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Soft Fluidic Actuator, This paper presents a comprehensive vibrational and static analysis of a soft actuator considering
Fluid-Structure Interaction, nonlinear effects. Fluidic channels embedded within a soft beam are considered a soft robotic
Bio-inspired Robot Fish, actuator, exhibiting nonlinear characteristics due to the inherent properties of the soft material.
Modal Analysis, The analytical process is based on Hamilton's principle, and the numerical solution has been
Resonance Tuning. carried out using the finite element software ANSYS, utilizing the Fluid-Structure Interaction

(FSI) and Pre-stress Modal tools. Initially, time-dependent inlet pressure is applied, and the
resulting pressure distribution within the soft fluidic actuator (SFA) is extracted over the time
domain. Following the validation of results obtained from finite element software and analytical
methods, the feasibility of using this actuator as an artificial muscle in a robotic fish has been
examined, leveraging the phenomenon of resonance and analyzing its behavior under real-world
conditions. The findings indicate that utilizing this type of actuator in the robotic fish's tail enables
functional similarity to a real fish after 8 seconds. However, by applying the proposed method and
tuning the operating frequency closer to the system’s natural frequency, the robot can immediately
exhibit movements resembling those of a biological fish.

Extended Abstract

1. Introduction

creatures and being at the forefront of robotics evolution [1]. When researchers seek robotic systems with

higher degrees of freedom for specialized applications, soft robots with flexible links are an effective
alternative for traditional rigid-link robots [2]. These robots, made of silicone or other soft materials, offer various
applications involving interactions with natural environments and biomedical devices. Unlike traditional rigid
actuators, soft actuators have many advantages, including high compliance, low weight, and low noise.

r I ' he research in modeling and analyzing soft robotics has gained increased attention, inspired by living

Soft Fluidic Actuator development has gained significant popularity in the context of bio-inspired capabilities
that permit adaptive, flexible interactions with unpredictable environments such as rough, uneven, and delicate
terrains [3. 4]. Bio-inspired criteria have ensured that robots can benefit from their living environments for
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locomotion [5], but their continuous nature, and material durability present challenges in accurate modeling and
ensuring compatibility with extreme environmental conditions. To address these challenges coming from the
nonlinearities and material properties, experimental, optimization, and finite element methods were extensively
used to analyze the behavior of soft robots [11. 12].

The analysis of soft structures has been observed in many recent studies employing software such as Abaqus
and Ansys [28. 29]. For instance, in 2020, Zhang ef al. investigated an energy-absorbing soft actuator for the tail
of a robotic fish. The softness of the robotic tail generates nonlinear effects; therefore, the nonlinear analysis
capability of ANSYS is utilized to validate the soft FSI problem, and the deformation results obtained from the
numerical and software-based approaches demonstrated excellent correlation [34]. Because of the interaction
between the solid bodies of robots and the surrounding fluid in the marine environment, numerous studies have
utilized Ansys's FSI analysis capabilities. For example, the research by Fouladi ez al. in 2021 investigated the
pressure distribution in various parts of a robotic fish dureing swimming, validating the experimental results
against those obtained from Ansys [35]. Bamdad and Karimi, in 2022 and 2025, analyzed the dynamic behavior
of a robotic fish that employs a SFA as a tail. In these studies, the robotic fish's tail was modeled as a cantilevered
Euler—Bernoulli beam in Ansys, and the actuator's displacement, driven by a time-varying input pressure, was
utilized as the source of thrust, with the robot's dynamic behavior examined in three-dimensional space [36. 37].

This paper presents a novel approach based on the modal analysis of a biomimetic soft actuator used as a
robotic fish tail. Results illustrate that the implementation of modal analysis and resonance phenomena leads to
better convergence of robotic tail behavior with the behavior of a biological fish tail. In this process, the soft
actuator is modeled using Ansys software. Subsequently, an input pressure function is applied, and the system's
natural frequencies, along with the actuator's deformations resulting from pressure distribution, are extracted and
validated. The investigation of the margin between the natural and operating frequencies not only provides an
opportunity to achieve greater system vibration where required, such as in robotic fish tail, but it also allows for
maintaining a maximum separation between the operating frequency and the natural frequency, as needed in
surgical and biomedical applications. This leads to higher robot efficiency and optimal interaction with the
surrounding environment. Finally, this research demonstrates that the actuator's behavior as a robotic fish tail
becomes fully consistent with that of a real fish after 8 seconds. However, by employing the approach presented
in this study and utilizing resonance, the actuator's behavior aligns with real fish from the beginning of system
operation. This has been shown by calculating the fish-robot's tail-flapping frequency and the Strouhal number,
which serves as a metric for the functional compatibility of the fish robot with their biological counterparts.

2. Modeling and Formulation

In this section, the deformation field of the supporting elastic structure is formulated, and to derive accurate
modeling, the following assumptions are made.

1. The fluid is incompressible, and the velocity profile remains constant along the actuator.
2. Rotary inertia and shear deformation effects are neglected.

3. Despite large deformations, the system’s strain is always small.

4. The actuator is assumed to be an Euler—Bernoulli beam.

5. The actuator’s motions are considered only planar.

2.1 Modeling in the Elastic Domain

The Euler—Bernoulli beam theory, besides the nonlinear strain—displacement relation (the Green strain), is

employed:
123
§| T-U+wW,)dt=0 )

ty

Where T the kinetic energy of the system, U is the potential energy of the system, and W, is the work done
by non-conservative forces. The system's kinetic energy is the sum of the fluid's and the beam's kinetic energies,
arising from the system's deformation.
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Where T, represents the kinetic energy of the beam and T represents the kinetic energy of the fluid, defined by (3) and (4),
respectively.

r=2 [ pa(%) a

v=7) ral5y) & 3)
I =1 fl V2+(6W)2+V2(aw)2+zv owow, 4

r=z¢) ™ U+ M \ox m ot ax) )

Where w is the deflection of the beam, p is the density of the beam, A is the cross-sectional area of the beam,
¢ is the density of the fluid in the channel along the beam, m; is the mass per unit length of the fluid, and V), is the
mean velocity of the fluid along the actuator.

Considering the Green strain relationship, the potential energy for a clamped Euler—Bernoulli beam can be
expressed by (5).

U= 1EAfL(aW)4d +1E1fL AN
g \ax) TR \aaz) & ©)
Where E is the modulus of elasticity, I is the beam’s inertia, and L is the beam’s length. Figure 1 shows the
displacement field in an Euler—Bernoulli beam

Figure 1. Displacement field

2.2 Modeling in the Fluid Domain

According to the Stokes equation for an incompressible Newtonian fluid, the governing equations can be expressed as
follows:

d
pr (a—: + (v. V)v) = —VP + uv?v + Fy (6)

Where py is the fluid density, v is the velocity vector, P is the fluid pressure in the X, y, and z directions, u is
the fluid viscosity, and Fy represents any body force. The simplified form of (6) in the x-direction can be written
as (7).

3w owo’w owd*w P a*w

2V Iy I i
PV s TV g T e o Tax T G Q)

By substituting (3), (4), and (5) in (1), we have:

0w 2w 3 9w 0wy’ 0w
— ( ) EI

92 + meCV— - a —ax4 =0 (8)
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To solve (7) and (8), the assumed mode method has been employed. For this purpose, the problem variables
are first defined in the expanded form of (9) and (10).

WO =) g o ©
i=1
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p(x,t) = ZPi(x) T;(t) (10
i=1

Finally, EoM can be found by substituting (9) and (10) into (7) and (8).

M;ij; + Ciij; + Kin; + NL; = fi; sin(wt) + f5; cos(wt)

an
¢ +kT+nL; =0 (12)
l
= pA f $200) dx (13)
& Lo dgy
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where V is the fluid velocity, w is the natural frequency of the system, p,, is the amplitude of the input pressure,
and c is the density of the channels along the beam, defined as the number of channels along the beam, and the
parameters S, Aom, @;(x) are defined as follows.

b = @m—1)3 @2)
Ay = —2— a0
om 5 P B (23)

cos(B;L) + cos h(B;L)
sin(B;L) + sin h(B;L)

¢:(x) = cos(Bix) — cosh(B;x) — (sin(BiL) — sin h(BiL)) Xn 24

2.3 Problem Definition

A soft robotic tail is generally modeled as an elastic beam that consists of a fluid-filled network of cavities
[37]. Fluid channels are arranged parallel to each other and embedded within the neutral (middle) plane of the
beam. The flow of viscous fluid with different pressures in the channels will induce the normal and shear stress in
the elastic beam. Therefore, the stress field and internal strain of the fluid motion deform the beam curvature in a
direction perpendicular to the network of fluid channels. Figure 2 illustrates the overall schematic of the actuator
modeled in ANSYS software.
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Figure 2. Soft Actuator with Fluid Channels

In 2015, Poligrinus et al. investigated three cross-sectional shapes, rectangular, circular, and semi-circular
cross-sections for the channels of these types of actuators. The semi-circular cross-section was identified as the
most effective cross-section shape of channels. The semi-circular shape for a soft bending actuator requires the
slightest pressure to bend to the same angle while preserving its original cross-sectional shape [41]. Therefore, the
semi-circular shape was chosen for this study.

3. Results

3.1 Problem Solution and Results Analysis

To investigate the dynamic and static behavior of the SFA, after modeling the actuator in the geometry
environment of ANSY'S software, Fluent was used for meshing the soft actuator and applying boundary and initial
conditions. For meshing, a hexahedral mesh with 1626908 nodes and 4717544 elements was employed to achieve
convergent responses to ensure mesh convergence. The reason for employing this type of meshing is its use in
similar research [36]. The inlet pressure and inlet velocity were applied at the channel entrance. After modeling
and applying initial conditions, the pressure distribution along the beam was determined. Figures 3 and 4 display
the location of the inlet pressure and the maximum pressure distribution along the actuator, respectively.

Table 1 shows the values of the geometric and mechanical parameters of the SFA used in the research. These
values are considered identical to those used in [40] to clearly indicate the accuracy of the software method.

Table 1. Values of the geometric and mechanical parameters of the actuator

Parameter Value Parameter Value
l(mm) 80 L (mm) 320
E (KPa) 2 p (kg/m®) 1100
us (kg/m.s) 0.01307 pr (kg/m?) 1000
pa(Pa) 4 b (mm) 90
z (mm) 6 h; (mm) 12
r.(mm) 5 | (mm) 3250

Table 1 summarizes the parameters used in the finite element model. Here, L denotes beam length, 7, is the
channel radius, z is the distance between the channel centerline and the neutral axis, E is the Young's modulus, p
and py are the densities of the solid and fluid, uy is the dynamic viscosity of the fluid, and p,, is the inlet pressure
amplitude.

In this study, the analysis was carried out over a time interval of 10 seconds and with a pressure amplitude of
4 Pa. As expected, considering the input pressure function (10), pressure variations along the beam are negligibly
affected by the channel position in the coordinate directions and are clearly a function of time. Figures 5, 6, and 7
show the pressure variations over time, the displacement value under the distributed fluid pressure, and
displacement versus number of channels, respectively. After ensuring the results of the manner and magnitude of
pressure distribution along the actuator, its static analysis was then performed, and the large deformations resulting
from the fluid pressure distribution along the beam were obtained.

[T

Figure 3. Location of the inlet pressure
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Figure 4. Pressure distribution at the 10th second along the actuator
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Figure 5. Pressure distribution over the time domain
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Figure 7. Displacement versus number of channels

In the following, the vibration analysis of the system has been carried out concerning the boundary conditions
and the force applied to the actuator in the previous sections. In the next section, results obtained from validating
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the natural frequencies of the SFA with research [31] are discussed. The high correlation between the analytical
and software outputs of these two studies indicates the high accuracy of the software method and the possibility
of using it for analyzing the vibrational behavior of similar soft actuators.

3.2 Validation

Although ANSYS software has in recent years been widely considered by researchers in the field of interaction
of multi-physical structures, and computer-based simulations are widely used in solving complex and practical
engineering problems, there is always a need for accurate validation of computer solutions; because due to minor
errors or assumptions used in the boundary conditions during the solution process, software error, or even errors
caused by meshing accuracy, the response may differ greatly from reality. The extracted numerical results were
validated with the analytical methods presented in 2022 and 2025 [37, 40]. In these studies, a semi-analytical
method has been presented for solving this type of problem so that, in addition to significantly reducing the
computational volume and saving time, highly accurate responses can be obtained for these types of problems. In
order to accurately examine the presented method, all geometric and mechanical properties are consistent with
those in the studies. Table 2 compares the natural frequencies of the system in the presented study and [40].

Table 2. Comparison of the natural frequencies

Method Number of mode shapes Wy W, w3
Numerical * 8.99 55.89 154.2
Analytical [40] 3 8.79 55.10 154.2

The difference between the two methods in the first natural frequency is 2%, in the second natural frequency
is 4.1%, and in the third natural frequency, it is only 0.03%. Figures 8 and 9 show the investigation of the
eigenvalues of the nonlinear model.

Nonlinear Model

Real of eigenvalue

20 10 60 80 100 120 140 160 180 200
® (rad’s)

Figure 8. Real part of eigenvalues
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Figure 9. Imaginary part of eigenvalues
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Subsequently, to ensure the results of the static analysis at the 10th second under the pressure function
(Equation 10), the output of the model analyzed using ANSYS software (Figure 6) was validated. Figure 10
demonstrates the displacement values of the actuator [40].

0.015
== Proposed Method

= Numerical Method

0.01 & A

0.005

displacement(m)

-0.005

-0.01

L L
) 2 4 6 8 10 12 14 16 18 20
Time(s)

Figure 10. Actuator displacement using the semi-analytical method

In the final step, after ensuring the results of the static and vibration analyses, the proposed approach of using
the natural frequency in real-world applications was employed to investigate the possibility of using this method
in a robotic fish. As evident from Fig.5, the input pressure function to the actuator exhibits a sinusoidal behavior.
This pressure distribution can provide bidirectional displacement of the actuator. From the displacement obtained
in the actuator under input pressure, the required propulsion force and speed for the robotic fish can be derived

u(G)’
2
M(‘;—‘)‘(’) +pwA(L)Cp

density, Cp is the drag coefficient, A(L) is the nominal cross-sectional area, and w is the displacement of the robot’s
tail. Table 3 shows the assumed values for the considered robot.

according to the Lighthill theory (U = ). Where, M is the weight of the robot, p,, is the fluid

Table 3. Parameters of the robotic fish

Parameter Value
A(L) [m?] 0.011
M [Kg] 0.311

Ly [mm] 25
pw[Kg/m?] 1000
Cp 0.295

By substituting the values from Table 3 into the Lighthill equation, the average speed values based on the tail-
flapping frequency can be found as shown in Figure 11.
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Figure 11. Average of robot speed versus tail bit frequency
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The time to reach a flapping frequency of 6 Hz, according to (11), is 8 seconds, the corresponding Strouhal
number St = %, which indicates the degree to which the robot’s behavior approximates that of a biological fish,
is 0.31 at this frequency and speed. This value falls within the range of biological fish (0.25 to 0.4) [42].

4. Discussion of Results

In this paper, the dynamic and static behavior of a SFA as an artificial tail was studied using ANSYS finite
element software, and the results of the actuator’s deformation under fluid force were examined. This method
provides much more accurate responses compared to other methods such as Newton-Euler and Lagrange, as the
boundary conditions modeled in this method align much better with reality than the assumptions in those methods.
Furthermore, this method addresses the effects of fluid head loss in the channels, which previous methods disregard
due to the extremely high computational volume.

The primary approach of this research was to leverage the phenomenon of natural resonance to bring the
dynamic response of the SFA closer to its real-world applications, such as the tail of a robotic fish. The obtained
results indicate that the system’s first natural frequency is 8.99 Hz. Considering the range of the Strouhal number,
to achieve biological fish-like behavior, the tail flapping frequency should be at least 6 Hz, which occurs from the
beginning of the eighth second. If, by bringing system’s operating frequency closer to its natural frequency, not
only will the system’s behavior from the start of motion be similar to a real fish, but the increased oscillation
amplitude in this state will also generate more propulsive force.

Moreover, by carefully examining Table. 2, it can be observed that the results obtained from the analytical and
numerical methods have a highly acceptable correlation. Therefore, ANSYS software can be considered a useful
tool in analyzing SFA As mentioned, using computer tools not only saves time but also provides more reliable
responses because the possibility of errors in the calculation process is minimized. Employing assumptions closer
to reality, in addition to optimizing the response, also prevents errors arising from complex formulations in
numerical methods. Consequently, the use of computers is particularly important in industrial applications where
losing even a fraction of time can reduce profitability. Given the sinusoidal deformation due to the sinusoidal
nature of the fluid pressure function input to the actuator, it can be realized that the only control tool for these types
of actuators is the input pressure. Therefore, it would be preferable for the input pressure function to be dependent
not only on time but also on position to ensure optimal actuator control, as deformation in these types of actuators,
unlike traditional actuators, occurs along the links, and controlling the links requires precise control of the input
pressure.

It is further suggested, considering the high importance of precise control for soft robots due to their specific
applications, to focus on their online control. Additionally, optimizing geometric parameters such as the
dimensions of the fluid channels or updating the mechanical properties of the system using methods like the
Genetic Algorithm could be explored to enhance the system’s efficiency in real-world applications like robotic
fish tails.

5. Conclusion

The fluid-filled network of channels embedded into the soft body is considered a soft, continuous artificial
muscle. Fluid pressurization inflates the embedded cavities and produces the desired deformation of the elastic
structure. The nature of this problem and the extracted EoM make accurate and efficient solutions challenging.
Therefore, the pressure distribution along the actuator was obtained in the time domain, followed by the extraction
of the system's deformations and natural frequencies. To verify the accuracy of the proposed approach, the obtained
results were validated against a numerical and semi-analytical study published in 2022, showing good agreement.
The proposed strategy provides an efficient solution for nonlinear equations of motion while maintaining a low
computational cost. Finally, by exploiting the resonance phenomenon, the actuator can exhibit a swimming
behavior that more closely resembles that of a real fish from the beginning of its operation.
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