis when one of the three chambers is actuated. (c) Bending angle
response with the corresponding hysteresis when two of the three chambers are actuated simultaneously.
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a similar trend when the bending angle is the same.
The second finding is the overall stiffness of the type-1
robot is greater than that of the type-2 robot, evident from
Figs. 7(a)-(d). Also, the buckling force of the type-1 robot is
larger: The force is 5.57 N for the type-1 robot and 4.57 N
for the type-2 robot, as shown in Fig. 7(a).
Thirdly, the stiffness of the two robots under investigation
1
is configuration dependent. For example, comparing
Fig. 7(a)
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Fig. 6. Results of Experiment 3 - The comparison of the generated force
under different actuation. Linear curve fitting is adopted.

of 1. The results show the volume is 43, 327 mm3 and
59, 213 mm3 for the type-1 and type-2 robot, which indicates
the overall workspace of the type-2 robot is 36.67% larger
than the type-1 robot with a maximum pressure of 1.2 bar.
Results for Experiment 3: In Fig. 6, the solid and dashed
curves indicate which chambers are actuated, showing the
average values and standard deviation of four trials of the
blocked force measurements. The generated force is linearly
proportional to the pressure for both robots, but the type-2
robot has better force generation capability than the type1 robot. Specifically, Fig. 6 shows the maximum generated
forces of the type-1 robot are 2.59 N, 5.10 N and 7.75 N
when one, two and three chambers are actuated. The corresponding force-to-actuation ratio βf can be calculated as
6.48 N/bar, 6.38 N/bar and 6.46 N/bar, showing high
consistency. By contrast, the generated force of the type-2
robot is 2.75 N, 5.56 N and 8.75 N. Here, βf is 6.87 N/bar,
6.95 N/bar and 7.29 N/bar, demonstrating a slight increase
with greater pressurisation and leading to an overall higher
βf compared to the type-1 robot.
Results for Experiment 4: Fig. 7 illustrates the results of
stiffness identification under four configurations (no actuation, one-, two- and three-chamber actuation). Again, the
solid coloured curves show the average measurements and
the shaded areas the standard deviations of four trials for the
type-1 (blue colour) and type-2 (red colour) robot in x-, yand z-direction. The first finding is that the overall stiffness
decreases under higher pressurisation when the configuration
is the same. Fig. 7(a) shows the initial stiffness along the xN
for the type-1 robot, and
and y- axis is 1.47 × 10−2 mm
−2 N
1.13 × 10 mm for the type-2 robot; the stiffness along the
N
N
z-axis is 1.19 mm
for the type-1 robot and 0.91 mm
for the
type-2 robot. Fig. 7(d) shows the stiffness response under
a 0.3 elongation ratio, which shows less stiffness compared
N
with Fig. 7(a), i.e., the stiffness decreases to 0.60 × 10−2 mm
−2 N
for the type-1 robot and 0.40×10 mm for the type-2 robot.
Comparing Fig. 7(b) with Fig. 7(c), the results demonstrate

Both robots perform differently throughout Experiments 14,0.4with the main comparisons summarised in Table I. These
0.3
results
indicate that chamber geometry plays a non-negligible
0.2 even when the initial chamber area is equivalent.
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the type-2 robot has comparatively lower stiffness than the
type-1 robot, ranging from −18.97% to −26.93%. There
are two reasons for this difference. Firstly, the distributed
six circular chambers of the type-1 robot may provide a
structural support for the robot. Secondly, the reinforced fibre
constrains the perimeter of the chambers, and the chamber of
the type-2 robot tends to converge to a circle from its initial
semi-circular shape under the perimeter constraint [25]. This
tendency means the equivalent chamber area of the type-2
robot increases under higher pressurisation. Evidence for this
change is the force-actuation ratio of the type-1 robot remains
6.38 − 6.48N/bar in Experiment 3, whereas the ratio of the
type-2 robot increases from 6.87 to 7.29 N/bar when the
pressurisation varies from one chamber to three chambers.
Experiment 4 also shows the overall stiffness of each
robot decreases with the increase of pressure, even if the
pressurised chambers have a stiffening function [21]. An explanation for this behaviour is that silicone is incompressible
and the longitudinal elongation reduces the radial diameter
of the robot. In turn, the decrease of stiffness resulting from
the elongation exceeds the increase of stiffness caused by the
chamber stiffening. This is in line with the analysis by [31].
Experiment 1 shows even the elongation hysteresis of the
type-2 robot is smaller than that of the type-1 robot, the
bending hysteresis of both robots are on the same level.
This may imply that the hysteresis mainly comes from the
properties of elastomers, and the chamber geometries have
small influence on the hysteresis.
With regards to the manufacturing process, the chamber
design of the type-2 robot simplifies the fabrication process.
Fewer chamber moulds are needed to construct the robot, and
the fibre winding is halved. The overall improved actuation
efficiency of the type-2 robot also provides the potential to
further miniaturise the robot by reducing the size of actuation
chambers, whereas scaling down the chamber size of the
type-1 robot will compromise the actuation efficiency and
increase the fabrication difficulties.
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Fig. 7. Results of Experiment 4 - The stiffness identification written in the body frame. (a) The three directional stiffness when the robots are not
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The stiffness response when robots have a 90◦ bending angle when one chamber is pressurised. (c) The stiffness response when robots
Type1 5.57 buckling 5mm
have a 90◦ bending
angle
with 5mm
two chambers pressurised. (d) The stiffness response when robots have a 0.3 elongation ratio with three chambers pressurised.
Type2 4.57
buckling
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