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Abstract Purpose In minimally invasive surgery and endoscopy, the rise of soft
robotics, using materials of similar softness as biological soft tissues, opens many
new opportunities. Soft actuated catheters could become an alternative to cur-
rent steerable catheters, by minimizing the risk of damage to surrounding tissues
while enhancing the possibilities to navigate in confined space and to reach remote
locations. Fluidic actuators present the advantage to be safe, since they do not
require rigid parts nor voltage, to be lightweight, and to allow the reduction of
the number of parts needed for a given movement. This work presents the design,
development and characterization of a soft fluidic bending actuator for a steerable
catheter. Methods A silicone prototype of 5 mm diameter has been designed. It
has one degree of freedom in bending and achieves a radius of curvature below
10 mm. A numerical model has been developed and compared to the experimental
results. Results Despite an overestimation of the bending, the numerical model
properly captures the behaviour of the actuator. This allowed to identify and val-
idate the key design parameters of the actuator, namely the ratio between the
pressure channel surface and the actuator cross-section surface. Based on the re-
sults, an optimized design has been developed and numerically implemented. The
miniaturization and the potential to carry devices with non-negligible bending
stiffness have also been discussed. Conclusion In this work, a proof of concept of
a soft fluidic actuator for a steerable catheter has been designed, developed and
characterized. It showed promising results concerning the feasibility of a miniatur-
ized actuator with two degrees of freedom.
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1 Introduction

Soft robotics is an emerging field presenting various applications such as grippers,
wearable devices or minimally invasive surgery (MIS) tools [1–3]. MIS requires
specific devices, such as endoscopes and catheters. Several solutions have been
suggested to actuate steerable navigation tools [4–6]. They can be sorted into
four main actuation methods: cable actuation, magnetic actuation, smart mate-
rial actuation, and fluidic actuation. The emergence of soft robotics, associated
with fluidic and smart materials actuation, is bringing new possibilities, as well
as enabling a new paradigm for navigation tools, in terms of softness and safety,
to achieve more complex movements and to develop inexpensive actuators [2].
Such tools could enable reaching locations through tortuous trajectories in the
human body while minimizing the risk of damaging tissues and presenting low
interaction force with organs [1, 3, 7]. Several reviews on the actuation methods
for soft robotics can be found in the literature [1, 2, 8, 9]. Among those solutions,
fluidic actuation seems especially promising for MIS applications. The bending
is achieved using the deformation generated by fluidic pressure on the walls of a
chamber, combined with anisotropic rigidity. This solution has the benefit of being
safe, since it does not require parts under voltage [9], of being made entirely of
compliant material [1], as well as being lightweight [1, 9]. Also, the fluidic actu-
ation allows the reduction of the number of parts needed for a given movement
[9].

Since the design suggested by Suzumori [10], many designs have been proposed
in the literature with diameters as low as 1.7 mm, but containing no or too small
internal lumen and having non-constant cross-sections [11, 12]. A constant cross-
section geometry offers the advantage of being easily produced. These designs
have generally external diameter wider than 10 mm or no internal lumen [13–17].
At large scale, a colonoscope using this solution has already been commercialized
(Endotics, ERA endoscopy). Sun [18] proposed a very promising design, based on
a combination of eccentric and multi-material asymmetry with an internal lumen
and an external diameter of 6 mm. Recently, research focused on the integration
of such soft robots in robotic platforms, and its benefits for specific procedures
have been demonstrated, for example, to provide a better field of vision during
laparoscopic procedures in the low pelvis [19].

This work presents the design, characterization and optimization of a miniatur-
ized soft fluidic actuator for steerable catheter, able to develop radius of curvature
smaller than 10 mm. The novelty of this multi-purpose design is to integrate an in-
ternal lumen, which allows carrying a MIS device (i.e. the leads of a camera) while
being miniaturized to 5 mm outer diameter. This actuator could be used as an
end effector on a steerable catheter, to reach locations inaccessible to endoscopes
and laparoscope and increase the surgeon’s dexterity. The miniaturized actuator is
introduced in subsection 2.1 and the manufacturing is described in subsection 2.2.
A numerical model is developed in subsection 2.3, and the experimental method is
given in subsection 2.4. The results are compared in section 3. The models are first
validated based on the experimental results, allowing to identify the key design pa-
rameters of the actuator in a second phase. Based on the results, an optimization
study is presented using the numerical model. A design able to bend in every di-
rection is proposed, to enhance navigation capabilities. The potential applications
and use cases are discussed in subsection 3.4, studying the effect of the tool placed
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Fig. 1 Implemented actuator design. (1) Fibre reinforcement. (2) Soft silicone body. (3)
Limiting fibre/leads of the MIS device.

in the internal lumen and the potential for further miniaturization. Propositions
for future work directions conclude the paper.

2 Materials and Methods

2.1 Design

The implemented design is presented in Figure 1. It has one degree of freedom in
bending and an outer diameter dO = 5 mm. Three main parts are composing the
actuator: a soft silicone body, a fibre reinforcement, and a strain limiting fibre. The
soft body is made of silicone and integrates two channels: a pressurized channel
(diameter dPC = 1.7 mm) and a internal lumen (diameter dIL = 1.5 mm). The wall
thickness is consequently tW = 0.6 mm. One of the advantages of the design is
the constant cross-section of the actuator, significantly simplifying the design and
assembly. Fibre reinforcement is added externally, to limit the radial expansion of
the soft body, and does not increase the bending stiffness of the actuator. This fibre
reinforcement is mainly characterized by its pitch, i.e. the distance between two
turns, which is set at epitch = 0.8 mm. Wang [20] studied the influence of the pitch
on the bending and showed that from a critical value, the bending angle is maximal
and the pitch does not influence the bending. This critical value of pitch is reached
when the radial expansion is utterly constrained, i.e. when no ”bubble” appears
between the fibres. The limiting fibre plays an essential double role in the bending.
It acts as neutral fibre, limiting the elongation of the actuator, and inducing the
bending. Also, the leads of the MIS device placed in the internal lumen (typically
a camera) can directly act as strain limiting fibre, here implemented by a thread.

Euler-Bernoulli beam theory can be used to provide a first interpretation of
the working principle of the actuator. The pressure is evenly distributed on the
pressurized channel surface. The radially directed pressure will only induce a ra-
dial deformation of the actuator, assumed entirely prevented here by the fibre
reinforcement. The pressure p applied on the area A of the tip of the pressurized
channel will result in an axial force F shifted of a distance d relatively to the neu-
tral fibre, whose position is imposed by the limiting fibre. The generated moment
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M = p.d.A, constant along the length of the actuator, causes the bending of the
actuator with an angle θ. The radius of curvature RC = l/θ, independent of the
length l is then used to characterize the bending. The bending is inversely propor-
tional to the bending stiffness of the actuator, which depends on the material and
geometrical properties of the material, especially the diameter of the actuator.

The designs presented in this section will be further studied in subsection 2.3
and subsection 2.4. Based on the results, an optimisation of the design is proposed
in subsection 3.3.

2.2 Manufacturing

The soft body is made of moulded silicone (Ecoflex 0030, Smooth-On). The mould-
ing process is inspired by the Inverse Flow Injection process described by Sun [18].
This process allows the production of soft bodies of sufficient quality, i.e. with
clean and constant cross-sections, and repeatable. Silicone glue is used to seal the
pressurized channel and to fix the pressure connection tube and the limiting fibre.
Two helix winding (left- and right-handed) of fibre reinforcement are added man-
ually. A 0.15 mm diameter polyester suture thread is used as fibre. A thin layer of
silicone is added after the placement of the thread to fix it. The limiting fibre is
implemented with a polyester suture thread of 0.6 mm diameter.

2.3 Modelling

A quasi-static numerical finite element model has been developed on COMSOL
Multiphysics. The geometry of the numerical model is shown in Figure 3. The
parameters are based on the value of the designed geometry, excepted for the
length, which differs between the different samples; the thickness of the sealing
of the pressurized channel, which had to be estimated; and the limiting fibre di-
ameter. The dynamics of the actuator is not considered here, the surgeon move-
ments being comprised below 2 Hz during normal procedure [15], and the typical
order of magnitude for fluidic actuator bandwidth being around 10 Hz [2]. Sev-
eral simplifications are assumed. Seeing its role (subsection 2.1), the double helix
is modelled by an array of a torus. This assumption allows a drastic simplifica-
tion of the geometrical model. The reinforcement fibre is modelled squared and
placed externally to the actuator, the additional fixation silicone layer is not con-
sidered. To avoid contact boundary conditions, the limiting fibre is placed in the
silicone. The diameter of this limiting fibre has been reduced by a factor of two
[21], to limit the bending stiffness of the fibre while maintaining its length lim-
iting properties. The symmetrical properties of the actuator have been used to
reduce the computational cost, and the weight is not taken into consideration.
A fixed boundary constraint is applied on the proximal surface of the silicone
body, and a pressure load is applied on the pressure channel surface. A third or-
der incompressible Yeoh model is used to model the hyperelastic silicone body. It
describes the material by its strain energy density Ws as a function of the strain
invariants I1 [22]: Ws = c1(I1 − 3) + c2(I1 − 3)2 + c3(I1 − 3)3. Kulkarni’s char-
acterization of Ecoflex 0030 [23] is implemented, with coefficients c1 = 12.7 kPa,
c2 = 423 Pa, and c3 = −1.46 Pa. The incompressibility is implemented by using a
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Fig. 2 Geometry of the numerical model for the angle measurement. The hatched surface
indicates a fixed boundary condition. A pressure load is applied on the surface of the pressurized
channel (in light blue).

high initial bulk modulus (100 MPa). The density is 1.07 g/cm3. As proposed by
Polygerinos [21], the fibre reinforcement is modelled by a linear elastic material,
having a Young’s modulus of E = 31.076 MPa and a Poisson’s ratio of ν = 0.36.
The inextensible limiting fibre is modelled by an incompressible Yeoh model with
c1 = 7.9 MPa, c2 = 0, c3 = 0 [21]. Default second order tetrahedral elements are
used for the meshing of the actuator. Boundary layers are added on the surface
subject to the pressure to refine the mesh. A MUMPS direct solver is used, and
an auxiliary sweep on the pressure is performed to improve its convergence. The
convergence of the model has been validated using the maximal displacement.
The simulation takes around 15 min to run. A similar model has been developed
to characterize the blocking force developed by the actuator. A fixed surface is
placed below and tangent to the actuator, and a contact boundary condition is
added between both parts.

The main assumptions of the numerical model have been validated through
a sensitivity study, evaluating the influence of the variation of one parameter at
a time in a reasonable order of magnitude with respect to possible errors on the
fabrication process of the prototypes (Table 1). The parameters related to the
fibre reinforcement have a relatively small influence on the radius of curvature.
This means that in the range of variation of pitch, thread diameter, and thread
shape studied, the radial expansion remains fully constrained, and the bending
stiffness of the thread remains negligible [20]. The diameter of the limiting fibre
is also a negligible parameter, indicating that the bending stiffness of this fibre
remains negligible. Contrarily to the first interpretation, the placement of the
limiting fibre, and consequently the distance between the centroid of the pressure
channel and the neutral fibre, is not a crucial parameter. The ”top” and ”bottom”
configurations indicate that the fibre is placed in the silicone, respectively above
and below the internal lumen. The model without limiting fibre demonstrates its
role to optimize the bending. Note that the placement of the limiting fibre in the
silicone (and not in the centre of the internal lumen) increases slightly the bending
of the model. It is less realistic but makes contact boundary conditions unnecessary
and reduces the computational cost of the model. Finally, the material model
is of substantial influence, and the different Yeoh hyperelastic material models
presented in the literature differ significantly from each other [21]. For further
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Table 1 Influence of the assumptions on the numerical model. The radius of curvature is
given for a pressure of 0.20 bar (* at 0.15 bar for the placement of the limiting fibre). The lines
in bold indicate the value of the parameter used in the implemented model.

Modified parameter Value Radius of curvature (mm)

Pitch of the fibre reinforcement

0,50 mm 17,18
0,80 mm 16,86
1,10 mm 16,31

Reinforcement thread diameter

0.10 mm 16.31
0.15 mm 16.86
0.20 mm 17.31

Reinforcement thread shape
round 18.04
rectangular 16.86

Limiting fibre diameter

0.2 mm 17.14
0.3 mm 16.86
0.4 mm 17.01

Limiting fibre placement*

top 31.20
bottom 31.13
center 33.46
no fibre 36.36

Hyperelastic material model
Polygerinos [21] 15.01
Kulkarni [23] 16.86

work, the hyperelastic material should be characterized internally, to ensure an
adequate model.

2.4 Experimental method

Two tests benches have been developed to characterize the bending using the ra-
dius of curvature RC and the blocking force F of the actuator as a function of
the pressure. Their conceptual design is shown on Figure 3. The bending char-
acteristics were measured on six actuators with lengths varying between 16 mm
and 48 mm. The blocking force test bench is based on the angle measurement, but
the angular graph paper is replaced by a precision weighing scale, used as a force
sensor. The weighing scale is placed horizontally to measure the blocking force.
Two actuators of l = 17 mm long were each tested three times. The initial weight
(i.e. the measure for p = 0 bar) is subtracted to the measured weight, to isolate
the force of the actuator. The tests benches allowed a reproducible characteriza-
tion of the actuators, despite several limitations. Placing the actuator horizontally
adds friction between the actuator and the angular graph paper, and leads to an
underestimation of the bending/force if the bending does not happen perfectly in
the horizontal/vertical plane.

3 Results and discussion

3.1 Characterization and validation of the numerical model

The radius of curvature of the actuator reaches values smaller than RC = 10 mm
for pressures around p = 0.35 bar. The numerical model shows similar results in
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Fig. 3 Conceptual scheme of the test benches. (a) Angle measurement. (b) Blocking force
measurement.

Fig. 4 Results. a) Bending of the numerical model (l = 40 mm). The colour scale represents
the logarithm of the von Mises stress (Pa). b) Superposition of the numerical model (p =
0.20 bar, l = 40 mm) and the experimental results (sample C, p = 0.20 bar and p = 0.25 bar,
l = 39 mm). c) and d) Comparison of the results as a function of the pressure. The mean of the
experimental results is plotted. The error bars indicate the standard deviation of the measures
for the radius of curvature, and the measurement error on the pressure gauge (±0.02 bar).
Radius of curvature: l = 20 mm; Blocking force: l = 17 mm.
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terms of achievable bending, as illustrated in Figure 4. We can observe that the
numerical model is overestimating the bending at a given pressure. However, it
superposes almost perfectly with a shift in the input pressure of 25%. This is con-
firmed by the quantitative comparison using the radius of curvature. The numerical
model follows the experimental results despite a shift between the two curves. The
numerical and experimental blocking force results allow to characterize the order
of magnitude of the blocking force developed by the actuator: around 40 mN for a
pressure p = 0.35 bar. As for the bending, the numerical model overestimates the
blocking force compared to the experimental results. For a given blocking force,
the shift of pressure between the experimental results and numerical model is
similar to that of the bending model at a given radius of curvature. Note that,
as taken into account in the models, no significant hysteresis is observed in the
experimental results, where the pressure is increased from 0 bar to 0.35 bar, and
then decreased again to 0 bar.

The differences between the experimental results and the numerical models
could be explained by the limitations of the experimental setup, the inaccuracies
caused by manufacturing, and by the assumptions made on the numerical model.
In particular, the friction and the placement imprecision of the actuator on the
test bench lead to an underestimation of the bending. Also, the outer diameter
of the prototypes is probably decreased by the tension of the thread during the
reinforcement, while the external wall thickness is increased by the additional layer
of silicone fixing the reinforcement fibres. Finally, the hyperelastic material model
used for this study is a limitation. Large variations are found in the literature. The
model used in this study only characterized the material under uniaxial loading,
while multiaxial deformation happens during inflation of the actuator, which can
decrease the model quality [24]. Despite these differences, the numerical models
properly capture the behaviour of the actuator. More, the soft actuator achieves a
radius of curvature smaller than 10 mm, validating the proof of concept developed
in this work.

3.2 Key design parameters

Different geometrical parameters were varied one at a time to identify the key
design parameters. Among others, the impact of a small shifting of the pressure
channel upwards in the cross-section (decreasing the wall thickness between the
pressure channel and the fibre reinforcement) or downwards (decreasing the wall
thickness between the internal lumen and the pressure channel) has been studied.
The bending is strongly increased when the pressure channel is placed more ec-
centrically (radius of curvature of 14.19 mm at 0.15 bar with an upwards shift of
0.2 mm, to be compared to the 16.86 mm radius of curvature with no shift, and
18.90 mm radius of radius with a downwards shift of 0.2 mm). Since the distance
d between the centroid of the pressurized channel showed only a limited influence
(subsection 2.3), this could be explained by the fact that the thinner wall between
the channel and the reinforcement fibre requires less pressure to be extended. Note
that this decreased thickness goes along with an increased wall fragility. The in-
fluence of the other geometrical parameters is synthesized in Figure 5. For each
varied parameter, all the other parameters excepted the pressure channel diam-
eter are fixed, allowing only this last parameter to vary. It can be observed that
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Fig. 5 Simulation results. Radius of curvature as a function or the ratio pressure channel
surface/total surface at 0.15 bar (OD: Outer Diameter, WT: Wall Thickness, ILD: Internal
Lumen Diameter).

the influence of these parameters can be summarized using the ratio between the
surface of the cross-section of the pressure channel and the surface of the cross
section of the actuator. This is therefore considered to be the main geometrical
parameter, to be maximized to optimize the bending. Those results are coherent
with the framework developed analytically by Garriga-Casanovas [25] applied to
the present design. Based on these results, optimized designs are presented in sub-
section 3.3. The potential for further miniaturization and to carry an endoscopic
device are studied in subsubsection 3.4.2 and subsubsection 3.4.1.

3.3 Optimized design

Two optimized designs are proposed. They are shown in Figure 6 and present a
maximized pressure channel surface. The design with one degree of bending in
freedom (1-dof design) should increase the bending and blocking force developed
by the actuator for a given pressure. However, to increase the surgeon’s dexterity
and navigation capabilities, the actuator should be able to bend in every direction.
Consequently, a second model with two degrees of freedom in bending is presented
(2-dof model). This actuator must be able to bend in every direction by selectively
pressurizing one or two of the three pressurized channels. More channels would be
redundant and the ratio between the cross-sectional area of the channels and the
cross-sectional area of the actuator would be reduced.

It is important to take the limitations of the model into account for this op-
timization study, the bending being overestimated by the numerical model. At
0.14 bar, the 1-dof optimized model and the 2-dof optimized model achieve re-
spectively a radius of curvature of 13.11 mm and 22.13 mm, where the numerical
model of the implemented model bends with a radius of curvature of 34.93 mm. As
expected, seeing the maximized surface, the 1-dof optimized model presents the
best bending at the lower pressure. It is also interesting to observe that, based on
this model, the 2-dof model present a higher bending that the model implemented
in this work, despite a smaller pressure channel surface. This can be explained by
the reduction in bending stiffness caused by the reduction of the soft body surface
in the cross-section. Note that the simultaneous pressurization of two channels in-
creases slightly the bending (of 5% at 0.14 bar). The value of 10 mm for the radius
of curvature should theoretically be achieved at reasonable pressure values.
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Fig. 6 Optimized designs. (a) One degree of freedom. (b) Two degrees of freedom.

3.4 Applications and use cases

Soft actuators for minimally invasive surgery navigation offer the potential to
increase the patient safety and the surgeon dexterity while enabling to reach remote
locations through natural orifices or small incisions [1, 3]. The actuator presented
in this work could be used as an end effector for a soft steerable catheter, able to
carry various MIS tools. A typical use case would be to use it as a visualization
module. A camera can be placed at its tip, while the leads of the camera would
be placed in the internal lumen channel, and act as strain limiting fibre. Its small
size could allow reaching remote locations, and its bending capabilities could allow
an increased field of vision and enhanced navigation capabilities, while its softness
ensures the safety of the patient.

3.4.1 Bending stiffness of the MIS device

The bending capabilities of the actuator will be influenced by the bending stiff-
ness of the leads of the MIS tool. To analyse this effect, the numerical model pre-
sented in subsection 2.3 has been adapted by implementing the leads as a cylinder
(1.5 mm diameter), replacing the 0.6 mm diameter limiting fibre. The cylinder has
been modelled as a linear elastic material, to study the influence of its Young’s
modulus on the bending of the actuator. The results are shown in Figure 7. The
radius of curvature increases linearly with the bending stiffness, as expected. The
logarithmic axes deform the linear approximation. The y-intercept of the linear
approximation (18.69 mm) is close to the value neglecting the bending stiffness in
the internal lumen, i.e. using a thread as limiting fibre (16.86 mm). The slight dif-
ference could be explained by the difference of deformation of the pressure channel,
the MIS device limiting its expansion. This model allows to anticipate the maxi-
mal bending stiffness of a device, to reach a given angle at a given pressure, for a
particular design. As an example, the bending stiffness of the device becomes non-
negligible from around 1 Nmm2 for this design. More generally, the high flexibility
of soft actuators can be a drawback for some applications [7, 26]. This model al-
lows to investigate further the overall bending stiffness of the structure depending
on the carried MIS tool, and could be used to guide the design of the actuator for
more specific applications.

3.4.2 Miniaturization

Miniaturizing the presented actuator is another challenge that could allow the
steerable catheter to pass through the working channel of endoscopes, and reach
even smaller locations of the human body. The effect of scaling down the actua-
tor has been studied numerically on the non-optimized model. The same ratio of
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Fig. 7 Simulation results. Influence of the bending stiffness of the MIS device placed in the
internal lumen of the actuator on the radius of curvature at 0.20 bar. The bending stiffness is
given for the 1.5 mm diameter cylinder implemented.

surface between the pressure channel and the actuator is used for the miniaturiza-
tion. The simulation results show no theoretical limitation to the miniaturization.
Also, the miniaturized actuator requires less pressure to achieve the same radius
of curvature. At 0.14 bar, the actuator model scaled down to an outer diameter of
2 mm achieves a radius of curvature of 15.29 mm, to be compared to the radius of
curvature of 34.93 mm achieved by the the 5 mm model. This can be explained in-
tuitively by the domination of the effect of the bending stiffness reduction, roughly
proportional to the 4-th power of the outer diameter, while the pressure channel
surface is roughly proportional to the square of the outer diameter. Those promis-
ing results must be put into perspective with technological and fragility limitations.
The wall thickness is decreased to 0.24 mm for an outer diameter of 2 mm. The
fabrication of such a geometry would be challenging with similar processes than
those developed in this work, and the actuator would be more likely to break at
lower pressures.

3.4.3 Future work direction

The results and the numerical model demonstrated the potential of the actuator.
We believe that it could open new perspectives in terms of navigation, because
of the small scale and bending capabilities of the presented actuator. However,
challenges remain to integrate this end effector in a controllable steerable catheter,
as the development of a control and navigation strategy, the study of its dynamic
behaviour, and the integration of shape and contact sensors to provide feedback
to the surgeon. The numerical model presented here allowed to develop a better
understanding of the actuator, and could guide further design for more specific
applications, and to develop adequate control strategies.

The risk of fluid leakage must be taken into consideration as well, as it would
limit the potential of the actuator. As an example, the use of air to actuate the
catheter forbids its use of intravascular procedures. Even if the risk is not negligible,
a burst would not be dangerous for the patient, seeing the low pressure considered.
To address these limitations, the possibility of replacing fluidic pressure by an
expansive soft material should be investigated. Moreover, this alternative solution
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could allow further miniaturization by avoiding the congestion of the pressure
lines.

4 Conclusion

In this work, a proof of concept of a soft fluidic actuator for a steerable catheter
has been designed, developed and characterized in terms of bending, radius of
curvature, and blocking force. The 5 mm diameter prototype, having one degree
of freedom in bending, is able to achieve a radius of curvature smaller than 10 mm
and to develop forces above 40 mN for a pressure of 0.35 bar. A numerical model
has been developed and compared to the experimental results. A finite element
model has been developed and compared to the experimental results. Despite the
highlighted limitations and an overestimation of the bending, the model properly
captures the behaviour of the actuator. This model allowed to identify the key de-
sign parameters of the actuator, especially the ratio between the pressure channel
surface and the actuator cross-section surface.

The miniaturization and the potential to carry devices with non-negligible
bending stiffness have been studied using the numerical model. It showed no the-
oretical limit to miniaturization: at a given pressure, a scaled down actuator will
achieve a smaller radius of curvature. Based on the results, optimized designs were
proposed. The operating principle of an actuator able to bend in every direction
has also been demonstrated.
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