
International Journal of Mechanical Sciences 255 (2023) 108437

A
0

Contents lists available at ScienceDirect

International Journal of Mechanical Sciences

journal homepage: www.elsevier.com/locate/ijmecsci

Modeling of soft fluidic actuators using fluid–structure interaction
simulations with underwater applications
Matheus S. Xavier a,∗, Simon M. Harrison b, David Howard c, Yuen K. Yong d, Andrew J. Fleming d

a Department of Electrical and Electronic Engineering, The University of Melbourne, Parkville, VIC 3010, Australia
b Data61, CSIRO, Clayton, VIC 3168, Australia
c Data61, CSIRO, Pullenvale, QLD 4069, Australia
d Precision Mechatronics Laboratory, School of Engineering, The University of Newcastle, Callaghan, NSW 2308, Australia

A R T I C L E I N F O

Keywords:
Soft robotics
Soft actuators
Fluid–structure interaction
Finite element modeling
Underwater robots

A B S T R A C T

Soft robots have been developed for a variety of applications including gripping, locomotion, wearables and
medical devices. For the majority of soft robots, actuation is performed using pneumatics or hydraulics.
Many previous works have addressed the modeling of these fluid-driven soft robots using static finite element
simulations where the pressure inside the actuator is assumed to be constant and uniform. The assumption
of constant internal pressure is a useful simplification but introduces significant errors during events such
as pressurization, depressurization, and transient loads from a liquid environment. Applications that use soft
actuators for locomotion or propulsion operate using a sequence of transient events, so accurate simulation
of these events is critical to optimizing performance. To improve the simulation of soft fluidic actuators and
enable the modeling of both internal and external fluid flow in underwater applications, this work describes
a fully-coupled, three-dimensional fluid–structure interaction simulation approach, where the pressure and
flow dynamics are explicitly solved. This approach provides a realistic simulation of soft actuators in fluid
environments, and permits the optimization of transient responses, which may be due to a combination
of environmental fluid loads and non-uniform pressurization. The proposed methods are demonstrated in a
number of case studies and experiments for a range of actuation and both internal and external inlet flow
configurations, including bending actuators, a soft robotic fish fin for propulsion, and experimental results of
a bending actuator in a high-speed fluid, which correlate closely with simulations. The proposed approach
is expected to assist in the design, modeling, and optimization of bioinspired soft robots in underwater
applications.
1. Introduction

Soft robots are made of highly deformable and compliant materials
and usually follow a bioinspired design [1–4]. They show high dexter-
ity, safety, physical resilience, and can adapt to delicate objects and
environments due to their conformal deformation [2,5]. Their ability
to elastically deform and adapt their shape to external constraints and
obstacles make them ideal for applications such as gripping, bioinspired
locomotion, minimally invasive surgery, wearable robotics, and im-
plantable devices, where the environment is highly dynamic, sensitive
to physical interaction, or constrained with restricted access [6–9].

Soft robots show a variety of actuation technologies [10–14]. For
fluid-driven actuation, gas or liquid is used to control the chamber de-
formation [15–17]. For cable-driven actuation, pull and release cables
embedded in the soft actuator are used to control the deformation [18–
20]. For shape-memory materials (SMM), temperature changes are used
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to control phase change and deformation with simple programming of
shapes and good controllability [21–23]. Compared to smart metals
and ceramics, smart polymers provide larger deformation and can be
actuated with a wider range of stimuli [24–26], including light, mag-
netic and electric actuation [27–29]. For electroactive polymers (EAP),
such as dielectric elastomers, an electric potential is applied between
two electrodes to deform a soft dielectric [30,31] which can mimic
muscle-like actuation [32,33]. Hydrogel-based actuators are capable of
absorbing a large amount of water without dissolving [34] and can
respond to various external stimuli such as electric, ionic strength, light,
magnetic field, pH and temperature [35–38].

The majority of soft robots are fabricated from soft fluidic actuators,
where actuation is pneumatic or hydraulic [17,39,40]. These actuators
are typically classified by their motion into four categories: extending,
contracting, bending and twisting, although combinations of these
vailable online 15 May 2023
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motions are also possible [15,17]. Soft fluidic actuators are usually
fabricated using 3D molding techniques with silicone rubbers such
as Ecoflex and DragonSkin [41,42]. However, directly 3D-printed soft
actuators using resins and filaments such as thermoplastic polyurethane
(TPU) are gaining popularity [6,43,44].

The complex geometry of soft fluidic actuators and their hypere-
lastic material properties hinder the development of accurate math-
ematical models to describe their performance. Consequently, finite
element modeling (FEM) has found many applications in soft robotics
since it reduces cost and development time, and it can cope with the
large deformations and material nonlinearities [16,45,46]. FEM has
been used to evaluate soft actuator designs such as extending [47],
fiber-reinforced [48,49], pneumatic network (PneuNet) [50–53], and
omnidirectional actuators [54–56].

Although FEM studies have been widely employed for soft robotic
modeling, further work is required to improve the modeling of environ-
mental interactions, and to reduce the reality gap between simulations
and experiments [17]. Custom physics-based and differential simulators
with integrated gradient-based optimization algorithms have also been
developed for soft robotic applications, such as ChainQueen [57],
Elastica [58] and DiffPD [59], which allow for the co-design of robot
geometry, materials, and closed-loop control strategies. Alternatively,
mesh-free methods show strong potential to bridge this reality gap and
have many advantages over mesh-based methods such as the FEM.
Mesh-free methods include SPH (Smoothed Particle Hydrodynamics),
MPS (Moving Particle Semi-implicit), MLPG (Meshless Local Petrov–
Galerkin) and FVPM (Finite Volume Particle Method) [60,61]. SPH,
for example, uses spatially distributed nodes, or particles, to represent
matter (whether solid or fluid) [62,63]. However, unlike FEM, these
nodes are not constrained by element connectivity, and these particles
can flow and rearrange with the flow of material [64]. As a result,
fluid interactions with deforming and moving solids can be handled
naturally and without re-meshing [65], and complex geometries can
be considered with little additional pre-processing.

Fluid–structure interaction (FSI) is the mutual interaction between a
deformable solid body and an internal or surrounding fluid flow, where
the flow has a strong impact on the structure, and vice versa. This fluid
flow exerts hydrodynamic forces that deform the structure, and in turn
modify the boundary conditions on the fluid domain, since the deform-
ing structure imparts different velocity and physical constraints to the
fluid [66]. FSI research has become a cornerstone in many different
engineering applications such as aerodynamics, hydrodynamics, and
structural analysis [67]. FSI analysis has also been shown to provide
a method of evaluating the performance of flapping foils [68,69],
and various flexible underwater and aerial robots [70–72]. In [73,
74], FSI analysis with ANSYS was used to study the two-phase flow
hydrodynamics and aquatic propulsion of a bionic flipper with a non-
uniformly distributed stiffness along the surface [73,74]. FSI analysis
of flexible caudal fins was performed in [75,76] by combining their
in-house fluid solver with an FEM-based code CalculiX via preCICE,
where flexible fins were shown to outperform their rigid counterparts
in terms of thrust generation and propulsion efficiency. FSI analysis of
flexible caudal fins was also performed in [77] using ADINA for two-
dimensional fish models with various combinations of rigid and flexible
links. ADINA was also used to perform FSI simulations for the fin
motion and thrust generation of a cownose ray undergoing oscillating
and flapping behaviors in [78].

Due to their mesh-free Lagrangian nature, particle methods have
been used to simulate free-surface fluid flows and their interactions
in various ocean engineering applications, including fluid–structure
interaction [79]. In [80], a benchmark setup consisting of a dam-break
with an elastic plate was designed and experiments were conducted to
investigate the phenomenon of free surface flow impacting on elastic
structures. In [61], the accuracy, stability, convergence and conser-
vation properties of a Hamiltonian MPS structure model was demon-
2

strated using four benchmark tests. For a complete list of benchmarks
tests and associated validation studies for hydroelastic FSI studies, the
reader is referred to [60,81]. Additionally, SPH has been used for
human movement simulation in sports such as swimming, diving, and
kayaking in which robotics algorithms are used to represent skeletal
motions [82–84].

Although the aforementioned works have used FSI to analyze the
motion of benchmark test cases and flexible robots, they have not
simulated the dynamics of fluid-driven actuation. In fact, very few
works have employed FSI to model soft fluidic actuation. Instead,
the vast majority of works using the FEM approach in soft robotics
apply a uniform pressure boundary condition to the internal cavities
of the soft actuator in quasi-static simulations. The assumption of
uniform, steady-state internal pressures may limit the applicability of
some quasi-static simulations. In reality, the pressurization of physical
soft actuators is achieved by supplying flow into the inlet of the
internal chambers from fluidic sources such as syringe pumps [85,
86], pressure-regulated sources or flow sources [87,88]. In particu-
lar, pressure-regulated sources are a popular alternative since they
provide larger system capacity, fast actuation and improved energy
efficiency [89,90].

Two-way FSI analysis shows great potential for a more realistic
method for modeling of the pressurization of soft actuators. For ex-
ample, it allows the investigation of fluid flow and pressurization rate
on the performance of soft actuators, which can assist with analysis
and optimization of dynamic characteristics [17,91]. While one-way
FSI analysis can be used for small deformation problems, the modeling
of soft fluidic actuators requires two-way FSI simulations since both
fluid and solid domains undergo large deformations. The meshless local
Petrov–Galerkin method was used to perform two-way FSI analysis of
a worm soft robot in [92]. In [91], COMSOL Multiphysics was used
to perform two-way FSI simulations for PneuNet bending actuators
using a time-dependent study under the assumption of incompressible
and laminar flow. The FSI results were compared to static finite ele-
ment simulations using Abaqus, where FSI simulations more accurately
described the soft actuator motion for high pressurization rates.

In this work, fully-coupled, three-dimensional FSI simulations are
applied to the modeling of soft fluidic actuators and robots. A mixed
steady-transient approach is proposed, which significantly reduces the
solution time. This approach is extended to model fluid flow both in
the internal chambers and around the external walls of soft actuators
in underwater applications. A number of case studies are presented
including bending actuators, a soft robotic fish fin for propulsion, and
experimental results of a bending actuator in a high-speed fluid. Two
levels of complexity are considered:

1. Internal FSI: Soft actuator with a transient fluid simulation to
represent the internal fluid pressurization but a zero relative
pressure external boundary condition.

2. Internal and external FSI: Soft actuator with a transient fluid
simulation to represent both the internal fluid pressurization and
external fluid interactions.

This article is organized as follows. Section 2 presents the governing
equations for the mechanical and fluid domain and introduces the
procedure for the FSI simulations. In Section 3, the proposed FSI
approach is used to evaluate the internal pressure and flow dynamics
of soft fluidic actuators. In Section 4, the FSI simulations are extended
to underwater applications. In Section 5, the experimental platform
is presented and the experimental results are compared to the FSI
predictions. Finally, Section 6 concludes this article and outlines the
future work.

2. Materials and methods

This section presents the background required for the proposed
FSI simulations. Firstly, the hyperelastic material models describing

the mechanical behavior of soft actuators fabricated using silicone
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rubbers and filaments are presented. Then, the equations for the fluid
domain simulations are introduced. Finally, the methodology for the
implementation of the FSI simulations is described, including boundary
conditions and solver settings.

2.1. Hyperelastic material models

Soft fluidic actuators experience large deformations during pressur-
ization. Therefore, the silicone rubbers used in their fabrication are
described using hyperelastic material models [93–95]. In this work,
the hyperelastic materials are considered to be isotropic and incom-
pressible. Furthermore, all time-dependent properties of soft materials
such as hysteresis, viscoelasticity, stress-softening and Mullins effect are
neglected. These assumptions are reasonable for a wide class of soft
fluidic actuators and largely employed in soft robotics [16,96,97], espe-
cially considering lower levels of volume change due to ballooning for
fiber-reinforced actuators and fast pneumatic network actuators [98,
99]. In addition, although for some soft materials the viscoelastic
parameters play a larger role in the material behavior, for common
silicone rubbers in soft robotics, the viscoelastic effects are minimal in
comparison to the factors arising from the fabrication process and en-
vironment, including curing temperature, mixing ratio, and degassing
pressure [46].

The stretch ratios 𝜆𝑖 represent the deformation of a differential cubic
volume element along the principal axes of a Cartesian coordinate
system [95,100]. They are given by the ratio of deformed length (𝑙𝑖)
to undeformed length (𝐿𝑖), i.e.,

𝜆𝑖 =
𝑙𝑖
𝐿𝑖

, 𝑖 ∈ 1, 2, 3 (1)

Using the principal stretches, the principal invariants are defined as

1 = 𝜆21 + 𝜆22 + 𝜆23, 𝐼2 = 𝜆21𝜆
2
2 + 𝜆22𝜆

2
3 + 𝜆21𝜆

2
3, 𝐼3 = 𝜆21𝜆

2
2𝜆

2
3 (2)

A hyperelastic material model relies on the definition of a strain
energy function 𝑊 (or strain energy density), which is the amount of
energy stored elastically in a unit volume of material [93,94,101]. For
an isotropic incompressible hyperelastic material, 𝐼3 = 1 and the stress–
stretch relations are obtained from the strain energy function by virtual
work considerations:

𝜎 = 2
(

𝜆21
𝜕𝑊
𝜕𝐼1

− 𝜆−21
𝜕𝑊
𝜕𝐼2

)

+ 𝑝 (3)

here 𝜎 is the principal Cauchy stress and 𝑝 is the hydrostatic pressure
indeterminate Lagrange multiplier), which can be determined from the
quilibrium equations and boundary conditions [16,102,103].

The following hyperelastic models are considered in this work:
(1) Yeoh model:

= 𝐶1(𝐼1 − 3) + 𝐶2(𝐼1 − 3)2 + 𝐶3(𝐼1 − 3)3 (4)

(2) Polynomial model (generalized Rivlin model):

=
𝑛
∑

𝑖=0,𝑗=0
𝐶𝑖𝑗 (𝐼1 − 3)𝑖(𝐼2 − 3)𝑗 (5)

The constant parameters 𝐶1, 𝐶2 and 𝐶𝑖𝑗 are determined via material
testing and curve fitting [16,104]. In this work, the silicone rubber Elas-
tosil M4601 (28 A shore hardness and 1.13 g/cm3 density) is used for
the bending actuators. For this material, the Yeoh model is employed
with 𝐶1 = 0.11, 𝐶2 = 0.02 and 𝐶3 = 0 MPa [49,50,105]. For the case
study on a soft robotic fish, the TPU filament NinjaFlex (85 A shore
hardness and 1.19 g/cm3 density) is used. For this material, a five-
parameter Rivlin model is considered with 𝐶10 = −0.233, 𝐶01 = 2.562,
3

𝐶20 = 0.116, 𝐶11 = −0.561 and 𝐶02 = 0.900 MPa [45,47,56].
2.2. Governing equations for fluid domain

The equations governing the flow simulations in Fluent are the
three-dimensional viscous incompressible Navier–Stokes equations [70,
106]
𝜕𝑢𝑖
𝜕𝑥𝑖

= 0 (6)

𝜕𝑢𝑖
𝜕𝑡

+
𝜕𝑢𝑖𝑢𝑗
𝜕𝑥𝑗

= −1
𝜌
𝜕𝑃
𝜕𝑥𝑖

+ 𝜈 𝜕
𝜕𝑥𝑗

(

𝜕𝑢𝑖
𝜕𝑥𝑗

)

(7)

where 𝑢𝑖 are the velocity components, 𝑃 is the pressure, and 𝜌 and 𝜈
are the fluid density and kinematic viscosity. The first equation is the
continuity equation and the second equation describes the momentum
balance.

At the boundary between the fluid and solid domains, the following
equation applies [73]

−𝑃𝐧 + 𝜏𝑒𝑓𝑓 ⋅ 𝐧 = 𝜎 ⋅ 𝐧 (8)

here 𝜏𝑒𝑓𝑓 is the fluid effective shear stress tensor, 𝜎 is the Cauchy
tress tensor and 𝐧 is the normal vector.

.3. Fluid–structure interaction simulations

The soft fluidic actuators used in this work are modeled using
utodesk Inventor (Autodesk Inc.). In contrast to conventional finite
lement simulations for soft fluidic actuators, the actuator chambers
n FSI simulations are filled with a fluid body which has the exact
eometry of the cavity. The solid and fluid body geometries are then
mported into ANSYS Workbench.

In the mechanical domain, a quasi-static assumption is made and
imulations are performed using Static Structural Analysis in ANSYS
echanical. Meshing is performed on the solid component by sup-

ressing the geometries representing the fluid bodies and specifying
n unstructured, tetrahedral mesh with a nonlinear mechanical physics
reference and size of 2–5 mm. Analysis controls are specified as
ollows: auto time stepping is disabled, time steps are manually set to
.01–0.05 s, and the large deflection setting is enabled. The time steps
re selected according to the input inlet flow velocities and correspond-
ng deformation levels, with smaller steps used for larger inlet flow
elocities. This range is sufficiently refined to capture the soft actuator
eformation and to provide converged results without the extreme
omputational overhead required for smaller time steps [16,46]. The
oundary conditions of the FSI simulations are shown in Fig. 1a. A fixed
upport is applied to the face of the actuator inlet. The internal wall
f the solid body is defined as the fluid–solid interface. An additional
luid–solid interface is introduced at the external walls of the solid body
o simulate the actuator submerged under water (Fig. 1b).

A transient formulation is employed for the fluid solution and is
pplied using Fluent. The fluid body is meshed by first suppressing
he solid body geometry and specifying an unstructured, tetrahedral
esh with a CFD physics preference and size of 2–5 mm. A viscous

aminar model is assumed and the fluid material properties are assigned
o represent water at ambient conditions. The boundary conditions are
s follows (Fig. 1a): (1) the inlet is defined as a ‘‘pressure-inlet’’ to
odel a constant pressure inflow from pressure-regulated sources, and

2) the faces of the fluid inside the chambers (internal fluid walls)
re defined as ‘‘wall’’. FSI between the solid and fluid domains is
nabled by implementing a dynamic interface mesh that is created with
he ‘‘smoothing mesh’’ method and the internal (fluid-side) walls are
oupled to the fluid solution using the ‘‘system coupling’’ setting. The
olution employs a pressure-based solver, pressure–velocity coupling,
second-order implicit transient formulation and hybrid initialization.
he governing equations are discretized using a second-order interpo-

ation scheme, which provides more accurate results for tetrahedral
eshes and flows not aligned with mesh. Gradients are determined
sing the ‘‘least squares cell-based’’ method, where the solution is
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Fig. 1. Boundary conditions for the two-way fluid–structure interaction simulations. (a)
Boundary conditions for internal FSI modeling the pressurization of the soft actuator:
fixed support, pressure inlet and internal FSI interface. (b) Boundary conditions for
internal and external FSI include those indicated in (a), an external FSI interface and
boundary conditions for the fluid body modeling the underwater environment (walls
and pressure outlet).

assumed to vary linearly within each cell, which provides both accuracy
and reduced computational time for unstructured meshes.

For the underwater simulations, additional boundary conditions for
the tank are as follows: (1) the faces of the fluid around the external
walls of the actuator (external fluid walls) are defined as ‘‘wall’’, (2)
the side and bottom walls of the tank are defined as ‘‘wall’’, and (3)
the top wall of the tank is defined as the ‘‘pressure outlet’’ (Fig. 1b). In
addition, the external fluid walls are set to system coupling.

The interaction between ANSYS Mechanical and Fluent is defined
using System Coupling, a component system in ANSYS Workbench. A
two-way data transfer is created between the internal cavity of the
soft actuator (fluid solid interface 1) and the internal fluid walls. For
underwater simulations, an additional two-way data transfer is created
between the external walls of soft actuator (fluid solid interface 2) and
the external fluid walls.

Through system coupling, the mechanical and fluid physics are
solved separately and then coupled sequentially or simultaneously until
equilibrium is reached. Forces and stresses from the fluid side of the
interface are mapped to the solid side, and displacements and velocities
from the solid side are mapped to the fluid side, as shown in Fig. 2.
System coupling also ensures that time step settings are consistent
across the Ansys Mechanical and Fluent solvers. The system coupling
settings are as follows: (1) coupling end time: 1 s, (2) coupling step size:
0.01–0.05 s, and (3) maximum number of iterations per coupling step:
10.

3. Fully-coupled 3D FSI simulations

In this section, FSI simulations are presented considering internal
FSI only. Here, the transient fluid simulations are used to represent the
pressurization of the internal cavities of the soft actuator but no exter-
nal fluid is considered. This section considers the pneumatic network
4

Fig. 2. 2-way FSI coupling scheme using System Coupling in ANSYS Workbench. For
the mechanical domain, quasi-static simulations are performed in ANSYS Mechanical
using Static Structural Analysis. For the fluid domain, a transient formulation is
employed in Fluent. Two data transfers are created which transmit displacements
and forces between Fluent and Mechanical. The coupling iterations occur within each
coupling step until Fluent, Mechanical, and both data transfers converge.

bending actuator shown in Fig. 1 with 60 mm length and 10 mm radius.
The simulated response of the actuator with input pressure levels of
10 kPa and 50 kPa are shown in Figs. 3a and 3b at the final time step,
i.e., 1 s.

As discussed in the Introduction, the vast majority of works on
modeling of soft fluidic actuators using FEM employ a uniform pressure
applied to the internal cavities [16,45], which does not represent the
physical pressurization of the actuator using practical fluidic sources.
In comparison to conventional FEM simulations, the FSI results display
a nonuniform pressure during actuation, as shown in Figs. 3c and 3d.
In particular, the internal pressure distribution displays larger pressures
near the flow inlet, which may be used as a justification towards de-
signing soft actuator with increased wall thickness around the pressure
input [91].

A comparison between FSI and conventional FEM results for the
bending angle of the pneumatic network actuator is presented in Fig. 4.
The bending angle is measured between the initial and current vectors
extending from the center of the base of the actuator and the center of
the tip of the actuator [107]. In general, FEM results display slightly
larger bending angles compared to FSI, which is likely to be associated
with the nonuniform pressure predicted by the FSI simulations. This
difference, however, is within tolerance associated with the uniax-
ial tensile test data, material processing, fabrication procedures and
environment conditions.
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Fig. 3. Internal FSI simulations for a pneumatic network bending actuator with inlet pressure of 10 kPa (left column) and 50 kPa (right column). The top row shows the von-Mises
stress results of the actuator external walls for 10 kPa in (a) and 50 kPa in (b). The middle row shows the nonuniform pressure distribution at the actuator internal cavities for
inlet pressures of 10 kPa in (c) and 50 kPa in (d). The bottom row shows the fluid velocity inside the actuator cavities for 10 kPa in (e) and 50 kPa in (f). Results are shown at
the final time step, i.e., 1 s.
Fig. 4. Comparison of FSI and conventional FEM results for the bending angle of a
pneumatic network actuator fabricated with Elastosil M4601. For the conventional FEM
simulations, a uniform pressure is applied to the internal cavities of the actuator. For
the FSI simulations, the actuator inlet is modeled as a pressure inlet, which represents
a practical constant pressure inflow from pressure-regulated sources.

In addition to the internal pressure distribution, the FSI simulations
allow for the evaluation of the internal fluid flow in the chambers of
the soft actuator. Figs. 3e and 3f show fluid streamlines colored by fluid
speed. Higher fluid speeds are seen in the central channel as the fluid is
5

able to accelerate under the applied inlet pressure without significant
impedance from the internal walls of the actuator. In contrast, the
fluid that enters the first few chambers is decelerated strongly by
near perpendicular collision with the internal walls of the chamber.
Fluid speed is predicted to be nonlinear, inversely proportional to
calculated internal pressure and highly dependent on the shape of the
actuator. The results from this analysis can be used to optimize the
internal routing for improved deformation, response time and fatigue
performance. The simulation time for an input pressure of 10 kPa and
step size of 0.02 s was 22 minutes using 4 cores at 3.6 GHz.

4. Underwater simulations

In this section, the FSI simulations are extended to consider both
internal and external fluid flow. The internal FSI component models
the pressurization of the internal chambers of the soft actuator, while
the external FSI component models the interaction between the external
walls of the soft actuator and the underwater environment. Here, FSI
simulations are used to describe a case study using a fish-inspired soft
robot flapping in a fluid environment.

FSI simulations are not limited to modeling the internal flow used
for pressurization of the soft actuator. Here, as an example application,
a fish-inspired soft robot with a pneumatic network design is considered
with 80 mm height, 28 mm width, 80 mm length. The passive fin has
a 40 mm length and 4 mm thickness. The behavior of the soft fish in



International Journal of Mechanical Sciences 255 (2023) 108437M.S. Xavier et al.
Fig. 5. FSI underwater simulations for soft robotic fish swimming. The soft robot is composed of pneumatic network bending actuators on both sides and a passive fin on its
trailing edge. The results show the soft robot deformation under internal chamber pressurization and the corresponding pressures and velocities applied to the fluid around the
external walls of the soft robotic fish in an underwater environment. The top row shows the pressure contours and the bottom row shows the velocity contours during one actuation
cycle. The pressure and velocity contours for actuation of side 1 of the soft robot (bottom side in the figure) at 𝑡 = 1 s are shown in (a) and (d). The simulations at 0 kPa shown
in (b) and (e) display the intermediate actuation stage between each side of the soft robot at 𝑡 = 2 s. The contours for actuation of side 2 (top side in the figure) at 𝑡 = 3 s are
shown in (c) and (f).
underwater applications is evaluated by inserting the soft robot model
in a representation of a body of water which models a filled tank with
an opening at the top. Preliminary simulations using Elastosil M4601
for the soft robotic fish revealed excessive deformation of the passive
fin, which could be addressed by using a harder material, a multi-
material design, or a thick passive fin. Here, NinjaFlex was selected
for the fish-inspired robot due to its larger hardness, in addition to
its wide popularity in soft robotic applications. The use of a harder
material results in increased fin stiffness and reduced deformation
under external fluid flow, which consequently improves convergence
of the underwater simulations.

The pressure and velocity contours for the water in the tank are
shown in Fig. 5. As the internal pressure is increased within the cham-
bers on either side of the soft robot, the bending deformation increases.
This in turn increases the magnitude of the pressure and speed applied
to the external fluid. Regions of high speed and pressure are created
in the external fluid, which are focused at and beyond the fin. The
reaction force from the fluid can be determined and used to predict
propulsive action. These results can be further evaluated, for example,
to design bioinspired underwater soft robots with improved propulsion
performance and manoeuvrability, which is a topic for future research.

5. Experimental validation

In this section, a series of comparison experiments and FSI analysis
are presented and discussed. First, the fabrication procedure for the
soft fluidic actuator is presented, followed by a description of the
custom experimental setup used to validate the FSI simulation results.
Then, simulated and experimental deformations are compared for a soft
bending actuator in an underwater environment where fluid flow is
applied to the external walls of the actuator in both unpressurized and
pressurized conditions.

5.1. Fabrication of the bending actuators

The actuator used in the experimental results is a fast pneumatic
network bending actuator [50], which was fabricated using standard
molding procedures [41,42]. Molds were designed in Autodesk Inven-
tor and printed using a Flashforge Inventor (Flashforge Corporation,
USA). Elastosil M4601 was mixed at the recommended ratio and de-
gassed using a vacuum pump. The mixture was poured into the mold,
6

and left to cure for 12 hours at room temperature. Then, the actuator
was removed from the mold and a bottom layer of 3 mm thickness
completed the actuator, which has a length of 100 mm and height of
23 mm. The geometrical features of the fabricated bending actuator is
shown in Fig. 6c.

5.2. Experimental setup

The experimental setup is shown in Fig. 6a, which includes a water
tank, sliding mechanism, hanger, pulley system and video-camera. The
dimensions of the water tank are 121 cm (length) × 51 cm (width) ×
50 cm (height). During the experiments, water was filled to a depth
of 25 cm. The soft actuator is submerged at a depth of approximately
12 cm, ensuring that the surface and wall effects are small.

The locomotion of the actuator was restricted to the negative 𝑥-
direction using a platform consisting of two linear shafts connected
to low-friction ball bearings on a 3D-printed slider. The linear shafts
are connected to 3D-printed supports on both sides of the tank. A 3D-
printed hanger was used to secure the actuator under water at a fixed
depth and is connected to the slider using threaded rods. The threaded
rods are fixed using washers and nuts on both sides of the hanger and
slider. All 3D-printed components were fabricated using a Flashforge
Inventor printer.

The pulley system consists of a mass block supported by a string
threaded through the pulley and fixed to the slider. To simulate water
flow, 0.1 kg, 0.2 kg and 0.3 kg mass blocks were used. The average
slider velocities, measured under four experiments, are 0.3 m∕s, 0.5 m∕s
and 0.7 m∕s, respectively.

The internal pressure of the soft actuator is regulated using a 60 mL
syringe pump [86], with an on/off controller implemented using an
Arduino Due and pressure sensor (SEN0257). Image acquisition is
performed at 60 frames per second using a webcam (Logitech C920)
mounted on the slider.

5.3. Comparison between FSI and experimental results

In this section, FSI simulations are developed to evaluate the behav-
ior of the soft actuator for underwater applications under the presence
of fluid flow around the external walls of the actuator. In comparison to
Fig. 1, the boundary conditions of the tank are modified as follows: (1)
the left side wall of the tank becomes a ‘‘velocity inlet’’, (2) the right
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Fig. 6. (a) Experimental setup for underwater tests. The main components are the water tank and the towing platform, which consists of a sliding mechanism, hanger and pulley
system. Three mass blocks are used to obtain a towing velocity of 0.3 m∕s, 0.5 m∕s and 0.7 m∕s in the negative 𝑥-direction which correspond to the respective fluid velocity
inlets of the FSI simulations. The internal pressure of the soft actuator is regulated using an on-off controller implemented using a syringe pump. The actuator motion is recorded
using a webcam mounted on the slider. (b) Boundary conditions for FSI simulations under external fluid flow. The underwater simulations also include the boundary conditions
indicated in Fig. 1a for the internal pressurization of the soft actuator, which are not shown for clarity. The fluid body around the actuator has dimensions 20 cm (length) × 18 cm
(width) × 10 cm (height). (c) Geometrical features of the soft fluidic actuator. The actuator width is 20 mm and the side wall thickness is 3 mm.
Fig. 7. FSI simulations and experimental results for the bending actuator in an underwater environment. The top row shows the FSI simulation results and the bottom row shows
the experimental results. The actuator is pressurized at 33 kPa (35 kPa in simulations) to achieve a static deformation of 45◦. Then, fluid flow is applied to the external walls of
the soft actuator. The velocity of the inlet fluid flow (from the left) is 0 m∕s in (a), 0.3 m∕s in (b), 0.5 m∕s in (c), and 0.7 m∕s in (d). The fluid flow opposes the original bending
of the actuator, which reduces the bending angle and generates nonuniform curvature along the length of the actuator.
side wall of the tank becomes a ‘‘pressure outlet’’, and (3) the top wall,
which was previously a ‘‘pressure outlet’’, is assigned a ‘‘wall’’ boundary
condition. The final boundary conditions are shown in Fig. 6b.

The simulated and experimental deformations are compared with
constant flow when the actuator is either unpressurized or pressurized.
The actuated pressure level was chosen to result in a bending angle of
45◦ under static flow. Using FSI, this was predicted to require 35 kPa,
and was experimentally found to be 33 kPa. The difference may be due
to the uniaxial test data used to calculate the material constants of the
silicone rubber, or dimensional tolerance of the fabrication process.

Instead of simulating the entire water tank, which would require a
large number of mesh elements and significantly increase simulation
time, a fluid body around the actuator is considered with dimensions
20 cm (length) × 18 cm (width) × 10 cm (height). This simplification is
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employed to reduce the computational effort and does not significantly
affect the accuracy of the FSI simulations, as demonstrated in the
following discussion.

In the FSI simulations, the inlet fluid velocity is matched to the
experimental average slider velocities for each of the mass blocks,
i.e., 0.3 m∕s, 0.5 m∕s and 0.7 m∕s. The experimental results and
simulation predictions for pressurized actuators are shown in Fig. 7
and summarized in Fig. 8. Fig. 7a shows the actuator pressurized to
a 45◦ deformation without external fluid flow. When the fluid flow
is increased from 0.3 m∕s to 0.7 m∕s in Figs. 7b to d, the fluid
flow opposes the bending due to pressurization, eventually leading to
backward bending and nonuniform curvature in Fig. 7d. As shown in
Fig. 8, the experiments show good correlation between the simulated
predictions and experimental results, which validates the reliability of
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Fig. 8. Comparison of FSI and experimental results for the bending angle of a
pneumatic network actuator in an underwater environment. The actuator is initially
pressurized to obtain a deformation of 45◦. Fluid flow is then applied to the external
walls of the actuator which opposes the initial deformation and reduces the overall
bending angle of the actuator.

the proposed FSI simulations. The small discrepancies may be associ-
ated with the uniaxial testing data used to characterize the hyperelastic
model of the silicone rubber and the visual blockage of the base of
the soft actuator in the experiments, which hinders the selection of an
accurate measurement point for the bending angle. The evolution of
the experimental deformations and velocity contours for selected cases
are included in Supplementary Video S1.

The pressure and velocity contours at a cross-section of the water
tank are shown in Fig. 9 to illustrate the flow solution around the
actuator. The upstream velocity (left side) shows the inlet flow for
each the three conditions. The velocity demonstrates three distinct flow
characteristics of deceleration, acceleration, and diffusion. As the flow
progresses in the 𝑥-direction, it diffuses and recovers partially towards
the free-stream condition near the exit boundary (on the right), as
shown in Fig. 9a.

The pressure plot in Fig. 9 shows that regions of positive and
negative pressure develop around the soft actuator. The velocity drops
as the fluid approaches the soft actuator, reaching zero velocity and
maximum pressure at the bottom layer of the soft actuator. Negative
pressure regions can be seen near the fins and bottom of the actuator
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due to changes in the direction of the fluid flow as it travels around the
actuator in the 𝑥-direction. In addition, as the flow accelerates around
the top and bottom edges of the actuator, the pressure drops.

Fig. 10 shows the experimental and FSI simulation results for the
unpressurized actuator with fluid velocities of 0.3 m∕s and 0.5 m∕s. In
both cases, the fluid forces acting on the bending actuator cause it to
bend backward. The pressure and flow dynamics in Fig. 10 are similar
to the results in Fig. 9. Fluid deceleration, acceleration, and diffusion
are observed.

Minor discrepancies between the experimental and simulation re-
sults can be observed in Fig. 10b. The differences are due to contact
between the actuator chambers closest to the base, which occurs at
velocities exceeding 0.4 m∕s. Contact mechanics are not presently
accounted for in the simulation. Although contact walls can be added
to the mechanical model of the bending actuator, this is not considered
in the fluid domain. Resolving this issue is a topic of current research.

6. Conclusions

This article describes a computationally efficient method for three-
dimensional fluid–structure simulation of fluid-driven soft actuators
and robots. The FSI simulations use a mixed steady-transient formula-
tion, where the mechanical domain employs a quasi-static assumption
and the fluid domain uses a transient formulation. Compared to con-
ventional FEM simulations, where a uniform pressure is applied to
the internal cavities of the soft actuator, the proposed FSI approach
employs a pressure inlet which represents a practical scenario using
pressure-regulated sources for soft robotic actuation. Further, the FSI
simulations allow the evaluation of the internal pressure and flow
dynamics.

The proposed approach is extended to simulate the behavior of
soft actuators in underwater applications, where external fluid flow
may exist. Although previous works have reported the use of FEM
and FSI simulations to predict the deformation of soft actuators under
internal pressurization, this work reports the first application of both
internal and external fluid–structure interactions, which allow for the
modeling of soft robots and actuators in underwater environments. Case
studies include a bioinspired fish fin for propulsion, and a bending
actuator exposed to significant external fluid flow. An experimental
system was constructed to compare the simulated and measured de-
formation of bending actuators exposed to a range of external fluid
velocities. The simulation results are observed to correlate closely with
the experimental measurements.
Fig. 9. FSI simulation results for the velocity (top row) and pressure (bottom row) contours in an underwater environment. The actuator is pressurized at 33 kPa (35 kPa in
simulations). Then, fluid flow is applied to the external walls of the soft actuator. The velocity of the inlet fluid flow (from the left) is 0.3 m∕s in (a) and (d), 0.5 m∕s in (b) and
(e), and 0.7 m∕s in (c) and (f).
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Fig. 10. Comparison between the FSI simulations and experimental results for the bending actuator with no internal pressure in an underwater environment. The top row shows
the (a) experimental deformation, (b) velocity contours and (c) pressure contours for an inlet fluid flow (from the left) of 0.3 m∕s. The bottom row shows the (d) experimental
deformation, (e) velocity contours and (f) pressure contours for an inlet fluid flow of 0.5 m∕s.
The methods proposed in this work yield important insights into the
behavior of soft actuators and robots. For example, the fluid pressure
and velocity distributions can be used to design and optimize under-
water soft robots, such as the soft robotic fish fin presented in the
case study. Lift and drag forces can also be evaluated to determine
the thrust performance. In future work, the proposed FSI approach will
be extended to evaluate wing designs of a soft ray-inspired robot in
order to obtain desired manoeuvrability properties. In addition, the
impacts of fast pressurization cycles on the overall motion and pressure
dynamics of soft fluidic actuators, such as vibration, will be studied.
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