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Designing a high-performance soft robotic fish re-
quires considering the interaction between the flexi-
ble robot structure and surrounding fluid. This pa-
per introduces fluid-structure interaction (FSI) anal-
ysis used to enhance the hydrodynamic performance
of soft robotic fish using piezoelectric fiber composite
(PFC) as the propulsion actuator. The basic FSI anal-
ysis scheme for soft robotic fish is presented, then the
numerical model of the actuator, robot structure, and
surrounding fluid are described based on the FSI anal-
ysis scheme. The FSI analysis of the soft robotic fish is
performed through these numerical models. To evalu-
ate the effectiveness of FSI analysis, coupling simula-
tion and experimental results are compared. We found
that the calculated results of propulsive force and de-
formation displacement were similar to those for ex-
periments. These results suggest that FSI analysis is
useful and is applicable to evaluating propulsion char-
acteristics of the soft robotic fish to improve perfor-
mance.

Keywords: biomimetic robotic fish, soft robot, piezo-
electric fiber composite (PFC), fluid-structure interaction
(FSI), propulsion performance

1. Introduction

With the development of interdisciplinary sciences, in-
cluding electronic information and biological technol-
ogy, biomimetic robots contribute much to deal with the
problems encountered in human life [1-4]. Many re-
searchers have concentrated on biomimetic robots, for
example, especially on the development of biomimetic
robotic fish mimicking real fish [4-11]. Examples in-
clude Robotuna by MIT, rigid-tailed robotic fish by MSU,
Nanyang Awana (NAF-I) by Nanyang Technological Uni-
versity, snake-like robot AmphiBot by EPFL and HELIX-
I by TIT, lamprey-like robot by SSSA, FILOSE robot by
Tallinn University, London Aquarium’s robotic fish by the
University of Essex, and robotic eel by the Methran Mo-
jarrad group. In such research, fish are focused on due
to their high efficiency, good flexibility, and great maneu-
verability. Fishlike robots have been applied to seabed
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rescue, exploration, and observation and other special un-
derwater tasks [1-5].

The propulsion methodologies of these fishlike robots
are classified into motor mechanism [6—10] and artificial
muscle mechanisms [11-16]. The motor mechanism is
simple but may lack flexibility and have a high energy
cost. Robots using motor mechanism have the relatively
complex control and tend to be large, heavy and rigid due
to use of rigid materials [17]. However, artificial mus-
cle mechanisms can be made soft and flexible by using
shape memory alloy (SMA), ionic polymer metal com-
posite (IPMC), electrostatic film, PZT film, giant magne-
tostrictive alloy (GMA), or PFC. Artificial muscle mech-
anisms help make robotic fish small and give them rela-
tively smooth propulsion similar to that of real fish.

Due to an incomplete understanding of the swimming
mechanisms of real fish [18] and limitations on stud-
ies in developing flexible bionic structures and functions
with large deformation, the hydrodynamic performance
of robotic fish differ from that of real fish and its perfor-
mance has not been revealed completely due to unestab-
lished hydrodynamic model. Thus, kinematic swimming
parameters of robotic fish cannot be controlled well to
achieve good mobility and high efficiency. There are,
to our knowledge, no published reports on systematic
studies of the detailed kinematic swimming performance
of robotic fish or their hydrodynamics [19]. Conven-
tional theories, e.g., linearized inviscid flow theory used
by Wu [20], large-amplitude elongated-body theory pro-
posed by Lighthill [21], slender-body theory applied by
Newman [22], three-dimensional (3-D) waving plate the-
ory developed by Cheng [23], and vortex-lattice method
used by Kagemoto [24], have been used to describe the
hydrodynamic performances of fish in applications thus
far. However, they are based on potential flow, linearized
body boundary conditions, and an assumed wake shape.
They neither get the solution of nonlinear flow-body in-
teraction nor allow the coupling wake dynamics to de-
velop [25].

The surrounding fluid must be considered in design-
ing soft robotic fish because it increases mass, stiffness,
and damping and changes the mechanical dynamic char-
acteristics of the robot structure. To fully investigate
soft robotic fish propulsion performance, we must con-
sider the interaction between the robot structure and fluid
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and model the coupling mechanism accurately for fluid-
structure interaction (FSI) analysis [26].

With rapid developments in numerical studies, espe-
cially computational fluid dynamics (CFD), researchers
are applying this numerical method in predicting the hy-
drodynamic behavior in FSI. To capture the influence
of deformed robotic fish on hydrodynamic performance,
robot deformation must be passed back as a load into the
CFD solution, enabling two-way transfer including struc-
tural analysis results between the fluid and structure do-
main. Fluid loads in structural applications and structural
deformation in CFD analysis are considered in FSI. It is
widely applied in engineering and biomedicine to solve
FSI problems in flexible structures and to predict their
hydrodynamic characteristics [27-35]. Although such re-
search provides the basis of flow formulation and bound-
ary conditions of fully FSI analysis, FSI analysis has not
been widely applied to the soft robotic fish. Due to the
larger flexible structure deformation and complex cou-
pling dynamics with the surrounding fluid, it is difficult
to make modeling work and to solve the FSI problems of
soft robotic fish. Compared to conventional rigid robotic
fish, the soft robot has larger deflection and large defor-
mation is easily generated in interaction with surround-
ing fluid. Deformation results from soft robots cannot be
ignored and problems of mesh motion are easily gener-
ated in analysis, which increases the difficulty of solv-
ing nonlinear problems in soft robotic fish, especially on
the convergence of data transfer and computational cost
in soft robot FSI calculation. Although some mesh prob-
lems with large deformation are solved by special meth-
ods such as grid reconstruction, FSI analysis has not been
generally applied to highly nonlinear problems or large
deformation problems of soft robot. Good mesh qual-
ity at the interface also increases the difficulty of solving
mesh problems. There is a challenge on convergence so-
lution in these FSI problems. Besides, the selection of a
reasonable and suitable time scale in the computational
domain at lower computational cost increases the diffi-
culty of achieving FSI solution of soft robot fish. In FSI
analysis, the time scale, which plays the key role in data
convergence, depends on fluid force, the scale of wake
structures, and the oscillation frequency of soft robots.
Fluid force and wake structures differ for different oscilla-
tion frequencies. An inappropriate time scale prevents the
convergence of calculation for FSI solution of soft robotic
fish. An appreciate time scale with low cost is difficult to
select in FSI problems of soft robotic fish.

Soft robotic fish considering soft behavior of real fish
based on soft material is a young research field in the area
of underwater robots. It is going to overcome basic as-
sumptions concerning conventional rigid robots and solid
theories and technologies in unknown or dangerous en-
vironments. Compared to rigid robots, the theories and
technologies of soft robotic fish have not yet been defined
in a general form. Design has not been established and re-
search activities are still exploring new ways for improv-
ing design and performance of the soft robot. Exact con-
trol in path planning and position sensing for soft robotic
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fish as a continuum is complicated in comparison to those
of rigid robots. A challenge in design and control exists
in high mobility and flexibility of soft robots. This moti-
vates us to investigate the design and control problems of
soft robotic fish by using analytical simulation with inter-
action between the flexible robot structure and fluid.

In the swimming of actual fish, body/caudal fin (BCF)
propulsion is more widely used and applied in the design
of robotic fish due to its relatively high efficiency, high
acceleration, and fast swimming speed. In the present re-
search, we use the PFC as soft actuator to develop soft
robotic fish with BCF propulsion. PFC is constructed
as a simple structure with a high energy conversion effi-
ciency and a large displacement response. This paper in-
troduces CFD-based FSI analysis to predict and enhance
the propulsive force and deformation mode of soft robotic
fish. Results of experiments validate its propulsive force
and deformation displacement. A comparison of results
between experiments and simulation confirmed the effec-
tiveness of FSI analysis and that it is applicable to evalu-
ating the propulsion characteristics of soft robotic fish. In
Section 2, it shows the basic FSI analysis scheme and nu-
merical robot structure and surrounding fluid models. Nu-
merical FSI analysis of the soft robot is performed based
on these models. Section 3 describes numerical results
and a discussion. Section 4 shows our conclusions re-
garding results.

2. FSI Analysis

2.1. Scheme

When a soft robotic fish comes into contact with a fluid
flowing in the direction of oscillation, the robot body may
be deformed due to fluid pressure. In return, the deformed
robot body changes the fluid flow. In terms of FSI analy-
sis, this deformation results from the robot structure, and
fluid pressure loads from the corresponding fluid domain
are all considered in the calculation, resulting in two-way
data transfer. CFD-based FSI analysis is performed to
deal with the FSI problem of the soft robotic fish through
ANSYS software. Mechanical application is used for the
structure domain and CFX application is used for the fluid
domain. Fig. 1 describes the concept of our FSI analysis
strategy of soft robotic fish using PFC.

According to the PFC actuator drive model, external
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Fig. 2. MFC structure [16].

drive load is calculated and applied to the robot structure
model for actuation in the mechanical application based
on the calculated result. To solve coupling analysis, the
robot structure model with the time-varying drive load is
solved first. After the structure model is solved, results
such as displacement and stress are exported and these
results are converted to input data for the surrounding
fluid model in the CEX. To account for the fluid effect,
corresponding fluid force loads from the fluid model are
converted to the structure model as external load. Inter-
action between the robot structure model and the fluid
model occurs and coupling analysis is developed, en-
abling propulsion characteristics such as propulsive force
and the robotic fish deformation mode in fluid to be ex-
ported from simulation results.

2.2. PFC Actuator

We chose macrofiber composite (MFC) — a typical
PFC [16], which has a thin plate-like structure — for its
large strain response and high efficiency — as a soft actu-
ator. Fig. 2 describes the MFC structure. Piezoceramic
fiber is embedded in epoxy to make a rectangular plate.
That is then sandwiched between two pieces of polyimide
film on which there are interdigitated electrodes.

Applying voltage to MFC causes an internal electric
field and polarized crystals cause strain deformation. Ex-
pansion and contraction occur in the direction of fibers
due to piezoelectricity. When MFC is attached to an elas-
tic plate, this expansion and contraction are transmitted
from the fibers to the elastic plate surface, generating
structural bending or torsion deformation through piezo-
electric strain. Resonant behavior with large displacement
is also produced. This structural bending is used to real-
ize propulsion of the soft robotic fish in robot design. To
obtain corresponding expansion and contraction in the nu-
merical model, stress caused by piezoelectric strain is de-
fined as external drive load and applied to MFC to repro-
duce movement to describe its drive characteristics and
deformation response. Fig. 3 describes the drive method
of stress on MFC to present piezoelectric fiber expansion
and contraction. Stress load is applied perpendicularly to
the four areas of MFC plates. Positive stress causes con-
traction and negative stress causes expansion.

According to the elastic constitutive equation of piezo-
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electric material, stress distribution of MFC plate is
treated as a plane stress problem because MFC is a thin,
planar actuation device. That is, out-of-plane normal
and transverse shear stress is considered to be zero [36].
The desired bending of the robot depends mainly on nor-
mal stress. The relationship between normal stress and
strain in piezoelectric fiber composite is described as in-
dicated by Eq. (1) below using a compliance coefficient
matrix [36]. Compliance coefficient matrix s is described
by Poisson’s ratio v and tensile modulus E,

-1
Oy _ Sxx  Sxy & (1)
Oy Syx  Syy sy L T
1 Vyx
E E
s = x Y N )
vy 1
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where € is strain, O is stress, E, and E,, are tensile moduli
in the X and Y directions, and v,, and v, are the Poisson’s
ratio.

The basic MFC drive model is shown in Fig. 4. When
a voltage from —500 V to 41500 V is applied to MFC,
piezoelectric strain is generated as indicated by Eq. (3).
Electric field intensity Ey is calculated using Eq. (4),
where V is voltage applied to MFC and W is the distance
between MFC electrodes. The stress thus generated is de-
rived from the piezoelectric strain equation, and its calcu-
lation equation is described by Eq. (5) based on Eq. (1).
The voltage applied for driving is described as generated
stress for robot activation in numerical analysis:
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Table 1. Material properties of MFC.

Item Property
Density [kg/m3] 5440
Tensile modulus E, [GPa] 30.336
Tensile modulus E, [GPa] 15.857
Shear modulus [GPa] 5.515
Poisson’s ratio v,y 0.31
Poisson’s ratio vy, 0.16
Piezoelectric constant 400 (Low electric field)
dzz [pm/V] 460 (High electric field)
Piezoelectric constant —170 (Low electric field)
ds1 [pm/V] —210 (High electric field)
th elctrodes W] 00533
Thickness [mm)] 0.3
2x10’ —_—————
1x107 |
}E -1x10" |
E’J 2x1074 T
2 7
5 -3x10 - | i
-4x10’ ’
0.0 0.5 1.0 15 2.0
Time (s)

Fig. 5. Drive stress loads of soft robotic fish (3 Hz).

where d33 and d3| are piezoelectric constants.

Based on the material properties of MFC in Ta-
ble 1 [37, a], generated stress is calculated by Eq. (5). The
time history of this time-varying stress load is shown in
Fig. 5, where we take the frequency of 3 Hz in the sine
signal waveform as an example of description. Through
the loading described in Fig. 3, stress loads are applied to
the robot structure for activation in analysis. The structure
is expanded and contracted in the direction of fibers by the
drive load [36]. The desired MFC plate deformation gen-
erated is beneficial in the motion design of the soft robotic
fish.

Combining MFC with a thin elastic plate results in
structural bending deformation. We use this bending de-
formation to design a robot and to investigate its motion
performance. Carbon-fiber-reinforced polymer (CFRP) is
used as the thin elastic plate in this research.

2.3. Robot Structure Model

The prototype and geometric model of the soft robot
structure are shown in Fig. 6. To measure propulsion,
fixed support is applied to the robot head in experiments
and simulations.
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(b) Simulation model

Fig. 6. Soft robotic fish.

(a) Prototype

Table 2. Material properties of soft robotic fish.

Material
Item -
Weight | CFRP
Density [kg/m?] 7850 | 1700
Elastic modulus [GPa] 20 29.5
Poisson’s ratio 0.3 0.3
Thickness [mm] 2.5 0.2

000 (m)

0015 0045

Fig. 7. Finite element model of soft robotic fish.

The robot consists of one CFRP plate and two MFC
plates. The two MFC plates sandwich the CFRP plate as
the actuator structure for bending deformation propulsion.
Steel weight is placed on the head to constrain its move-
ment and to increase tail displacement. This constrained
structure is similar to a cantilever. Body height varies to-
ward the tail and is smallest where the caudal fin is con-
nected to the body. In experiments, a low-density blowing
agent acting as float adheres on the top of the robot to bal-
ance and stabilize robot weight. MFC with M-8528-P1 is
used [a], and voltage from —500 V to 41500 V is applied
to activate the robot in experiments and simulation. Us-
ing this drive load generates bending deformation and the
robot oscillates in the direction of the Z-axis. The robot
is 167 mm long. Material properties of the robot structure
are shown in Table 2.

The finite element model of the soft robot structure
shown in Fig. 7 is described by a hexahedral element.
Grid nodes number 152,902 and elements 28,181.

Based on a finite element model of the soft robotic fish,
fixed support is applied to the robot head and drive load
from Eq. (5) is applied to areas of two MFC plates for ac-
tivation described in Fig. 6(b). When an external force is
applied to the end of the rod, force is transferred equally
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across the rod. Force is the factor causing stress. Stress
defined as force acting on unit area within a deformable
body is applied to MFC plate area where net force is nor-
mal to the plane of the area considered. Only one MFC
plate’s load distribution is obtained in Fig. 6(b). The drive
load for the other MFC plate is applied in the opposite di-
rection based on corresponding areas of load distribution.
The basic governing finite element matrix equation of the
soft robot structure is as follows [38]:

MX+CX+KX=F Fr=fo+fr . . . . (6)

fb:/BG,n,dB(7)

fF:/Pnde+/rnde L ®
s s

where M, C and K are structural element mass, damping
and the stiffness matrix. Fg is force applied to the struc-
ture, including external force f;, and force fr describing
coupling to surrounding fluid. X is displacement, o; is
generated actuator stress, and #; is the i-th component of
the unit normal vector in the area of dB, where B is the
area of load distribution on the MFC plate. P is fluid pres-
sure, 7 is the fluid shear stress related to fluid viscosity
and shear rate, n; is the j-th component of the unit normal
vector on the surface area of the interface boundary, and
S is the surface area of the robot.

In FSI of soft robotic fish, f;, characterizes external
force load acting on the robot structure for activation. The
voltage described in the form of generated stress of MFC
actuator is defined as the robot’s external drive load and is
calculated using Eq. (5) based on MFC’s material proper-
ties. Applied stresses are normal to the plane of MFC ac-
tuator area considered. External force load f}, is described
as in Eq. (7), related to generated stress of actuators. fg
characterizes the force load caused by surrounding fluid
acting on the robot structure. It includes fluid pressure
force and shear stress. The robot is thus subjected to
fluid force load at the interface boundary between the sur-
rounding fluid and robot structure and fr is described as
in Eq. (8). Any fluid viscosity force or fluid friction force
acting on the robot structure is included in fF but not in
damping matrix C described in Eq. (6) for the FSI solu-
tion. Fluid force load is generated in interaction between
the robot structure and the surrounding fluid. Load trans-
fer occurs on the interface between them. Through this
interface boundary, fluid force load is transferred to the
robot structure. Force load caused by fluid is thus applied
to the interface area of the robot structure in calculation.
That is, fluid force load is applied to the entire surface of
the robot structure for the FSI solution.

2.4. Fluid Model

3-D incompressible Navier-Stokes equations and con-
tinuity equations used to model the surrounding fluid do-
main described in Fig. 8 are shown below and are solved
by using the finite volume method. Using these equa-
tions with additional boundary conditions solves nonlin-
ear problems and describes the distribution of fluid veloc-
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Fig. 8. Fluid model boundary conditions.

ity and pressure around the soft robotic fish. To obtain a
time-unsteady solution using a relatively simply solver at
lower computational cost, the additional turbulence model
is used as a simplified, approximate model so that ap-
proximate modeling of the fluid in analysis has the differ-
ence with real conditions in practice. It can, however, be
employed to calculate complex flow with high Reynolds
numbers and meet the basic demands of the physics of
turbulent flow:

s,y 9Us | ; OUs  , 9Us
P\ %oy TH gy TV

B 82Ux+82Ux+82UX _8_P+F ©
—H\ 92 oy? 97 ox ¢
U, AU, AU, I,
P(W”XW*Uya—y*Uza—z
J*u, d*U, J*U,\ OP
#< ox? + dy? 072 >_3_y+Fy - (19)
0. , QU I I
P\or TP ox TH gy TV
0°U. 0*U. 02*U. oP
_“<ax2 57 Yo )—a—ZJrFZ . (1D
U, U, AU,
VU= Ty T T (12

where p is density, U is velocity, U,, Uy and U, are ve-
locity components in the X, Y, and Z directions, P is pres-
sure, (1 is dynamic viscosity, and Fy, Fy, and F; are force
components in the X, Y, and Z directions.

As shown in Fig. 8, a cubic surface is the fluid domain
boundary, which is 590 x 133 x 440 mm, the same as the
liquid tank in experiments. The soft robotic fish is cen-
tered in the transverse and vertical directions of the fluid
domain.

Due to the high voltage of MFC, fully fluorinated and
thermally stable Fluorinert electronic liquid FC3283 is
used to describe properties of the fluid in Table 3. FC3283
has good electrical insulation properties, meeting insulat-
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Table 3. Fluid properties.

Item Property
Density (kg/m?) 1820
Average Molecular Weight (g/mol) 521
Kinematic Viscosity (centistokes) 0.75
Absolute Viscosity (centipoises) 1.4

%
X

0
&

X

3

0.100 0.300

Fig. 9. Fluid model mesh.

ing requirements in experiments. Its composition does
not shift or fractionate over time, which insures that fluid
transport properties are stable. It is also nontoxic orally,
nonflammable, and highly resistant, increasing security in
storage and use.

The fluid model has some basic conditions. First, the
standard atmosphere and 25°C room temperature are pre-
sented as reference values. Second, buoyancy and heat
transfer are not considered. Buoyant force perpendicular
to the direction of robot locomotion has almost no effect
on propulsion. Heat transfer in the fluid has little effect on
energy dissipation in propulsion and is ignored for reasons
of simplification in research. Third, the shear-stress trans-
port (SST) equation model is defined as a fluid turbulence
model that considers the transport of turbulent shear stress
and predicts fluid flow on a curved surface and separated
flow on boundary layers accurately enough to represent
turbulence flow physics in calculation.

Two of the boundary conditions in Fig. 8, that is, open-
ing and the nonslip wall boundary, are applied to model
the fluid domain in simulation. The nonslip wall boundary
condition is applied to the entire interface of robot struc-
ture and the borders of the fluid domain expect for the
border of top surface. Fluid velocity on the wall boundary
is zero. The top surface of the fluid domain is described
by an opening boundary condition on which pressure with
a zero value is applied.

The fluid model’s mesh grids, shown in Fig. 9, are
meshed through the ANSYS mesh method. The ele-
ment type is hexahedral. Fluid model grid nodes number
105,136 and elements number 533,943. Mesh distribution
from the robot surface to the fluid border is sparse. The
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Fig. 10. Solution procedure of FSI analysis.

density of the grid nodes on the robot surface is largest in
the fluid model.

2.5. Numerical Coupling Analysis

Transient analysis is used in both the structure and fluid
model to determine hydrodynamic performance of soft
robot in coupling simulation. FSI analysis through the
ANSYS program assumes that fluid is ideal and meets ba-
sic conditions. First, the solid structure has large flexible
deflection. Second, the fluid is nonflowing. Third, there
is no heat transfer process and no buoyancy is considered
in analysis. Initial values for all variables needed in the
analysis are defined as zero.

Interaction between the robot structure and fluid at the
interface causes the fluid to exert force on the robot and
structure motion produces an effective fluid load. The
governing equations of the robot structure and fluid do-
main are coupled by fluid-structure interfacial boundary
conditions. FSI analysis meets basic principles of con-
tinuity and the conservation of velocity, stress, displace-
ment, heat flow, and temperature at the interface between
them. The detailed solution procedure for FSI analysis
between the robot structure and fluid is shown in Fig. 10.
The solid domain and fluid domain have separate mesh
distribution and boundary conditions in analysis. Data is
transferred on the interface between the solid and fluid
domains. Each field solvers gather required transfer data
from the other solvers, solving their equations for the cur-
rent coupling step. Step calculation is repeated until data
transfer between two solvers and all field equations have
converged. After convergence, current coupling calcula-
tion moves to the next step in analysis. Transferred data
in FSI analysis of soft robotic fish are force from the fluid
and displacement from the robot structure.

To evaluate soft robotic fish’s hydrodynamic perfor-
mance, the propulsive force of the robot is derived from
3-D computation. When oscillation and swimming veloc-
ities of the soft robotic fish are determined, the robot’s
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hydrodynamic force is related only to fluid pressure and prossure W/ANSYS
viscous stress over the robot surface. At a defined oscil- [}f,ﬁ;::ﬁzﬁ
lation frequency, oscillation and swimming velocities are [ S020eam
determined and corresponding fluid pressure and viscous 27964001

stress caused by the swimming motion of soft robotic fish
are obtained in FSI analysis. In simulation, the robot os-
cillates in the Z-axis direction at a defined oscillation fre-
quency and hydrodynamic force along the X-axis is con-
sidered only for propulsion. At different oscillation fre-
quencies, the hydrodynamic force component along the
X-axis is calculated as the integral of pressure and vis-

cous stress over the robot surface in the X-axis direction, , e < )\
shown in Eq. (13) [39]:
o (a) Time = 1/24 s
F:% —P-iiy+%;n)dA ... . . . .(13)
y A ( * Y J) Pressure ' i\ m
1.324e+002
where dA is the infinitesimal robot surface area, P is the lmwm

8.020e+001
~5.408e+001
2.796e+001

pressure of area dA, n; is the j-th component of the unit
normal vector of area dA, n, is the unit normal vector
of area dA in the X-axis direction, and 7; is the viscous
stress tensor of area dA in the X-axis direction.

3. Results and Discussion

According to the above boundary conditions and prop-
erties of fluid, FSI simulation is conducted to deter- ;
mine the soft robotic fish’s hydrodynamic performance.
Propulsive force and deformation mode play crucial roles

0300 (m) ‘/I\ X

(b) Time = 1/12 s

0150
0075 0225

in soft robotic fish’s propulsion, so results of propulsive eeae &F/SYS
force and deformation displacement of the soft robotic [;»gg;:ggg

fish are presented below. soieor
- 5.408e+001
2.796e+001

3.1. Propulsive Force

Fluid pressure plays a key role in soft robot fish’s
propulsion. Based on the robot’s specific oscillation fre-
quency, pressure distribution around the robot varies with
time. Fig. 11 shows fluid pressure on the X-Z midplane
in a half cycle at 3 Hz. Here we use pressure relative to
one standard atmosphere to express static pressure in the
fluid. :

As shown in Fig. 11, the robot oscillates. The pressure
of the flow field near the robot is obviously disturbed and

0150

0500 (m) .)\ x
oS 5

(c) Time = 4/8 s

dynamic pressure is determined by robot motion. Pres- oressue W/ANSYS
sure contours crowd close together near the robot, where [;;gg;;jggg

the higher pressure is obtained. The pressure peak and 020t
trough appear at the tail of the robot, which is where the o
robot is deformed the most. Due to robot oscillation, an
obvious pressure differential is generated at left and right
around the robot. The pressure difference between the
front and back of the robot is very low, benefitting from its
streamlined shape. Fig. 11(b) shows fluid pressure where
the robot is most deformed. As the robot increasingly de-
forms, the area of fluid disturbance expands.
Hydrodynamic force results along the X -axis are shown

0300 (m) 7/1\ X

0 0150

in Fig. 12. The input voltage of the square waveform on v
the robot ranged from —500 V to 41500 V and the range (d) Time = 1/6 s
of frequency is 1 Hz to 25 Hz in experiments and sim-

. . ‘ Fig. 11. Fluid pressure contours on the X-Z midplane in a
ulation. The experimental platform on propulsive force half cycle at 3 Hz.
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Fig. 13. Experimental propulsive-force platform.

is shown in Fig. 13, including the prototype drive sys-
tem. Main drive signal generation is computer-controlled
and the basic signal waveforms such as sine, square and
triangle are considered. The signal processing circuit
uses a voltage follower between the high-voltage ampli-
fier (AMP PA05039) and the computer to reduce output
impedance. The high-voltage amplifier delivers an out-
put voltage of —500 V to +1500 V at an output current
up to 50 mA. DC is used to drive MFCs. High-voltage
output is controlled through the amplifier input voltage of
—2.5V to 7.5 V DC or peak AC corresponds to —500 V
to +1500 V output.

In experiments, measurement is performed in the Fluo-
rinert electronic liquid tank, which is 590 x 133 x 440 mm
due to the high input voltage of actuators. The force gauge
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(single-axis load cell) and a stick are used to build the ex-
perimental platform. The force gauge is fixed on the upper
part of stick. The stick rotates with the rotation axis. The
lower part of stick contacts to the robot prototype head.
When input voltage is applied to the robot, the robot gen-
erates force for propulsion and the stick contacting the
robot head rotates with the rotation axis. Through the ro-
tation axis, propulsive force is transferred to the upper part
of stick. Based on force F; from the load cell fixed on the
upper part of stick, the prototype’s propulsive force F; is
calculated by Eq. (14). The distance between the rotation
axis and the upper part of stick, where the stick is fixed on
the force gauge, is /; and the distance of the rotation axis
away from the lower part of stick where the stick contacts
the robot is /. Propulsive force is the value averaged in
measured time.
l 1 Fs

=

. (14)
b

In Fig. 12, no direct proportional relationship exists be-
tween propulsive force and robot oscillation frequency,
but similar variations in propulsive force happen in ex-
periments and simulation. Due to the fluid model and
boundary conditions in simulation, force differs largely
in a frequency range from 10 Hz to 18 Hz. In simu-
lation, the numerical fluid model is modelled to repre-
sent approximately turbulent flow physics for the FSI so-
lution. Many parameters in governing equations of the
fluid model are determined by experience. This approxi-
mate fluid model reduces simulation accuracy and causes
a difference in fluid flow compared to actual conditions.
Real turbulent flow physics are not described accurately.
Load acting on the robot structure caused by fluid is all
an approximate solution and causes error between sim-
ulated and measured results. In numerical analysis, the
uniform fluid model and boundary condition are selected
to avoid systematic error. In this frequency range, the uni-
form fluid model and boundary conditions cause large dif-
ferences. Compared to real conditions in experiments, the
simplified model including the fluid and robot structure
and boundary conditions in numerical analysis are another
source of differences. Experimental measurement from a
fixed device and hand-made error in prototype manufac-
ture also cause the difference between experiments and
simulation. In conclusion, similar results occur in exper-
iments and simulation. Trends in variations in propulsive
force of the soft robotic fish at different frequencies is de-
termined and results similar to experiments are obtained
through FSI analysis.

3.2. Deformation Displacement of Soft Robotic Fish

Corresponding deformation modes of soft robotic fish
at different frequencies are also obtained from FSI anal-
ysis. At different frequencies, we obtain similar bend-
ing deformation modes in the robot propulsion. We take
the results at 3 Hz where the robot has good flexible fish-
like motion due to suitable swimming number S,, [40] to
present its bending deformation mode, shown in Fig. 14.
Results for a quarter of one cycle are used for description.
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Fig. 14. Deformation mode of soft robotic fish in one quar-
ter of a cycle at 3 Hz.

Fig. 14(b) describes the difference in deformation mode
between experiments and simulation at 3 Hz. Experimen-
tal results are measured by a high-speed camera.

As shown in Fig. 14, the bending deformation mode
occurs in robot oscillation, and deformation displacement
is inc reasing gradually from 0.005 s to 0.0845 s at 3 Hz.
At 0.0845 s, the deformation reaches the maximum. At
different time values, maximum deformation is obtained
at the caudal fin end as shown in Fig. 14(a). Almost
the same bending mode shapes occur at corresponding
time values in experiments and simulation, as shown in
Fig. 14(b). At left are bending mode shapes in exper-
iments and simulation. At right are corresponding dis-
placement differences of the tail end. At 3 Hz, the max-
imum displacement difference at the tail end is 18% be-
tween them. Efficient bending propulsion based on oscil-
lation is thus realized successfully through FSI analysis.

Results on caudal fin displacement at different frequen-
cies are shown in Fig. 15. Note the similar displacement
curve in experiments and simulation. Maximum displace-
ments in the experiments and simulation are obtained at
1 Hz rather than at the frequency where the maximum
propulsive force is generated because fluid absorbs en-
ergy from resonance and resonance energy is not trans-
ferred completely to the robot. At 1 Hz, maximum dis-
placement is 24.7 mm in experiments and 34 mm in sim-
ulation, yielding a maximum displacement difference of
39%. Simulation results in tail displacement are close to
those from experiments. The effectiveness of FSI analy-
sis is thus verified and suitable for evaluating deformation
characteristics of soft robotic fish in propulsion.

Propulsive force and the deformation trajectory are es-
timated for soft robotic fish at different frequencies in FSI
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simulation. FSI analysis meets the initial demands of soft
robotic fish design and control from the view of morphol-
ogy. From the view of dynamics, however, differences
in propulsive force and deformation displacement exist in
experiments and simulation. The float on the robot is a
key factor causing these differences. The presence of the
float changes the flow field distribution in robot oscilla-
tion. Hand-made error from manufacture and experimen-
tal measurement on prototypes is another source of dif-
ferences. We will consider them in the further improve-
ment. As a conclusion, simulation results for propulsive
force and deformation mode coincide with experimental
results. The effectiveness of FSI analysis has been verified
by comparing experiments. Design and control based on
FSI analysis is used to evaluate soft robotic fish’s propul-
sion performance to further improve.

4. Conclusions

FSI analysis has been used to evaluate propulsion char-
acteristics of soft robotic fish using PFC for robot design
and control. Propulsive force and deformation trajectories
of soft robotic fish are estimated through FSI analysis. A
comparison of results between experiments and simula-
tion has verified the effectiveness of FSI analysis of soft
robotic fish and shown FSI analysis to be suitable for eval-
uating soft robot fish’s propulsion performance for further
optimization and improvement. In future, we plan to de-
sign insulating packages of soft robots and use FSI analy-
sis to develop new robotic fish with advanced propulsion
performance.
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