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Preface

We welcome you to read the collection of articles in Bio-Inspired Soft Robotics: Design, Fabrication
and Applications a Reprint that captures the essence of innovation and progress in the field of
bio-inspired soft robotics. As we delve into the intricacies of nature’s designs and translate them into
robotic systems, we are continually amazed by the potential these technologies hold for transforming
various aspects of our lives.

Soft robotics, with its focus on flexibility, adaptability, and safe interaction with humans and
the environment, has emerged as a dynamic and promising field within robotics. The inspiration
drawn from the natural world, where organisms exhibit remarkable capabilities to adapt and thrive
in diverse conditions, has been instrumental in shaping the development of soft robotic systems.
This Reprint brings together a selection of ten articles that highlight the latest advancements,
challenges, and opportunities in the design, fabrication, and application of bio-inspired soft robots.
The articles in this collection showcase a wide range of innovative approaches and applications.
From the development of a pneumatic soft glove for hand rehabilitation to the creation of an
amphibious robot inspired by cuttlefish, these contributions demonstrate the versatility and potential
of bio-inspired soft robotics. Each article provides valuable insights into the design principles,
fabrication techniques, and real-world applications that are pushing the boundaries of what soft
robots can achieve. As we look to the future, the field of bio-inspired soft robotics holds immense
promise. The continued exploration of nature-inspired principles, combined with advancements in
materials science, fabrication techniques, and control systems, will undoubtedly lead to even more
remarkable innovations. This Reprint aims to provide a snapshot of the current state of the field,
while also inspiring researchers, engineers, and scientists to push the boundaries of what is possible.

We would like to express our sincere gratitude to all the authors who have contributed their
valuable research to this Reprint. Their dedication and innovative work have enriched the field of
bio-inspired soft robotics and laid the foundation for future advancements. We also extend our thanks
to the reviewers who provided their expertise and constructive feedback, ensuring the high quality
of the articles published in this Special Issue.

This Reprint is a testament to the progress and potential of bio-inspired soft robotics. We hope
that it will serve as a valuable resource for researchers, practitioners, and students interested in this
exciting field, inspiring further exploration and innovation. As we continue to draw inspiration from
the natural world, we are confident that bio-inspired soft robotics will play a crucial role in shaping a
more adaptable, resilient, and interconnected future.

Thank you for joining us on this journey of discovery and innovation.

Yong Zhong, Pei Jiang, and Sun Yi
Guest Editors
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Editorial

Bio-Inspired Soft Robotics: Design, Fabrication and Applications

Yong Zhong /*, Pei Jiang ? and Yi Sun 3

Shien-Ming Wu School of Intelligent Engineering, South China University of Technology,

Guangzhou 510640, China

The State Key Laboratory of Mechanical Transmission, Chongqing University, Chongqing 400044, China;
peijlang@cqu.edu.cn

Department of Mechano-Informatics, University of Tokyo, Tokyo 113-8656, Japan;
y-sun@isi.imi.i.u-tokyo.ac.jp

*  Correspondence: zhongyong@scut.edu.cn

The field of soft robotics has witnessed a remarkable surge in interest and innovation
over the past decade, with bio-inspiration playing a pivotal role in driving forward the
design, fabrication, and applications of these adaptable and resilient robotic systems. This
book, titled “Bio-Inspired Soft Robotics: Design, Fabrication and Applications,” compiles
ten cutting-edge articles that showcase the latest advancements and diverse applications
in this burgeoning field. These contributions highlight the multifaceted ways in which
nature’s ingenuity can be harnessed to create soft robots that are not only highly functional
but also capable of operating in complex and dynamic environments.

One of the key themes explored in this book is the design of soft robots inspired by the
unique locomotion strategies of various animals. For instance, Yugiao Dai et al. [Contribu-
tion 1] present a novel approach for controlling flexible continuum robots, leveraging neural
networks to model the relationship between motor inputs and shape outputs. This work
underscores the potential of bio-inspired design principles in enhancing the precision and
adaptability of soft robotic systems. Similarly, Emmanouil Papadakis et al. [Contribution 2]
introduce a soft robotic arm that mimics the muscular structure and movement capabilities
of an octopus arm. The authors’ detailed design process and experimental evaluation
demonstrate the arm’s ability to perform complex tasks such as bending, elongation, and
twisting, thereby expanding the scope of potential applications for soft robotic arms.

The fabrication techniques for bio-inspired soft robots are another focal point of this
book. Xiaohui Wang et al. [Contribution 3] describe the development of a soft robotic glove
for hand rehabilitation, featuring bidirectional bending actuators and a programmable
pneumatic control platform. This work exemplifies how innovative fabrication methods can
be employed to create soft robotic devices that are both functional and user-friendly. Addi-
tionally, Qian Yang et al. [Contribution 4] explore the design and testing of a high-frequency
wire-driven robotic fish, highlighting the importance of optimizing the mechanical design
and control strategies to achieve efficient and agile underwater locomotion.

The applications of bio-inspired soft robots span a wide range of fields, ranging from
medical rehabilitation to environmental exploration. Yihan Wang et al. [Contribution 5]
investigate the hydrodynamic performance of a quadrupedal paddling model, providing
valuable insights into the design of amphibious robots that can navigate both land and
water environments. This research not only advances our understanding of bio-inspired
locomotion but also paves the way for the development of versatile robots capable of per-
forming diverse tasks in challenging terrain. Furthermore, Deli Xia et al. [Contribution 6]
present a 3D-printed soft robot that mimics the movement of an inchworm, showcasing
the potential of combining advanced fabrication technologies with bio-inspired design to

Biomimetics 2025, 10, 447 https://doi.org/10.3390 /biomimetics10070447
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create robots that can adapt to complex environments and perform tasks such as obstacle
climbing and surface transition. Huibin Liu et al. [Contribution 7] present a quadruped
soft robot driven by magnetic fields. The robot is designed to mimic the movement pat-
terns of quadrupeds and can perform crawling and tumbling motions. This multimodal
motion capability enables the robot to navigate complex environments, cross obstacles, and
deliver cargo in a targeted manner, demonstrating the potential of soft robots in biomedical
applications such as targeted drug delivery.

In addition to these notable contributions, the book features several other articles that
delve into various aspects of bio-inspired soft robotics. These include studies on the devel-
opment of novel actuators, sensors, and control systems [Contribution 8], [Contribution 9],
as well as explorations of the potential applications of soft robots in fields such as healthcare,
environmental monitoring, and search and rescue operations [Contribution 10]. Collec-
tively, these articles provide a comprehensive overview of the current state of the art in
bio-inspired soft robotics and highlight the vast potential of this field for future research
and development.

As we compile these ten articles into a book, it is evident that the field of bio-inspired
soft robotics is at an exciting juncture, with researchers continually pushing the bound-
aries of what is possible. The innovative designs, fabrication techniques, and applications
showcased in this book serve as a testament to the creativity and ingenuity of the scientific
community working in this area. We hope that this collection of articles will inspire further
research and development, fostering the growth of bio-inspired soft robotics and its applica-
tions in various domains. The potential for these robots to revolutionize industries, improve
quality of life, and contribute to our understanding of the natural world is immense, and
we look forward to witnessing the continued evolution and impact of this fascinating field.

We would like to express our sincere gratitude to all the authors who contributed their
valuable research to this book, as well as to the reviewers who provided their expertise and
constructive feedback. Their efforts have made this book a rich and informative resource
for the soft robotics community. We also extend our appreciation to the editorial team at
MDPI for their support and dedication in bringing this Special Issue to fruition.

Conflicts of Interest: The authors declare no conflicts of interest.
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Article
Development of a Cuttlefish-Inspired Amphibious Robot with
Wave-Motion Propulsion and Rigid-Flexible Coupling

Yichao Gao, Felix Pancheri, Tim C. Lueth and Yilun Sun *

Institute of Micro Technology and Medical Device Technology, Technical University of Munich,
85748 Garching, Germany; yichao.gao@tum.de (Y.G.); felix.pancheri@tum.de (E.P.); tim.lueth@tum.de (T.C.L.)
* Correspondence: yilun.sun@tum.de

Abstract: Amphibious robots require efficient locomotion strategies to enable smooth
transitions between terrestrial and aquatic environments. Drawing inspiration from the
undulatory movements of aquatic organisms such as cuttlefish and knifefish, this study
introduces a bio-inspired propulsion system that emulates natural wave-based locomotion
to improve adaptability and propulsion efficiency. A novel mechanism combining crank-
rocker and sliding components is proposed to generate wave-like motions in robotic legs
and fins, supporting both land crawling and aquatic paddling. By adopting a rigid—flexible
coupling design, the system achieves a balance between structural integrity and motion
flexibility. The effectiveness of the mechanism is systematically investigated through kine-
matic modeling, animation-based simulation, and experimental validation. The developed
kinematic model captures the principles of wave propagation via the Crank-Slider—Rocker
structure, offering insights into motion efficiency and thrust generation. Animation simula-
tions are employed to visually validate the locomotion patterns and assess coordination
across the mechanism. A functional prototype is fabricated and tested in both terrestrial and
aquatic settings, demonstrating successful amphibious locomotion. The findings confirm
the feasibility of the proposed design and underscore its potential in biomimetic robotics
and amphibious exploration.

Keywords: amphibious robot; rigid-flexible coupling; wave-motion propulsion; biomimetic
locomotion; cuttlefish-inspired robotics

1. Introduction

Amphibious robots have attracted significant attention due to their capability to oper-
ate effectively across diverse terrains, offering great potential for environmental monitoring,
search and rescue, and underwater exploration. Natural species such as cuttlefish, sala-
manders, and mudskippers exhibit highly adaptive locomotion mechanisms that allow
efficient movement in both aquatic and terrestrial environments. Inspired by these biologi-
cal examples, considerable research has been dedicated to developing amphibious robots
capable of seamless transitions between land and water [1-3].

As shown in Figure 1, current amphibious robots typically utilize one of four lo-
comotion methods: (1) undulatory motion, (2) legged locomotion, (3) fin-based propul-
sion, and (4) hybrid wheel-leg systems [1,2,4-6]. Representative examples include snake-
inspired undulatory robots employing lateral oscillation [7], salamander-inspired legged
robots capable of switching between swimming and walking gaits [2,8], fin-based robots
such as the AQUA series that utilize oscillatory fins [4], and hybrid wheel-leg robots
like the Whegs series designed for versatility across various terrains [9-11]. Recent ad-
vances in soft and biohybrid propulsion have also enabled skeletal-skin fin models for

Biomimetics 2025, 10, 396 https://doi.org/10.3390 /biomimetics10060396
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low-speed aquatic maneuvering, exemplified by biorobotic cormorant-inspired flippers
with anisotropic compliant structures [12]. In parallel, emerging satellite-scale amphibious
robots—such as light-driven soft microrobots that fuse inchworm-like terrestrial motion
and water-strider-inspired aquatic gait—have demonstrated rapid multimodal transition
and remote wireless control in milligram-scale platforms [13]. These miniaturized designs
highlight promising directions in untethered amphibious actuation and terrain adaptation.
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Figure 1. Classification of amphibious robots [3].

Although these designs exhibit promising multimodal capabilities, they often suffer
from significant challenges. These include limited adaptability to irregular terrain, high ac-
tuator complexity, fragile mechanical designs, and poor energy efficiency during transitions
between mediums [14,15]. As highlighted in recent reviews, especially in unstructured en-
vironments such as surf zones or rocky transitional areas, robots face obstacles like uneven
surfaces, shoals, and slopes that demand not only robust propulsion but also mechanical
compliance and real-time adaptability [16,17].

To further complicate the design, amphibious robots employing separate propulsion
mechanisms for land and water modes often become bulky and complex to control [18]. Hy-
brid mechanisms with unified structures can simplify the system but often require intricate
transformations or passive compliance to function effectively in both environments [19].
Achieving a balance between adaptability, mobility, and control simplicity remains an
ongoing design challenge in the field.

To address the limitations of conventional amphibious locomotion strategies, this
study focuses on the principle and realization of a novel bio-inspired wave propulsion
mechanism. Drawing inspiration from the undulatory fin motion of cuttlefish (Figure 2),
we introduce a Crank-Slider—Rocker transmission system coupled with a rigid—flexible
structural design to generate continuous traveling wave-like motion across both aquatic
fins and terrestrial legs (Figure 3). While this paper presents the complete development
process—including mechanical design, embedded control implementation on an ESP32
platform, and the modulation of key wave parameters such as amplitude, frequency,
and direction—the central emphasis is placed on uncovering the underlying locomotion
mechanism and validating its effectiveness.
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Figure 3. An overview of the proposed wave-like propulsion mechanism.

Unlike previous designs such as the crank-rocker-driven robot in [20], which requires
switching between separate swimming and crawling modes, our robot employs a unified
Crank-Slider-Rocker mechanism and a rigid—flexible fin structure that enables continuous
undulatory motion across both land and water without transformation. This simplifies the
mechanical design and improves locomotion adaptability.

Extensive dynamic simulations and real-world experiments were conducted in both
water and land environments to evaluate the proposed locomotion approach. The results
highlight the system’s capacity for smooth and efficient movement using minimal actuation
input. The rigid-flexible coupling plays a crucial role in terrain adaptability, while the
unified propulsion strategy enhances control simplicity and energy performance. By sys-
tematically exploring the kinematics, implementation, and validation of this wave-based
locomotion principle, this study contributes a comprehensive experimental framework that
advances the development of highly adaptable amphibious robots.
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By exploiting passive compliance, our design effectively mimics biomechanical princi-
ples found in nature, achieving smooth, efficient, and continuous locomotion across both
aquatic and terrestrial environments.

This paper is structured as follows: Section 2 explains the locomotion principles and
kinematic models for swimming and crawling. Section 3 details the materials and methods
used in mechanical construction and electronic integration. Section 4 presents simulation
and experimental results validating the proposed mechanism. Finally, Section 5 concludes
the study and outlines directions for future work.

2. Locomotion Principle and Kinematic Modeling

In this section, we investigate the fundamental principles of undulatory crawling
and swimming locomotion, followed by a kinematic and dynamic modeling approach to
characterize the proposed system. Inspired by biological wave-like motion, we develop
a Crank-Slider-Rocker mechanism that generates the required mechanical oscillations
to achieve both terrestrial crawling and aquatic swimming. This mechanism leverages a
rigid—flexible coupling structure, allowing the smooth propagation of wave motion while
maintaining structural stability.

2.1. Swimming Locomotion

Undulatory swimming, characterized by traveling wave propagation along fins, is a
fundamental aquatic locomotion strategy extensively observed in gymnotiform, rajiform,
and amiiform swimmers [21,22]. Aquatic species adopting such Median or Paired Fin (MPF)
propulsion modes typically exhibit superior maneuverability, hovering stability, and energy
efficiency, particularly in low-speed and precision maneuvering scenarios [3,23-25].

Fish propulsion mechanisms are generally classified into two distinct modes:

¢ Body and Caudal Fin (BCF) Propulsion: Utilized by fast swimmers such as tunas and
sharks, this mode involves lateral undulation of the body combined with rapid oscilla-
tion of the caudal fin, optimized for high-speed swimming but generally sacrificing
maneuverability [23,24].

¢  Median and Paired Fin (MPF) Propulsion: Observed in species like the knifefish,
stingrays, and cuttlefish, MPF propulsion involves wave propagation along fins posi-
tioned dorsally, ventrally, or laterally, enabling precise control, minimal hydrodynamic
drag, and high efficiency at lower speeds [22,25-27].

The MPF propulsion mode is particularly advantageous for biomimetic robotics due
to its inherent capabilities for multi-directional maneuverability and efficient thrust gen-
eration. Species such as the knifefish generate thrust by propagating undulations along
their elongated anal fins, maintaining stationary body positions and reducing hydrody-
namic drag [22,26]. Similarly, stingrays utilize broad pectoral fins to produce controlled
undulatory waves, providing remarkable agility and efficiency [25,27].

Based on the previously discussed principles of undulatory propulsion, we designed a
novel Crank-Slider—Rocker mechanism to transform circular motion into periodic oscillations
of the fin rays, as illustrated in Figure 4. By introducing a phase shift between multiple fin
rays, this mechanism successfully generates harmonic wave-like motion along the fin array.
The angular motion of each fin ray can be described by the following mathematical model:

In our proposed Crank-Slider—Rocker mechanism, the circular motion of the crank is
converted into oscillatory motion of the fin rays. The key geometric transformation occurs
due to the linkages, which amplify the crank displacement into larger oscillations of the fin

ray tip.
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Figure 4. A kinematic model of the Crank-Slider—Rocker mechanism. Key parameters: R ank: crank
radius; Ly, fixed linkage; { Lrayi }i—12: fin ray segments; {6; };—1 5 3: joint angles.

For a crank rotating at angular velocity Werank, the instantaneous length L,y follows

Lray2(01) = \/ Ry + e = 2RerankLbase 0501, 01() = Werankt M)

The oscillation angles 6, (fin ray) and 63 (closure angle) satisfy

6 — arcsin | Rerank SN0
Lray2 ( 2)
b3 = 71— (61 +62)
The time-dependent ratio between fin ray segments is defined as
K(t) £ LLraygt) _ Lray1 5
ray2 \/ R2 4+ I2. . — 2R rankLbase 08 0

The maximum oscillation amplitude occurs when the closure angle satisfies 63 =
% +nm (n € Z), leading to

Lrayl
Awave = 2KmaxRerank, wWhere Kpax = ——

)
LrayZ —
This condition corresponds to the slider reaching its extreme positions, maximizing
mechanical advantage.
Sequential fin ray oscillations with phase shift A¢, between adjacent rays generate a

traveling wave:

y(x/ t) = Awave Sin X — anwave t+ ¢n 5)
wave ——
% Wwave
The wave characteristics are constrained by
27td
Awave = A (Structural)
w, . .
fwave = %ﬂk (Kinematic) (6)
dw
Vivave = /\wave f wave — ﬁiﬂk
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where d is the fixed spacing between fin rays.
The actual swimming velocity incorporates hydrodynamic efficiency #:

dwcrank (7)

Vew = 1Vwave = UT
n

The mechanism’s performance is governed by three adjustable parameters:

e Wave Amplitude: Controlled via the crank radius R, through Equation (4).
e Wave Frequency: Determined by w,,,x (Equation (6)).
e Wave Direction: Reversed by setting A¢, < 0.

In this study, 7 is treated as an empirical coefficient, obtained via the linear regres-
sion of experimental velocity measurements under varied crank speeds. It incorporates
unmodeled hydrodynamic drag, fin-body interaction effects, and viscous losses. While
this linear approximation is valid in the tested low-to-moderate Reynolds number regime,
we acknowledge that 77 may become nonlinear and dependent on we sk or fin geometry
under higher flow speeds or altered configurations.

Based on the above analyses, a comprehensive theoretical framework is established,
elucidating the inherent relationships from rotational motion to fin-ray undulations and
thrust generation. Specifically, the kinematic foundations (Equations (1) and (3)) reveal
how the Crank-Slider—-Rocker mechanism geometrically converts rotary motion into fin-
ray oscillations. The wave amplitude generation model (Equation (4)) explicitly relates
the crank radius to the maximum oscillation amplitude. Wave propagation dynam-
ics (Equations (5) and (6)) characterize the relationships among wavelength, frequency,
and structural parameters. Lastly, the thrust conversion model (Equation (7)) quantitatively
accounts for hydrodynamic drag and energy losses.

Overall, this theoretical framework provides a robust foundation for optimizing am-
phibious robot locomotion, enabling the independent tuning of wave amplitude, propagation
frequency, and phase differences to effectively balance swimming velocity and maneuverability.

2.2. Crawling Locomotion

Undulatory crawling is a widely adopted locomotion strategy observed in nature,
notably among serpentine and limbless organisms such as snakes, worms, and caterpillars,
which propagate traveling waves along their bodies to achieve forward thrust [28-30].
Inspired by these biological organisms, robotics research has successfully adapted similar
wave-based propulsion methods for terrestrial locomotion. A prominent example is the
Single Actuator Wave-like (SAW) robot developed by Zarrouk et al. [28], which utilizes
a single rotating actuator to create continuous wave propagation across its rigid body
segments. Despite its efficiency, the SAW robot encounters mechanical constraints and
reduced adaptability on uneven surfaces due to rigid linkages.

Rigidly linked wave robots often exhibit challenges such as limited adaptability, in-
creased mechanical complexity, and structural fragility on irregular terrain conditions [29,30].
To overcome these limitations, this study introduces a novel Crank-Slider-Rocker mecha-
nism featuring rigid—flexible coupling. Unlike traditional rigid designs, our approach em-
ploys elastic membranes to connect rigid segments, significantly enhancing the robot’s ability
to conform adaptively to terrain irregularities and smoothly propagate waves throughout
its structure.

Figure 5 illustrates the Crank-Slider-Rocker mechanism and wave propagation dy-
namics. The flexible membranes (characterized by flexibility parameters and stiffness)
enable segments to rotate passively in response to ground contact forces. At each time
step, a sinusoidal wave profile characterized by amplitude, wavelength, and link spacing
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propagates along the robot’s body from head to tail. Adjacent segments oscillate with
alternating phases, forming a coordinated traveling wave.

Membrane

(¢, kmembrane)

Aa

| Awave | AX

1
Wave & Crawling Direction

Figure 5. Kinematic model and wave propagation in the crawling mechanism. Key parameters: A:
wave amplitude; Awave: wavelength; Ly link length; 7: flexibility factor; kpembrane: membrane
stiffness; Aa: joint rotation angle; r: tip radius; AX: horizontal displacement.

The traveling wave motion can be mathematically described by

y(x, t) = Asin( 27

wave

x —27rft) 8)

where the amplitude directly corresponds to the vertical displacement magnitude, and the
wavelength denotes the distance between wave peaks. The wave propagation velocity is
given by the product of wavelength and frequency:

Vwave = /\wave . f (9)

The actual forward crawling speed depends on how efficiently this wave motion trans-
lates into linear displacement. Following the advance ratio (AR) model in [28], we have:

Viobot = AR - Viyave = AR - Ayavef (10)

The AR is influenced by the curvature radius at the segment tip and wave amplitude,

expressed as
_ 2nrA

=7

wave

AR (11)

As further detailed in Figure 5, each segment’s rotational displacement is passively
driven by the elastic deformation of the membrane, characterized by membrane stiffness:

Aa ~ kmembraneA (12)

)Lwave

This rotational displacement, combined with the tip curvature radius, translates into
horizontal displacement:
AX ~ rAa (13)

In summary, the proposed crawling mechanism integrates mechanical wave genera-
tion, flexible joint deformation, and thrust conversion into a unified theoretical framework.
The wave dynamics (Equations (8) and (9)) govern the propagation of traveling waves along

10
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the robot body, defining the amplitude, frequency, and wavelength parameters critical
for effective locomotion. Meanwhile, the efficiency of converting these waves into for-
ward displacement is quantified by the advance ratio (AR) model (Equations (10) and (11)),
which incorporates the compliance characteristics of the elastic membranes. Addition-
ally, the kinematic relationships (Equations (12) and (13)) highlight how passive elastic
deformation directly contributes to rotational and translational motion.

3. Materials and Methods

To comprehensively evaluate the effectiveness of the proposed wave-motion propul-
sion mechanism, we conducted both dynamic simulations and physical experiments under
swimming and crawling conditions. The validation process was divided into two stages:
first, a simulation was performed based on the developed kinematic model to verify the
feasibility and coherence of wave propagation across the robot’s limbs; second, a series of
controlled experiments were carried out using a physical prototype to assess real-world
locomotion performance.

In the simulation phase, time-resolved wave propagation and leg displacement trajec-
tories were analyzed to ensure that the Crank-Slider-Rocker mechanism with rigid—flexible
coupling could generate stable, continuous traveling waves. Subsequently, physical ex-
periments were conducted to quantify the robot’s locomotion performance, including its
straight-line displacement speed and in-place rotational capability. These experiments
relied on a monocular camera system for visual tracking, an onboard IMU for angular
motion measurement, and photointerrupters for event-based timing.

The combined simulation and experimental results confirm the feasibility, controlla-
bility, and versatility of the proposed propulsion mechanism in both aquatic and terres-
trial environments.

3.1. Simulation of Wave-like Propulsion

To verify the effectiveness of the kinematic model and assess the feasibility of the pro-
posed Crank-Slider-Rocker mechanism, a dynamic simulation was carried out to visualize
the time-dependent wave propagation along the robot’s limbs. The model parameters were
based on the mechanical design and equations detailed in Section 2, incorporating flexible
link deformation, phase shift, and crank-driven oscillations.

The simulation focused on both qualitative wave propagation and quantitative leg
displacement analysis over a complete motion cycle. Figure 6 illustrates the spatiotemporal
evolution of the leg trajectories from t = 0s to t = 2.0s, showing a continuous traveling
wave propagating from left to right. The red dotted line indicates the vertical position
of each limb tip at successive time intervals, and clearly demonstrates the desired phase-
shifted oscillatory pattern.

Figure 7 presents the vertical displacement of a representative leg tip over time,
extracted from the simulation output. The waveform confirms harmonic motion consistent
with the sinusoidal input defined in the model:

y(t) = Asin(27tft + ¢n)

where A is the amplitude, f is the frequency, and ¢, is the phase shift. The periodicity and
smoothness of the trajectory validate the correctness of the mechanical transmission and
phase control strategy.

These simulation results confirm that the proposed rigid—flexible coupling design suc-
cessfully generates continuous traveling waves with tunable parameters. The consistency
between model predictions and simulated leg trajectories provides strong evidence for the
mechanical plausibility of the wave-like propulsion mechanism prior to physical prototyping.

11
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0.5s

1.0s

1.5s

2.0s

Wave and climbing direction

Figure 6. A timeline of the motion of the wave-like propulsion.

Figure 7. Displacement of the end of legs.

3.2. Experimental Setup

The prototype was primarily constructed using polylactic acid (PLA) material through
fused deposition modeling (FDM) 3D printing, chosen for its suitability in rapid proto-
typing and adequate strength-to-weight ratio (Figure 8). PLA’s ease of processing and
biodegradability also align with sustainable development goals. To reduce friction and
improve wear resistance in the high-cycle transmission system, the crank components
were manufactured via zinc alloy die casting, leveraging the material’s low surface friction
coefficient and durability in repetitive mechanical contact, as shown in Figure 9.

Figure 8. The crawling prototype on grass.

12
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Figure 9. Zinc-casted crankshaft.

The flexible membrane joints between rigid link segments were fabricated using latex
rubber, selected for its high elasticity and tear resistance. Custom 3D-printed molds were
designed and printed to form the membranes, with a uniform thickness of 1 mm, ensuring
repeatability and mechanical consistency. This molding process allowed tight control over
geometry while preserving compliance essential for wave propagation. The membranes
were bonded to the rigid body using flexible adhesive to allow passive joint deformation
under dynamic loading, as illustrated in Figure 10.

Figure 10. Latex-casted membrane.

For the electronic system, all sensors and actuators were connected via conventional
jumper wires to a general-purpose ESP32 expansion board, eliminating the need for custom
PCB fabrication. The board integrated power distribution and GPIO breakout functional-
ities, facilitating straightforward development and debugging. To ensure safe operation
in aquatic environments, the entire electronic assembly was enclosed within a waterproof
sealed box. This protective housing enabled stable underwater performance while main-
taining accessibility for maintenance and updates, as shown in Figure 11.

To quantitatively assess steady-state straight-line locomotion, controlled experiments
were conducted in both terrestrial and aquatic environments using calibrated measurement
tracks. For crawling trials, the robot traversed a flat surface bounded by two parallel
guide rails. The test path was marked at 500 mm intervals over a total length of 1000 mm.
A top-mounted monocular camera operating at 30 fps continuously recorded the motion.
To eliminate transient effects, the robot was allowed to reach a constant speed before
entering the measurement region.

13
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Figure 11. Prototype electronics system with waterproof housing.

For aquatic trials, the robot was deployed in a narrow test channel measuring 250 mm
in length. The same camera system was positioned laterally to capture the robot’s progres-
sion across the waterway. Frame-by-frame position tracking was performed to determine
the effective swimming velocity once the robot achieved consistent forward movement.

For in-place rotation, the angular velocity was recorded using the onboard IMU
(MPU6050, TDK InvenSense, Boston, MA, USA). The yaw angle over time was used to
compute the average rotation speed in degrees per second.

4. Results and Discussion
4.1. Swimming Performance

To evaluate the real-world aquatic locomotion capability of the prototype, the fin
modules were actuated at a wave frequency of 1.25Hz (i.e., period of 0.8 s) with a phase
shift of A¢ = 90° between adjacent rays. This configuration corresponds to a wave
propagation speed of

d- Wegane  50-27-1.25

A /2 = 160mm/s

Vwave =

Experimental evaluation was performed in a test tank with transparent sides for video
analysis. Using calibrated ground markers, the swimming velocity was measured to be
approximately 12.5mm/s. This result agrees with the theoretical estimation using the
hydrodynamic efficiency factor:

Vsw = 1 Vwave = 0.078125 x 160 = 12.5mm /s

The close match between the model and experimental measurements supports the
validity of the wave propulsion framework derived in Equation (7). The robot main-
tained neutral buoyancy and demonstrated stable forward propulsion with low pitch
oscillations (Figures 12-14).

The coefficient 7 was obtained through linear regression of experimental data col-
lected at various crank speeds. No computational hydrodynamic model was employed.
The resulting 1 represents an averaged empirical fit under the tested conditions.

In-place turning was achieved by reversing the wave propagation direction on the left
fin while maintaining the forward wave on the right fin. The IMU recorded an average
yaw rate of 5° /s during this maneuver, confirming effective directional control.

14
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Figure 12. Snapshot sequence of swimming test at 20 s intervals under water.
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Figure 13. Angular position on water over time.
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Figure 14. Angular velocity on water over time. Here, the red line indicates the smoothed angular velocity.
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4.2. Crawling Performance

For terrestrial locomotion, identical wave parameters were applied to the leg segments
to achieve crawling motion. Based on the derived kinematic model using a wave amplitude
of A = 40 mm, radius r = 5mm, and wavelength A = 100 mm, the theoretical advance ratio
was calculated to be AR ~ 0.126. Given a wave propagation speed of Viyaye = 160 mm/s
(based on actuation frequency), the estimated forward speed becomes

_ 2nrA 27-5mm - 40 mm
oAz (100 mm)?
Viobot = AR - Viyave = 0.126 X 160 = 20.2mm/s

AR ~ 0.126

In practical crawling experiments (shown in Figure 15), the robot’s forward veloc-
ity was measured using side-mounted camera tracking and calibrated ground markers.
The observed straight-line speed was approximately 20 mm/s (0.1 BL/s), which is in strong
agreement with the predicted value, thereby validating the accuracy of the kinematic
model for land-based crawling. This result demonstrates that the proposed wave-based leg
actuation mechanism can produce consistent and predictable locomotion performance on
solid ground (Figures 16 and 17). The fin—ground interaction exhibits anisotropic friction
behavior, where forward slippage is minimized during the power stroke. Sliding is allowed
to a limited extent but does not dominate the propulsion mechanism.

Omm 500mm 1000mm

Figure 15. Snapshot sequence of crawling test over surface at 50 s intervals.

Additionally, in-place rotation was achieved by introducing phase asymmetry be-
tween the left and right leg arrays. The onboard IMU recorded an average rotational
velocity of 10° /s, confirming the robot’s ability to maneuver directionally in place.
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Figure 17. Angular velocity over time. Here, the red line indicates the smoothed angular velocity.

4.3. Discussion

The experimental results affirm the feasibility and functional robustness of the pro-
posed wave-based propulsion system across both water and land environments. The ob-
served locomotion behavior is in close agreement with the theoretical model derived from
the Crank-Slider-Rocker mechanism and the corresponding kinematic equations.

In aquatic settings, the measured swimming velocity of 12.5 mm/s corresponds closely
to the predicted value based on the applied wave frequency and calculated hydrodynamic
efficiency. The robot exhibited consistent directional motion with minimal pitch oscillation,
highlighting the advantages of using biologically inspired undulatory waveforms for stable
aquatic locomotion. The in-place turning capability, validated by an average yaw rate of
5°/s, further demonstrated precise maneuverability using phase-modulated wave control.

However, the relatively low swimming speed suggests opportunities for further opti-
mization. One strategy is to increase the actuation frequency of the crank input to raise the
overall wave propagation speed. Additionally, extending the length of the fin rays could
amplify the effective amplitude of oscillation, resulting in greater thrust generation. In-
creasing the surface area of the fin membrane may also improve hydrodynamic interaction
and propulsion efficiency. Alternative material selections for the fin structure could reduce
drag or enhance stiffness in key directions, allowing for more effective energy transfer from
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mechanical input to fluid displacement. These improvements could collectively contribute
to a substantial boost in underwater performance.

On land, the crawling performance also aligned with theoretical predictions. The mea-
sured forward velocity of 20 mm /s closely matched the calculated value using the advance
ratio and wave propagation speed. This agreement validates the effectiveness of the
kinematic model even under friction-dominant conditions. The robot successfully demon-
strated in-place turning on flat terrain with an angular velocity of 10°/s, confirming the
applicability of wave-phase control in terrestrial locomotion as well.

Overall, these results support the conclusion that the rigid—flexible coupled transmis-
sion system enables predictable and controllable locomotion through tunable waveform
parameters. The successful integration of simulation and experimental outcomes reinforces
the value of the proposed design framework for future amphibious robotic applications.
Further improvements could focus on optimizing hydrodynamic efficiency, improving
surface interaction during crawling, extending sensor feedback integration, and exploring
multi-degree-of-freedom actuation schemes for enhanced agility and adaptability.

5. Conclusions

This study presents a novel mechanical architecture for amphibious robotic propulsion,
featuring a Crank-Slider-Rocker mechanism integrated with a rigid—flexible coupling
configuration. The proposed system enables biomimetic undulatory locomotion through
a single-degree-of-freedom rotary input, achieving continuous wave propagation along
articulated limbs without requiring complex multi-actuator coordination.

A comprehensive kinematic model was derived to capture the geometric and temporal
transformation from crank motion to fin-ray oscillation, enabling the analytical tuning
of critical wave parameters such as amplitude, wavelength, frequency, and propagation
direction. This framework not only guided the physical design but also allowed predictive
analysis of propulsion performance across aquatic and terrestrial environments.

Time-resolved dynamic simulations verified that the mechanical structure supports
coherent phase propagation and stable traveling wave generation. The simulated trajec-
tories confirmed the harmonic nature of oscillation and validated the phase modulation
strategy embedded in the Crank-Slider—Rocker mechanism.

Physical experiments were conducted in both water and land testbeds under controlled
conditions. The measured swimming speed of 12.5 mm/s and crawling speed of 20mm/s
closely matched theoretical predictions derived from the model, confirming its accuracy
and robustness. Angular velocity tracking during turning maneuvers further demonstrated
the feasibility of phase-based direction control. The close agreement across modeling,
simulation, and empirical validation reinforces the mechanical and kinematic viability of
the proposed approach.

Compared to conventional robotic propulsion systems, this architecture achieves func-
tionally rich wave-based motion with significantly reduced actuator complexity. The system
offers promising scalability and modularity, laying the groundwork for high-efficiency,
low-cost amphibious locomotion platforms. Future work will focus on enhancing control
autonomy, integrating soft sensor feedback for adaptive gait modulation, and extending the
approach to three-dimensional fin actuation for improved hydrodynamic maneuverability.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biomimetics10060396/s1, Video S1: Crawling and swimming

motions of the cuttlefish-inspired robot.
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Abstract: Based on soft body structure and unique gait of bending and stretching, Soft
Bionic Inchworm Robots (SBIRs) are used in pipeline inspection and terrain exploration.
Many existing SBIRs rely on complex production mechanisms and are cable-driven, which
hinders rapid production and smooth movement through complex environments, respec-
tively. To address these challenges, this paper introduces a 3D-printed SBIR, featuring a
3D-printed body actuated by magnetic forces. We introduce the design and production
process of the 3D-SBIR and analyze its motion gait. Subsequently, the material composition
model and bending deformation model of the robot are developed based on the theory of
hyper-elastic materials. The accuracy of the model is validated using simulation analysis
and experimental testing of the robot. Meanwhile, we carry out a magnetic simulation
analysis and discuss the factors influencing the size of the magnetic force. Finally, a series
of experiments are conducted to prove the excellent locomotion capability of the robot. The
3D-SBIR demonstrates remarkable flexibility and multimodal movement capabilities. It
can navigate through narrow curved passages with ease, passively overcome obstacles,
climb steps up to 0.8 times its body height, and perform a seamless transition while moving
across a horizontal plane onto a vertical plane. The 3D-SBIR proposed in this paper is char-
acterized by rapid production, cable-free actuation, and multimodal motion capabilities,
making it well suited for moving in unstructured environments.

Keywords: bionic inchworm; soft robot; magnetic force; 3D-printed

1. Introduction

Soft bionic robots inspired by soft-bodied animals in nature have become a popular
research topic because of their potential to perform various specialized tasks in complex
environments, such as space exploration, biomedical exploration, and more [1-3]. The
inchworm, a common mollusk, relies on the coordination between a flexible body and
alternately moving legs to achieve a special gait of bending and stretching. Inspired
by the soft body structure and distinct gait of the inchworm, the soft bionic inchworm
robot (SBIR) adapts well to environmental changes and shows excellent adaptability to
unstructured environments [4-6].

However, most existing SBIRs are driven by voltage actuation [7-9], fluid actua-
tion [10-12], or shape memory alloy actuation [13]. These actuation methods require
external electric wires or pneumatic pipes, which will hinder the movement of the robot
in special environments. Meanwhile, most of the existing SBIRs are tedious to produce
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and require more assembly processes. Conversely, cable-free actuation, exemplified by
magnetic actuation, can liberate the robot from the bondage of cables. In certain spe-
cial scenarios, such as conducting inspections within semi-enclosed pipes or delivering
medications inside animal bodies, this actuation allows the robot to execute tasks more
effectively [14-18]. Rapid production technologies, exemplified by 3D-printed technology,
are capable of rapidly translating researchers’ design concepts into physical models. This al-
lows for immediate testing and analysis to identify potential design flaws. Consequently, it
effectively shortens the research and development cycle, reduces research and development
costs, and expeditiously facilitates rapid design iterations [19-21]. Some researchers also
combine the advantages of magnetic actuation and 3D-printed technology to develop new
SBIRs. As an example, Erina et al. combine 3D-printed technology and magnetic actuation
to present a fully 3D-printed, inchworm-like soft robot that is magnetically actuated to
move and crawl on the horizontal plane [22]. While the robot achieves cable-free actuation
and rapid production, it loses capability for multimodal movement and only moves on
a plane surface. It is noteworthy that current SBIRs primarily focus on pipe-climbing or
horizontal surface locomotion. Significant challenges remain when these robots attempt to
climb over obstacles or execute transitional movements from horizontal to vertical surfaces.

In this study, a 3D-printed soft bionic inchworm robot (3D-SBIR) powered by magnetic
force is designed and fabricated, achieving rapid production, cable-free actuation, and
multimodal movement capability. The flexible body of the robot is produced in one
single step by 3D-printed, eliminating the necessity for a complex production process.
By embedding magnets in the flexible body, a non-contact, cable-free power input is
provided to the robot. Furthermore, the robot exhibits multimodal movement capabilities,
including climbing obstacles and the ability to climb from horizontal to vertical surfaces. A
systematic comparison, as shown in Table 1, of the 3D-SBIR with previous inchworm-like
robots demonstrates the spatial mobility of the proposed 3D-SBIR design.

Table 1. Comparison of the 3D-SBIR with previous inchworm-like robots.

Ref Actuation Cable-Free Product Process Movement Capability

[4] Voltage actuation No Complex Climbing pipes

[5] Voltage actuation No Complex Moving on a horizontal surface

[6] Pneumatic actuation No Complex Climbing pipes and slopes

[11] Pneumatic actuation No Simple Moving in two-dimensional space

[15] Magnetic actuation Yes Simple Moving on a horizontal surface

[16] Magnetic actuation Yes Simple Moving inside the pipeline

[17] Magnetic actuation Yes Simple Moving inside the pipeline

[22] Magnetic actuation Yes Simple Moving on a horizontal surface
Moving on a horizontal surface,

This work ~ Magnetic actuation Yes Simple climbing obstacles, steps and transitions

from horizontal to vertical surfaces

Similarly to the natural inchworm, the robot moves by coordination between the
bending deformation of its belly and the alternate motion of its legs. This research focuses
on analyzing the robot’s gait and force conditions as it climbs an obstacle. Based on the
theory of hyper-elastic materials [23-25], the constitutive model of the material and a
bending deformation model of the robot are established. Finite element analysis and
experiments of the bending deformation process of the robot are conducted to validate
the material constitutive model and the bending deformation model. Finally, a series of
experiments are performed to evaluate the movement performance of the 3D-SBIR.
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2. The Design and Production Process of the 3D-SBIR

As shown in Figure 1a, the 3D-SBIR consists of a flexible body capable of bending
in multiple directions and four neodymium-iron-boron (NdFeB) magnets. The flexible
body is designed to imitate the body structure of the inchworm, with a head, belly, anterior
legs, and posterior legs. The belly undergoes bending or stretching deformation under the
combined action of the anterior and the posterior legs. Both the anterior and posterior legs
feature gaps to embed NdFeB magnets serving as the power source of the 3D-SBIR. As
shown in Figure 1b, the flexible body is made of anhydrous eutectic gel, providing excellent
flexibility. The body is directly formed by printing with light-curing printing technology.
Its adhesion after printing enables four NdFeB magnets to be embedded directly into the
gap of the four legs without using additional glue. After inlaying the NdFeB magnets into
the gaps, the flexible body undergoes drying to minimize surface adhesion. The 3D-SBIR
measures 60 mm in total length, 12 mm in width, and 20 mm in height. Four NdFeB
magnets are cylindrical, each measuring 15 mm in length and 2.0 mm in diameter.

(&)

Anhydrous
eutectic gel

Posterior é Belly i i Anterior § Head i
legs | 7 . i legs | T

Figure 1. 3D-SBIR design and production process: (a) Structure comparison between the robot and an
inchworm. (b) The production process of the flexible body. (c) Cutaway view of the robot’s flexible
body. (d) Cutaway view of robot’s anterior legs.

Figure 1c provides a cutaway view of the flexible body of the 3D-SBIR, sliced along
the axial midsection of the belly. The robot relies on the coordination of the alternating
movement of the legs and the bending deformation of the belly to achieve a gait of bending
and stretching while moving. The belly is a hollow structure with four gaps at the bottom to
allow for better bending deformation. Figure 1d shows a cutaway view of the anterior legs
of the 3D-SBIR, with the anterior legs tilted outward relative to the centerline of the belly.
The posterior legs are similar to the anterior legs, tilted outward and backward relative to
the centerline of the belly and the anterior legs, respectively, enhancing the stability of the
robot during movement. The design parameters of the flexible body are outlined in Table 2.

Table 2. Design parameters of the flexible body.

Part Parameter Name Symbol Value
Cavity diameter Dy 5.0 mm
Cavity length Ly 30.0 mm
Belly Gap size 61 1.5 mm
Gap distance o2 3.0 mm
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Table 2. Cont.

Part Parameter Name Symbol Value
Backward tilt angle o 20°
Outward tilt angle P2 10°
Legs Outside diameter D, 5.0 mm
Inside diameter dq 2.2 mm
Height Hy 10.0 mm

3. The Motion Gait Analysis of the 3D-SBIR
3.1. Gait Analysis of Motion on a Horizontal Plane

When the 3D-SBIR moves on a horizontal plane, it achieves a bending and stretching
motion gait by utilizing the alternating movement of the legs and the bending deformation
of the belly. As shown in Figure 2I, Similarly to its biological counterpart in nature,
the robot replicates the concertina-style gait characterized by alternating bending and
stretching motions. However, unlike the natural inchworm, which relies on synchronized
muscle contractions, the 3D-SBIR accomplishes a full locomotion cycle through a four-step
actuation sequence. As shown in Figure 2a, in the initial state of the 3D-SBIR moving on
the horizontal plane, the robot has vertical anterior legs and posterior legs tilted backward,
which ensures the stability of the robot. As shown in Figure 2b, the magnetic field of the
anterior legs remains stationary, whereas the magnetic field of the posterior legs moves to
the right, forcing the belly to undergo a bending deformation. The posterior legs gradually
change from a backward-tilted state to a vertical state, while the anterior legs are tilted
forward under the influence of the bending deformation of the belly. As shown in Figure 2c,
the magnetic field of the anterior legs moves to the right, whereas the magnetic field of the
posterior legs remains stationary, causing the belly to undergo a stretching deformation.
The anterior legs gradually change from a forward-tilted state to a backward-tilted state,
while the posterior legs are tilted forward under the influence of the stretching deformation
of the belly. As shown in Figure 2d, the magnetic field of the anterior legs remains stationary,
and the magnetic field of the posterior legs moves to the right. The belly returns to the
natural state, and the robot advances a distance of s to the right.

3.2. Gait Analysis of Climbing Obstacles

Research on rigid robots when climbing obstacles often prevents direct contact or
collision between robots and obstacles to avoid damage to environments or injury to
robots. However, the 3D-SBIR, with its soft body structure, is highly adapted to different
environments and minimizes environmental damages. This study makes use of this feature
to assist the robot in climbing obstacles quickly, leveraging direct contact between the robot
and the obstacle as well as contact deformation of the robot while climbing the obstacle.

To better explain the advantages of the 3D-SBIR in climbing obstacles, we analyze the
force conditions when the robot climbs obstacles. As shown in Figure 2e, in the initial state
of the 3D-SBIR climbing obstacles, there are obstacles on both anterior and posterior legs
of the robot. As shown in Figure 2f, in the state of potential energy accumulation for the
3D-SBIR climbing obstacles, when the magnetic field of the anterior legs remains stationary
and the magnetic field of the posterior legs moves forward, forcing the belly to undergo
bending deformation and accumulate elastic potential energy. In this moment, the anterior
legs are affected by a combination of five forces: G; (the force of gravity on the anterior
legs), Fy; (the force of the attraction of magnetic fields to the anterior legs, which can be
decomposed into the force Fx; in the horizontal direction and the force F7; in the vertical
direction), F (the force of the environmental support for the anterior legs), F; (the force of
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the obstacle on the anterior legs), and F, (the force of the belly on the anterior legs). The
forces on the anterior legs satisfy the following force balance equation:

Fx1 + F>Cos(6;) = F;Cos(6;) (1)

R+ FlSm(Gl) + F281n(62) =Gi1+ Fn 2)

Ho Pl
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Figure 2. Motion gait diagram of the 3D-SBIR: (I) The motion gait of the inchworm [16]. (II) Gait
diagram of motion on a horizontal plane: (a) Initial state of the robot moving on the horizontal plane.
(b) Bending state of the robot moving on the horizontal plane. (c) Stretching state of the robot moving
on the horizontal plane. (d) Natural state of the robot moving on the horizontal plane. (III) Gait
diagram of climbing obstacles: (e) Initial state of the robot climbing obstacles. (f) State of potential
energy accumulation for the robot climbing obstacles. (g) State of potential energy release for the
robot climbing obstacles. (h) Moving state of the robot climbing obstacles. (i) Passive deformation
state of the robot climbing obstacles. (j) Natural state of the robot climbing obstacles.

Figure 2g shows the state of potential energy release for 3D-SBIR during obstacle
climbing. The magnetic field of the anterior legs moves forward while that of the posterior
legs remains stationary, resulting in a gradual decrement in the vertical magnetic attraction
force on the anterior legs (Fz;) and a concurrent increase in the horizontal attraction
force (Fx1). This consequently leads to an enhanced reaction force from the obstacle on the
anterior legs (F;), whereas the belly force acting on the anterior legs remains constant. These
combined effects ultimately cause the environmental support force on the anterior legs
(Fn1) to decrease until it reaches zero. At this critical juncture, the anterior legs are raised
upward, the belly releases its stored elastic potential energy, and the robot successfully
climbs over the obstacle with its anterior legs. Table 3 lists the trends of each force change
during anterior legs obstacle climbing.
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Table 3. Changes in forces on the legs.

Figure Eternal Magnetic Field Movement Changing Trend of the Forces
. Forward movement of the magnetic a1 Fxq Frq Gy F F
Figure 2g field of the anterior legs + T + - —_ —
. . The magnetic field of the anterior o Fo Fz» Gy F Fy
Figure 2i 1 -
egs continues to move forward ) — — — — T

As shown in Figure 2h, in the moving state of the 3D-SBIR climbing obstacles, the
magnetic field of the anterior legs remains stationary, and the magnetic field of the posterior
legs moves until the posterior legs reach the front of the obstacle. Figure 2i shows the
passive deformation state of the 3D-SBIR climbing obstacles. When the magnetic field of
the anterior legs continues to move forward, the motion of the posterior legs is obstructed,
and the belly is forced to undergo stretching deformation. In this moment, the posterior
legs are affected by a combination of five forces: G, (the force of gravity on the posterior
legs), Fi» (the force of the attraction of magnetic fields to the posterior legs, which can be
decomposed into the force Fx; in the horizontal direction and the force F; in the vertical
direction), Fp (the force of the environmental support for the posterior legs), F5 (the force
of the obstacle on the posterior legs), and F; (the force of the belly on the posterior legs).
The forces on the posterior legs satisfy the following force balance equation:

Fy + B = F3Cos(63) ®3)
o + F3Sin(63) =Gy + Epp (4)

As the magnetic field of the anterior legs continues to move forward, the force of
the belly on the posterior legs (F4) gradually increases while the force of the attraction of
magnetic fields to the posterior legs (Fp) remains constant, resulting in a gradual increase
in the force of the obstacle on the posterior legs (F3). As the force of the obstacle on the
posterior legs (F3) gradually increases, the force of gravity on the posterior legs (G2) remains
unchanged, resulting in a gradual decrease in the force of the environmental support on
the posterior legs (Fny), until this force reaches zero. Figure 2j shows the natural state of
the 3D-SBIR while climbing obstacles. The belly releases elastic potential energy, and the
posterior legs of the robot climb over the obstacle. The trend of each force change when
climbing obstacles with the posterior legs is shown in Table 3.

4. Model Construction and Simulation Analysis
4.1. Constitutive Model of the Materials

The body of the 3D-SBIR is an anhydrous eutectic gel, which provides the same hy-
perelasticity as silicone rubber. The constitutive model of the material and the bending
deformation model of the robot are developed based on the theory of hyperelastic materi-
als. The mechanical behavior of silicone rubber-based hyperelastic materials is generally
described using two approaches. One approach establishes stress—strain relationships
based on microscopic statistical mechanics, such as the Neo-Hookean model. The other
approach establishes stress—strain relationships based on continuum phenomenological
theory, including models such as the Ogden model, the Mooney-Rivlin model, and the Yeoh
model. The Yeoh model, primarily applied to the large deformation behavior of carbon
black filling, requires only simple data from uniaxial tensile experiments to simulate the
deformation results well and is suitable for large deformation conditions. The relationship
between main stress ¢q and main tensile ratio Aq is established based on the Yeoh model as
follows (The detailed procedure of derivation is given in S1):
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(%

z(Al — f;)

where Cyp and Cy( are the material constants of the Yeoh model, measured from uniaxial

2
=2Cy (A% + /\1> + Cy9 — 6Cop (5)

tensile tests of the material. As shown in Figure 3a, we conduct uniaxial tensile tests of the
material, the thickness of the specimen is 3 mm.
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Figure 3. Testing of the material in uniaxial tension: (a) Material is stretched on a universal testing
machine. (b) Standard sample of the material. (c) Stress—strain curve of the material. (d) Linear fitting
of the material constants to the Yeoh model.

The displacement and load data are obtained from uniaxial tensile experiments on
the material. Corresponding data within the displacement range of 0~1 mm is averaged.
Similarly, data with displacements of 1~2 mm, 2~3 mm, 3~4 mm and so on are processed
in the same manner to calculate stress and strain values. Three sets of tests are conducted,
and the stress—strain curve of the material was fitted, as shown in Figure 3c. To determine
the material constants Cg and Cyo, let 2(A2 +2/A1) and 01/ [2(A1 — 1/A%)] represent the
horizontal and vertical axes of the coordinate system, respectively. Considering that the
uniaxial tensile test exhibits a significant error in the initial loading of several sets of data,
the data within 20% of the strain are removed. Considering that the 3D-SBIR is working
with a strain of 200% or less, the data sets where the strain is larger than 200% are excluded.
As shown in Figure 3d, the fitted straight line of material constants for the Yeoh model is
obtained, C;g = 0.0123, Cyp = —6.68e — 5.

4.2. The Bending Deformation Model of the 3D-SBIR

When the 3D-SBIR is bent and deformed by an external magnetic field, it is divided
into a deformed part and a non-deformed part (no stretching and compressive deformation
of the m and n parts). The belly of the 3D-SBIR undergoes bending deformation under the
action of external forces. Assuming that the middle layer of the belly does not undergo
tensile deformation and serves as a neutral layer, the uppermost layer of the belly under-
goes tensile deformation, while the lowermost layer of the belly undergoes compressive
deformation. Assuming that the belly undergoes bending by equal curvature, as shown
in Figure 4, let r is the radius of curvature of the neutral layer, s is the curvature length of
the neutral layer, 6 is the center angle of the circle of the neutral layer, the distance of OC
is Loc = y, the height of the belly lifting is H, and the distance between the anterior and
posterior legs is L 4p = x. If the neutral layer does not undergo tensile deformation, s = 40,

then there is,

2710
360 - S/ (6)

H=r—-4-y. )
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Figure 4. The diagram of the bending deformation of the 3D-SBIR.

According to the law of sines for AABC and AAOC, it can be obtained,
x r—4
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From Equations (6) and (8), it can be obtained,

X r—4

Sin(7) ~ Sin(90 — %)’

(10)

Therefore, we can conclude that r is a function of x, denoted as,

r=r(x). (11)

From Equations (6) and (9), it can be obtained,

. 3600
y = (r—4)Sin (90 - m) (12)

Therefore, we can conclude that y is a function of 7, denoted as,
y =y(x). (13)

From Equations (7), (11) and (13), the relationship between the height of the belly lift
(H) and the distance between the anterior and posterior legs (x) is obtained,

H=r(x)—4—-y(x). (14)

4.3. Simulation and Experimentation of the Bending Deformation

To verify the correctness of the material constitutive model and the bending deforma-
tion model of the 3D-SBIR, and to more intuitively demonstrate the bending deformation
process of the robot under the action of external force, finite element analysis of the robot
is carried out based on Abaqus. The 3D model is directly established in Abaqus, with
a hyperelastic material assigned to the body and the Yeoh model selected for the strain
energy density function. Steel material is assigned to the NdFeB magnet. The NdFeB
magnet interacts with the flexible body, and its deformation is negligible compared to the
deformation of the flexible body. Rigid body constraints are applied to the NdFeB magnet
to simplify the simulation process. With the anterior legs’ magnet completely fixed, a body
force is applied to the posterior legs’ magnet, moving it 20 mm forward.

We conducted an experiment on the bending deformation of the 3D-SBIR to verify the
accuracy of the above results of bending deformation simulation. By applying external
force directly to the robot, with the magnets of the anterior legs remaining stationary
and the magnets of the posterior legs moving forward, we observed the relationship
between the height of the belly lift (H) and the distance between the anterior legs and the
posterior legs (x). Figure 5a shows the theoretical, simulated, and experimental values
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of the bending deformation process of the robot. Simulation values closely match the
experimental data, demonstrating the accuracy of simulation results, and confirming the
validity of the material constitutive model developed using the Yeoh model. Figure 5b
shows the difference between the theoretical and simulated values. When the distance x is
between 23 mm and 34 mm, the difference is within 1 mm and the bending deformation
model is applicable to the robot. When x > 34 mm, the abdomen primarily undergoes
compressive de-formation, making the bending deformation model inapplicable. When
x < 23 mm, there is not only a bending deformation of the abdomen, but also an upward
slip, so the bending deformation model is not applicable in this range either.
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Figure 5. Simulation and experiment of the 3D-SBIR bending deformation: (a) Theoretical, simulated
and experimental values during bending deformation of the robot (b) Difference between theoretical
and experimental values.

4.4. Magnetic Simulation and Analysis

The motion of the robot is dependent on the magnetic force provided by external
magnets, so we discuss the main factors affecting the size of magnetic force. We perform
magnetic simulation of the robot based on Comsol. The 3D model is built directly in
Comsol, as shown in Figure 6a. A magnetically insulated simulation space is set up, along
with a divider having magnetic permeability of one. The two magnets on the divider
represent the two magnets on the anterior or posterior legs, while the two magnets beneath
the divider represent the magnets that provide the external magnetic field to the anterior
or posterior legs. We analyze the influence of different numbers of external magnets and
varying divider thicknesses on the magnetic force exerted by the magnets.

The top two magnets are maintained in a stationary position while the bottom magnets
are permitted to translate along the X-axis to investigate the relationships between the
X-direction magnetic forces (Fx) and displacement (X), as well as between the Z-direction
magnetic forces (Fz) and displacement (X). The corresponding results are illustrated in
Figure 6b,c. The results show that the Fx reaches its maximum when the moving distance is
between 4 and 5 mm, while the Fz keeps decreasing. Additionally, both Fx and Fz increase
with the number of external magnets, and using two magnets is the most suitable solution.
Next, we keep magnets stationary and vary the thickness of the divider to obtain the
relationship between the F; and the thickness of the divider, as shown in Figure 6d.
The results reveal that the F; decreases gradually as the divider thickness increases and
increases with the number of external magnets. Furthermore, we offset the top and bottom
magnets by 5 mm and vary the thickness of the divider to examine the relationship between
the Fx and the divider thickness, as shown in Figure 6e. The results are similar to those of
Figure 6d, where the Fx decreases with increasing thickness of the divider and increases
with the number of magnets. Unlike, as shown in Figure 6f, the F is increasing and then
decreasing with the thickness of the divider. Combining the above magnetic simulation
results, we conclude that the best performance is achieved with two external magnets,
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providing a magnetic force of at least 0.16 N in the horizontal direction and 0.29 N in the
vertical direction when the divider thickness is 5 mm or less. (The robot weighs only 5.9 g).
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Figure 6. Simulation analysis of the magnetic forces: (a) Model for the magnetic forces simulation
analysis. (b) Relationship between the magnetic forces in the horizontal direction (Fx) and forward
displacement of the bottom magnets (X). (c) Relationship between the magnetic forces in the vertical
direction (Fz) and forward displacement of the bottom magnets (X). (d) Relationship between the
magnetic forces in the vertical direction (Fz) and the thickness of the divider. (e) Relationship between
the magnetic forces in the horizontal direction (Fx) and the thickness of the divider when the bottom
magnets are horizontally offset by 5 mm. (f) Relationship between the magnetic forces in the vertical
direction (Fz) and the thickness of the divider when the bottom magnets are horizontally offset by 5
mm.

Meanwhile, we investigate the variation in the magnetic induction intensity produced
by the magnets as it moves. The magnetic induction intensity simulation is modeled as
shown in Figure 7a. Initially, the external front and rear magnets are spaced 40 mm away
from each other. We keep the external magnets in front stationary so that the external
magnets at the rear moves forward (D mm). Create a moving axis (Z), which is always
centered between the front and rear external magnets. The zero scale of the Z-axis is in
the middle of the divider, oriented vertically upward. We obtain the variation in magnetic
induction intensity at each point on the Z-axis for every D mm of forward movement of
the rear magnet, as shown in Figure 7b. As D increases and the two external magnets
continue to move closer together, the magnetic induction intensity at points on the Z-axis
will gradually increase. We observe that the magnetic induction intensity appears to peak at
Z = —21.5and Z = —1.5, and the value of Z = —21.5is greater than the value of Z = —21.5.
This is due to the fact that at Z = —1.5, the magnetic induction intensity is subjected to
the combined action of the external magnets and the leg magnets. The simulation results
show that when the distance between the external front and rear magnets is greater than
20 mm, the magnetic induction intensity between the two magnets is less than 0.17 T, and
the interferences between the two magnets are small.
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Figure 7. Simulation analysis of magnetic induction intensity: (a) Model of magnetic induction
intensity simulation. (b) Variation in magnetic inductive on the Z-axis.

5. Test Experiments on Movement Ability of the 3D-SBIR
5.1. Test of the 3D-SBIR Movement on a Horizontal Plane

To elaborate on the movement principle of the D-SBIR, the robot’s forward movement
is observed on a horizontal plane. The process of the robot moving one step on a horizontal
acrylic plate is shown in Figure 8. As illustrated in Figure 8i, to clearly describe the
movement process of the robot, the upper endpoint of the anterior legs is labeled as Oy, the
lower endpoint of the anterior legs is labeled as O,, the upper endpoint of the posterior
legs is labeled as O3, and the lower endpoint of the posterior legs is labeled as O4. Based
on experimental results, the movement can be divided into four distinct states: initial state,
bending state, stretching state, and natural state. In the initial state, shown in Figure 8i,
the anterior legs of the robot are vertical and the posterior legs are tilted backward. In
the bending state, shown in Figure 8ii, the posterior legs move forward, with the lower
endpoints of the posterior legs shifting by about 33 mm, while the lower endpoints of the
anterior legs remain motionless. This causes the belly of the robot to bend upward. The
stress distribution of the robot during bending deformation is shown in Figure 8a, and
the maximum pressure stress is mainly concentrated in the legs, with a maximum value
of 0.67 MPa. In the stretching state, shown in Figure 8iii, the anterior legs move forward,
and the lower endpoints of the anterior legs move forward by about 60 mm, whereas the
lower endpoints of the posterior legs stay in place. The belly forms a downward bend, and
the robot undergoes stretching deformation. The stress distribution of the robot during
stretching deformation is shown in Figure 8b, and the maximum tensile stress is mainly
concentrated in the legs and belly, with a maximum value of 0.53 MPa. In the natural
state of the robot, shown in Figure 8iv, the posterior legs move forward, with the lower
endpoints of the posterior legs shifting by about 35 mm, and the lower endpoints of the
anterior legs remain in place, causing the robot to return to the natural state. This completes
a full motion cycle, with the robot moving about 70 mm forward. Additionally, the robot
is tested on a grass-like plastic pad as shown in Figure 9a and on a plastic track with a
width 0.3 times the robot’s body length, as shown in Figure 9b. Videos of the experiment
are available in the Supplementary Information, and the experimental results prove that
the robot exhibits excellent mobility.

5.2. Test of Climbing Obstacles for the 3D-SBIR

The 3D-SBIR has a soft body structure, allowing it to adapt well to its environment. In
this study, this advantage is leveraged to assist the robot quickly in climbing over obstacles
by utilizing contact deformation between the robot and the obstacles during the climbing
process. As shown in Figure 10i, in the initial state of climbing obstacles, there are obstacles
on both the anterior and posterior legs of the robot. In Figure 10ii, during the potential
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energy accumulation phase, the magnetic field of the anterior legs remains stationary, while
the magnetic field of the posterior legs moves forward, causing the belly of the robot to
bend and accumulate elastic potential energy. In Figure 10iii, during the potential energy
release phase, the magnetic field of the anterior legs moves forward and the magnetic
field of the posterior legs remains stationary. As the magnetic field of the anterior legs
moves, the attraction force of the magnetic field of the anterior legs decreases, and the robot
successfully jumps up to climb over the obstacle with the help of the elastic potential energy
accumulated in the belly. In Figure 10iv, in the mobile state of climbing obstacles, after
the anterior legs cross the obstacle, the posterior legs move to the front of the obstacle. In
Figure 10v, during the state of passive deformation while climbing obstacles, the magnetic
field of the posterior legs remains stationary, the magnetic field of the anterior legs moves
forward, and the posterior legs are hindered by the obstacle, causing the belly to undergo
stretching deformation. Finally, in Figure 10vi, in the natural state of climbing obstacles,
the magnetic field of the anterior legs continues to move forward, and the robot climbs the
obstacle successfully with the help of the pulling force of the belly.

S, Mises S, Mises
+1.080e+01 +5.294e-01
+6.741e-01 +2.103e-01
+3.120e-01 +8.357e-02
+1.444e-01 +3.320e-02
+6.685e-02 +1.319e-02
+3.095e-02 +5.241e-03
+1.432¢-02 +2.082e-03
+6.630e-03 +8.272e-04
+3.069¢-03 +3.287e-04
+1.421e-03 +1.306e-04
+6.576e-04 +5.188e-05
+3.044e-04 +2.061e-05
+1.409e-04 +8.18%-06
+6.522e-05

Figure 8. Process of the 3D-SBIR moving one step on a horizontal acrylic plate: (i) Initial state:
Anterior legs are vertical and posterior legs are tilted backward. (ii) Bending deformation: Posterior
legs move rightward, and belly is bending. (iii)Stretching deformation: Anterior legs move rightward
and the belly is stretching. (iv) Natural state: Robot moves by a distance of 70 mm. (a) Stress
distribution under bending deformation. (b) Stress distribution under stretching deformation.

Experiments on climbing steps and climbing vertical planes are conducted to further
validate the climbing ability of the 3D-SBIR. As shown in Figure 11a, the process of the
robot climbing steps is similar to that of crossing obstacles, with the deformation of the
belly assisting in the accumulation of elastic potential energy for climbing. Using a bending
deformation of the belly to make the anterior legs climb steps and a stretching deformation
of the belly to make the posterior legs climb steps. The 3D-SBIR is assisted by the bending
deformation of its head when climbing obstacles that are significantly larger than its own
height (e.g., vertical walls). The head of the robot contacts the vertical surface as shown
in Figure 11b. The magnetic field of the anterior legs moves forward, causing the head to
bend and deform, fitting tightly against the vertical plane. The magnetic field of anterior
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The direction of the magnetic field

legs moves upward, and the robot is guided upward by the head. The magnetic field of the
anterior legs moves upward, followed by the magnetic field of the posterior legs moving
forward, enabling the robot to successfully climb up the vertical surface.

Figure 9. Test of the 3D-SBIR movement: (a) Robot moves on a grass-like plastic pad. (b) Robot
moves through a narrow plastic runway.

The direction of the magnetic field
movement of the anterior legs L movement of the posterior legs

Figure 10. Experiment of the 3D-SBIR climbing obstacles: (i) Initial state of climbing obstacles.
(ii) State of potential energy accumulation for climbing obstacles. (iii) State of potential energy release
for climbing obstacles. (iv) Mobile state of climbing obstacles. (v) State of passive deformation of
climbing obstacles. (vi) Natural state of climbing obstacles.
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Figure 11. Test of motion ability in complex environments: (a) Climbing steps of 16mm in height.
(b) Climbing vertical surfaces.

6. Conclusions

To address the problems of existing soft bionic inchworm robots, such as the complex
production process and the influence of cables on the movement, this study proposes a
3D-printed soft bionic inchworm robot powered by magnetic force. First, the robot body
is made directly by light-curing printing technology, and the NdFeB magnet is directly
embedded in the gaps of the body as the power source. This eliminates the necessity for
intricate production steps and is powered by magnetic drive, allowing cable-free operation.
Additionally, the robot is capable of multimodal movement. Next, the material composition
model and the bending deformation model of the robot are developed based on the Yeoh
model. To validate the accuracy of the above models, simulation analysis and bending
deformation experiments are conducted. The simulations and experimental results confirm
the suitability of the models for the 3D-SBIR. At the same time, we discuss the main factors
that influence the size of the magnetic force. With a divider thickness of 5 mm or thinner,
two external magnets can provide a magnetic force of at least 0.16 N in the horizontal
direction and 0.29 N in the vertical direction. Finally, unlike traditional SBIR, the 3D-SBIR
utilizes its soft body structure to passively climb obstacles by making direct contact with
them. As a result, the robot does not require a complex control and sensing system to have
excellent obstacle-climbing capabilities. It is capable of climbing obstacles that are 0.5 times
its body height with ease. The robot demonstrates multimodal movement capabilities,
including the ability to traverse rough mats and narrow curved runways that are only
0.3 times its own length in width, climb steps that are 0.8 times its height, and transition
from horizontal to vertical surfaces. In summary, the 3D-SBIR features a simple production
process, cable-free actuation, and multimodal motion capabilities.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomimetics10040202/s1, Video S1: The motion gait analysis of
the 3D-SBIR. Video S2: Test experiments on movement ability. Pdf S1: Supplementary.
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Abstract: Due to its exceptional terrain mobility, quadrupedal locomotion has been used
in the design of many amphibious robots for broad applications including resource ex-
ploration, disaster rescue, and reconnaissance. In this work, swimming of a quadrupedal
paddling model is considered, and the effects of the legs’ initial swing angle, swing am-
plitude, and power phase duration are numerically investigated through three paddling
gaits, namely, the trotting gait, the diagonal, and the lateral sequence gaits. Three different
modes for drag-based thrust generation, the “Trotting Mode”, the “Hindering Mode”,
and the “Separate Mode”, are identified. In the “Trotting Mode”, each pair of diagonal
legs contributes equally and alternately to the thrust within the paddling cycle, and its
contribution is impaired by the other pair of diagonal legs. In the “Hindering Mode”, the
thrust contribution of an individual leg is significantly undermined by the drag resulting
from the preceding leg leaving its current power phase and entering the following recovery
phase. In the “Separate Mode”, the four legs independently contribute to the total thrust by
forming a compact four-peak waveform equally distributed within one paddling cycle. Ata
given swing amplitude, the leg configuration at peak thrust moment is identical, regardless
of initial swing angle and power phase ratio. Meanwhile, a forward-tilted leg configuration
with flatter upper- and lower-limb alignment at peak thrust moment consistently indicates
a lower thrust generation. Hydrodynamic moments in the diagonal and lateral sequence
gaits are much larger than those in the trotting gait. In addition, enhanced thrust is typically
accompanied by larger hydrodynamic moments and a higher energy expenditure.

Keywords: quadrupedal paddling; thrust generation; immersed-boundary method

1. Introduction

During the past two decades, various types of amphibious robot have been developed
with the aim of quickly transitioning between land and water for broad applications includ-
ing resource exploration, disaster rescue, and reconnaissance [1]. Normally, locomotion on
land and locomotion in water are achieved by different mechanisms for amphibious robots.
For land locomotion, legged robots have long captured the interest of researchers because
of their outstanding mobility and versatility on rough and transitional zones such as sandy
and muddy terrains [2-7].

A variety of bio-inspired propulsion mechanisms have been employed in water with
inspiration drawn from nature. Body undulations, fish fin-like propulsors, and paddling

Biomimetics 2025, 10, 148 https://doi.org/10.3390 /biomimetics10030148
37



Biomimetics 2025, 10, 148

legs are three common methods of bio-inspired waterborne propulsion for amphibious
robots. For example, the snake-like robot ACM can propel itself through body undulation
or spiral spinning with a “HELIX” mode at a speed of 0.4 m/s [8,9]. A similar snake-like
Multi-Link Mobile Robot MLMR 1l is proposed with forward and lateral turning ability un-
derwater [10]. A salamander robot can reproduce an overall natural-body-like undulation
and swim at velocities ranging from 0.07 to 0.12 m/s [11]. In addition to body undulation,
bio-inspired fish fins have also been used as propulsors by amphibious robots for efficient
underwater locomotion. AmphiRobot-II uses a caudal fin to perform a BCF-type carangi-
form swimming with a forward speed of up to 45 cm/s [2]. A pair of ribbon fins similar to
those of sting rays is manufactured and the maximum MPF forward swimming speed is
about 0.31 m/s at an undulating frequency of 2 Hz [12]. Such bio-locomotion using either
body undulation or fin flapping relies on the generation of lift-based thrust. In contrast,
drag-based thrust represents another mechanism for propulsion, which is usually deployed
by terrestrial and semi-aquatic mammals with paddling appendages [13]. Although propul-
sion through body undulation and fin flapping is known to be more efficient in water, their
terrestrial movements capability is very limited and can hardly be compared with legged
locomotion [13,14]. Therefore, legged robots are suitable for amphibious applications de-
spite their relatively low swimming efficiency. Recently, learning-based methods have
been developed for gait pattern learning and energy efficiency improvement in complex
environments [15-20]. However, the interaction between legged robots and fluid medium
during the learning process remains unexplored. Other approaches, e.g., a combination of
wheels for land movement and fins for swimming, may lead to a much more complicated
and heavier amphibious robot design that may not be desirable.

Quite a few legged amphibious robots have been developed in the past. For example,
a six-legged crab-like robot ALUYV is reported to be capable of walking underwater for
mine hunting in the surf zone [4]. A cockroach-inspired robot RHex was first built between
1999 and 2004, based on which the subsequent AQUA platform is further developed with
underwater mobility [6,21]. AmphiRobot-I uses a transformable fin-leg module and obtains
a moving speed of about 0.5 m/s on land and in water [22]. A bio-inspired quadruped
amphibious robot with agile legs based on the five-bar mechanism is also constructed with
a successful walking and swimming mobility [23]. With the assistance of the computational
fluid dynamics (CFD) technique, one is able to study the hydrodynamics and swimming
efficiency of underwater locomotion. In this field, body undulation and fin flapping have
been extensively researched [24-29].

Unfortunately, to date the study of hydrodynamics for the quadrupedal paddling
using the CFD technique is scarce. Among the limited existing studies, the force analysis
of quadrupedal hydrodynamics depends on the drag equation and an assumption of the
drag coefficient Cy, and the complex three-dimensional geometrical shape of the legs and
the interaction between different limbs are ignored [14,27,30,31]. Such simplified force
models are easy to use but may lead to significant errors in practice. Relevant CFD re-
search on leg paddling include computational studies on crawfish, beaver-, and turtle-like
robots [31-33]. Besides, the synchronous and alternate paddling of the two beaver-like
bendable webbed feet is reconstructed and the hydrodynamic forces are investigated
through both theoretical analysis and CFD simulations. Table 1 is summarized for previous
relevant studies on leg paddling using CFD techniques. However, the models in these
studies are distinct from the quadrupedal paddling of mammals, which deserves a further
in-depth study since a detailed discussion on paddling hydrodynamics and many other
factors, such as paddling kinematics and gait sequences, has not been explored yet. Al-
though a qualitative understanding of the drag-based thrust generation caused by paddling
legs may be straightforward (e.g., faster backswing of a paddling leg leads to stronger
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reaction force by surrounding fluid), a detailed quantitative study is necessary to better
understand a few important questions: (I) How propulsion thrust is affected by paddling
kinematic parameters including initial swing angle, swing amplitude and power phase
ratio? (II) How is the propulsion thrust influenced by different gait sequences? (III) How
are the hydrodynamic moments and energetics modulated by paddling kinematics and gait
sequences? Motivated by the above fact, it is our novelty to solve the three-dimensional
flow field and investigate these questions by performing a series of numerical simula-
tions with the aid of a previously developed parallel CFD solver based on an immersed
boundary method.

Table 1. Previous relevant CFD research on leg paddling.

Authors Year Leg Number Simulation Approach Application Type
Zhang, Calvin, et al. [32] 2014 4 Immersed Boundary Method NA
Chen, Gang, et al. [31] 2021 2 Sliding/dynamic mesh Fluent
Baines, Robert, et al. [33] 2022 4 SIMPLEC solver Fluent

In this work, we first investigate the paddling-induced thrust of a single leg with
initial swing angle oy € [60°,70°,80°] and swing amplitude B € [20°,30°,40°] for three
fixed power phase ratios DR € [50%, 33%, 25%|. Next, we examine the effect of the gait
sequence on the quadrupedal paddling thrust generation in the same parameter space of
«g and Bo. Three different mechanisms for thrust generation are categorized and analyzed,
and the corresponding hydrodynamic moments and energetics are also discussed.

2. Model Description and the Numerical Approach

The three-dimensional computational model of quadrupedal paddling used in this
work is constructed based on an actual quadrupedal robot and is illustrated in Figure 1a,b.
The left-fore leg (LF), left-hind leg (LH), right-fore leg (RF), and right-hind leg (RH) are
immersed in an incompressible viscous fluid and perform coordinated paddling motion.
The lengths of the upper and lower limbs for each leg, L and L,, are 10.6 and 12.0 cm,
respectively. The width W of the limb is 4.65 cm. The distance L between the fore and
hind legs is 32 cm, while the width D between the left and right legs is 12.4 cm. These
dimensions are taken from an actual robot. A coordinate system is chosen such that its
origin O lies in the middle of the upper limb pivots of the four legs. The influence of
three major kinematic parameters, the initial swing angle ag, the swing amplitude B,
and the power phase ratio DR are illustrated in the figure. The following values of the
parameters are chosen: «g € [60°,70°,80°], Bo € [20°,30°,40°], and DR € [25%, 33%, 50%].
Considering the constant stepping speed of the step motor used in the experimental study
in which the duration of the power phase is fixed, DR = 50%, 33% and 25% correspond
proportionally to a paddling cycle of T = 0.8 s, 1.2's, and 1.6 s, respectively. The prescribed
cyclic paddling motion of upper and lower limbs are defined by position angles «(t) and
7(t) (relative to its upper limb), and their transient variations are obtained from the video
of the swimming dog provided by [34]. The average lower limb tip velocity U within
the power phase under DR = 50% is 0.64, 0.49 and 0.42 m/s for By = 20°, 30° and 40°,
respectively. This velocity increases further to 0.96, 0.73, 0.60 for DR = 33% and 1.34, 1.03,
0.84 m/s for DR = 25%, respectively, for By = 20°, 30° and 40°. Figure 1c presents the
kinematic sequence of a single paddling leg under xy = 70° and B¢ = 20°. In addition to
the three paddling kinematic parameters mentioned above, three distinct coordinated leg
movements, trotting, diagonal sequence gait, and lateral sequence gait, are also included in
this study (Figure 1d). We also point out that when designing an amphibious robotic dog
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for experimental validation, several key factors must be considered, including actuation,
structural stability, waterproofing, and control. The selection of actuators plays a crucial role
in swimming performance, and waterproof servos with sufficient torque, such as GXservo-
X50 (50 kg-cm), can provide the necessary power for paddling. Additionally, ensuring
a proper relationship between the center of buoyancy (CB) and the center of gravity
(CG) is essential for maintaining stability in water. Inspired by biological quadrupeds,
the CB should be positioned above the CG, reducing the risk of rolling and improving
maneuverability. A robust control system can be used to coordinate leg movements, while
a wireless remote control allows for flexible gait adjustments. Furthermore, waterproofing
measures—including sealed body joints, waterproof adhesives, and protective covers for
electronic ports—are essential to prevent water ingress and ensure long-term operation in
aquatic environments.
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Figure 1. The geometry of the quadrupedal paddling model, (a) side view and (b) front view.
(c) Reconstructed paddling sequence of both upper and lower limbs of a single leg under y = 70°
and By = 20°. (d) The three distinct quadrupedal paddling gaits of trotting, the diagonal and lateral
sequence gaits considered in this work.

The legs are assumed to be rigid without deformation and the quadrupedal pad-
dling system is tethered without displacement. Similar tethered models to ours are often
used for the study of self-propulsion of fish swimming [35-38]. Assuming the structure
is rigid, one-way coupling is employed to model the fluid-structure interaction, where
the motion of the quadrupedal paddling significantly influences the fluid flow. However,
structural deformation due to fluid forces is disregarded in this analysis. For spatial dis-
cretization, each leg is divided into 29,940 triangular surface elements with a total number
of 14,974 nodes. The fluid is assumed to be Newtonian and incompressible. The governing
equation of the flow is the unsteady three-dimensional viscous Navier-Stokes equation.
Since the peak Reynolds number Re is on order of O(10*), we do not consider turbulence
effect in present work, although it may become necessary when the background envi-
ronmental flow is chaotic or the robotic system size of quadrupedal paddling becomes
larger. The fluid domain is represented by 20L x 32D x 12L cm? rectangular bounding
box and is divided by a 290 x 160 x 160 nonuniform Cartesian grid. Fine resolution with
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Ax = Ay = Az = 0.25 cm is used in the region around the four paddling legs (Figure Ala
in Appendix A). No-slip and no-penetration boundary conditions are imposed on limb
surface and zero velocity and zero normal pressure gradient boundary conditions are
applied on the six outer faces of the fluid domain. Initially, the flowfield is static, and the
flow is driven in motion by coordinated paddling. The density and dynamic viscosity of the
fluid are, respectively, o = 1 g/cm3 and u = 0.001 Pa-s. To ensure the numerical stability of
the flow solver, the time step used in the simulation is At = 0.0002 s, so that each paddling
cycle of DR = 50%, 33%, and 25% contains 4000, 6000 and 8000 time steps, respectively.
The choice of mesh size Ax = 0.25 cm and time step At = 0.0002 s is based on the mesh and
time step convergence studies described in Appendix A. The propulsion force discussed in
this work is normalized by pf Uy>W?, where a common limb tip velocity Uy = 0.42 m/s
under By = 40° and DR = 50%, and limb width W are chosen as our velocity and length
reference, respectively. The viscous three-dimensional unsteady Navier-Stokes equation is
numerically solved using a parallel in-house sharp-interface immersed-boundary method;
more information on the computational implementation and mesh convergence study is
provided in Appendix A.

3. Results
3.1. Hydrodynamics of a Single Paddling Leg

We first conduct numerical simulations to investigate the hydrodynamics of a sin-
gle paddling leg with the initial swing angle ay € [60°,70°,80°] and swing amplitude
Bo € [20°,30°,40°] under three different power phase ratios DR = 50%, 33% and 25%.
The time duration of each paddling cycleis T = 0.8 s, 1.2 s, and 1.6 s for y = 20°, 30°,
and 40°, respectively. To avoid the influence caused by the initial condition that sets
zero fluid velocity everywhere, simulation results from the 5th cycle is shown in Figure 2.
Figure 2a presents the transient profile of the thrust Fy(t) with varying initial swing angle
ap € [60°,70°, 80°] at a fixed swing amplitude of By = 20°. We can see that, although the
paddling motion gives rise to thrust (Fx(t) > 0) and drag (Fy(t) < 0) in both recovery
and power phases, most of the thrust is generated during the power phase. Due to the
rapid backswing of the lower limb, Fy(t) first rises quickly from t = 3.5 s (t = 0.375T)
before reaching a peak value Fx/pk att = 3.7 s (t = 0.625T), it then experiences a fast drop
as the backswing motion continues. As the initial swing angle «( increases from 60° to
70° then to 80°, the corresponding peak thrust F; ,; reduces from 10.53 to 9.90 then to
8.79. However, I, ,; occurs almost at the same instant of ¢, = 3.7 s, which corresponds
to tyr = 0.625T within a paddling cycle with period T = 0.8 s for fp = 20°. Within the
complete paddling cycle, the average thrust Fy 40 also decreases from 0.75 to 0.59 then to
0.43 with increasing ag = 60°, 70°, and 80°. When the single leg is accelerated posteriorly,
a high pressure region is generated on the back side of the lower limb, while leaving a
negative-pressure region simultaneously in its front side (Figure 2b). This pressure differ-
ence across the lower limb for a4y = 60°, 70°, and 80° shares a similar pattern and leads
to the so-called drag-based thrust. At the peak thrust moment ¢, the orientation of the
upper limb is different with apk = 70°,80°, and 90° for xyp = 60°, 70° and 80°, respectively;
however, the relative position of the lower limb with respect to the upper limb remains the
same with 7, = 55° (Figure 2b). Similar varying trends for Fx,pk, tpks Qpks Y pk and Fx,wg,
as well as the pressure contour around the paddling leg at F, ,, are also observed for the
cases with larger swing angles By = 30° and 40°. It can be seen that the average thrust
Fq0g drops with respect to both increasing initial swing angle ay and swing amplitude
Bo- The lowest Fy qy¢ is generated at the largest oy = 80° and By = 40°. In Figure 2¢, we
also presented the profiles of transient thrust generated under other combinations of initial
swing angle xg, swing amplitude By and power phase ratio DR, which will be used for the
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discussion of inter-limb interaction later. In addition, we computed the thrust coefficient
via Cr = 2Fyq0g/p f U2L2W, where U is the average lower limb tip velocity of individual
cases. Upon fixing By and DR, a consistently higher Ct can be achieved at smaller ay.
Relevant results are summarized in Table 2.
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Figure 2. (a) The profiles of the transient thrust Fy(t) generated by a single paddling leg under
ng = 60°,70°, and 80° at fixed By = 20° and DR = 50%. (b) The instantaneous pressure contour
(Unit: 0.1 Pa) and the corresponding leg configuration with its upper- and lower-limb alignment at
the peak thrust moment #,. The transient variation of angles (c) Transient thrust at different initial
swing angle &g, swing amplitude By and power phase ratio DR. Recovery and power phases are
marked using blue and green windows, respectively.

Table 2. Values of U, ks Y pks Fx,pk, Fravg and Cr at swing amplitude By € [20°,30°,40°], initial
swing angle ag € [60°,70°,80°] and power phase ratio of power phase DR € [25%, 33%, 50%].

(Bo,x0,DR) U (m/s) T (s) tpk (T) (a,,k, ,Bpk) Fx,pk Fx,avg Cr
(20,60, 50) 0.64 0.8 0.625 (70,55) 10.53 0.75 0.24
(20,70, 50) 0.64 0.8 0.625 (80,55) 9.90 0.59 0.19
(20, 80,50) 0.64 0.8 0.625 (90,55) 8.79 0.43 0.14
(30,60, 50) 0.49 1.2 0.583 (80,45) 8.26 0.62 0.35
(30,70,50) 0.49 1.2 0.583 (90,45) 7.71 0.57 0.32
(30,80, 50) 0.49 1.2 0.583 (100, 45) 7.15 0.47 0.26
(40, 60, 50) 0.42 1.6 0.581 (90, 35) 6.62 0.53 0.41
(40,70,50) 0.42 1.6 0.581 (100, 35) 5.71 0.45 0.34
(40,80, 50) 0.42 1.6 0.581 (110, 35) 5.37 0.40 0.30
(20,60, 33) 0.96 0.8 0.740 (70,55) 18.24 1.27 0.19
(20,70,33) 0.96 0.8 0.740 (80,55) 15.68 0.89 0.13
(20,80,33) 0.96 0.8 0.740 (90,55) 13.75 0.72 0.11
(30,60,33) 0.73 1.2 0.710 (80,45) 17.50 0.82 0.21
(30,70, 33) 0.73 1.2 0.710 (90,45) 15.57 0.70 0.18
(30,80,33) 0.73 1.2 0.710 (100, 45) 13.95 0.54 0.14
(40,60, 33) 0.60 1.6 0.715 (90,35) 14.06 0.73 0.27
(40,70,33) 0.60 1.6 0.715 (100, 35) 12.38 0.56 0.21
(40, 80, 33) 0.60 1.6 0.715 (110,35) 11.11 0.42 0.16
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Table 2. Cont.

(ﬁo, o, DR) U (m/s) T (s) tpk (T) (zxpk, ﬁpk) Fx,pk Fx,uvg Cr
(20,60,25) 1.34 0.8 0.810 (70,55) 39.32 2.35 0.18
(20,70, 25) 1.34 0.8 0.810 (80,55) 34.98 1.80 0.14
(20,80,25) 1.34 0.8 0.810 (90,55) 28.54 0.86 0.06
(30,60,25) 1.03 1.2 0.800 (80,45) 31.81 1.31 0.17
(30,70,25) 1.03 1.2 0.800 (90,45) 28.68 1.17 0.15
(30,80,25) 1.03 1.2 0.800 (100, 45) 25.86 0.84 0.11
(40, 60, 25) 0.84 1.6 0.800 (90, 35) 22.80 1.22 0.23
(40,70,25) 0.84 1.6 0.800 (100, 35) 21.08 1.11 0.21
(40, 80,25) 0.84 1.6 0.800 (110, 35) 18.95 0.76 0.15

3.2. Quadrupedal Paddling Using the Trotting Gait

To investigate the impact of quadrupedal paddling on total thrust, we next consider
the trotting gait sequence, which is adopted by many terrestrial mammals. In this sequence,
each pair of diagonal legs share the same movement, while the two legs on the same side
have opposite movement. The duration of the power phase is equal to that of the recovery
phase, which corresponds to a power phase ratio of DR = 50%. Figure 3a,b show the
transient profiles of the horizontal and vertical forces, Fy(t) and F;(t), within a complete
paddling cycle of T = 0.8 s under y = 20°. Distinct from the single paddling leg situation,
under the fixed swing amplitude of By = 20°, both Fy(t) and F;(t) now demonstrate two
peak values with an equal time interval of T/2. Fx,pk occurs att = 3.3 s (t = 0.125T) and
3.7 s (t = 0.625T), while F, ;i is achieved at t = 3.25 s (t = 0.0625T) and 3.65 s (t = 0.5625T),
which corresponds to a slight 6.25% phase lead over F, ,x. When one pair of diagonal legs
generates thrust in the power phase, the remaining two diagonal legs are in the recovery
phase and have a counterproductive effect by generating drag (Figure 3a). Figure 3¢ shows
the pressure and velocity fields in the plane that cuts through RF and RHatt/T =0,1/8,
1/4,3/8,1/2,5/8,3/4, and 7/8. Using the length scale of W = 4.65 cm and velocity
scale of MDPIU = 0.64 m/s, the corresponding Reynolds number for this case is around
Re = 3.0 x 10*. Vortex shedding from the tip of the lower limb as a result of its rapid
paddling motion is conspicuous. During the first half of the trotting cycle t/T € [0,1/2], RF
is in the power phase and a counterclockwise vortex is produced near the tip of the lower
limb when t/T = 1/8 and 1/4. Meanwhile, RH is in the recovery phase and a clockwise
vortex can be observed near its lower limb tip. During the latter half of the trotting cycle
t/T € [1/2,1], the vortex behavior that RF and RH have previously experienced is flipped,
and clockwise and counterclockwise vortices are formed near the lower limb tips of RF and
RH respectively.

As the initial swing angle «g increases from 60° to 70° to 80°, the instants of F, ,x and
F; pr, the time intervals between F, ,x and F, i, and the time lead of F, ;i over F, ,; remain
unchanged. However, the changes of I, ,x and F; . are in an opposite trend. F, , reduces
from 20.95 to 20.30 to 18.95 when &g increases from 60° to 70° to 80°, respectively, while
at the same time F, ,; experiences a slight raise from 12.75 to 13.02 to 13.55 (Figure 3a,b).
Similarly, Fy spg drops from 3.34 to 2.76 to 1.83, while F; qpg increases from 3.23 to 3.42 to
3.97. Within the power phase, two diagonal legs contribute equally to Fy (). If the phase
difference of T /2 in Fy(t) between the two pairs of diagonal legs is ignored, the magnitudes
of horizontal and vertical forces of the four individual legs are almost identical, indicating
that the four legs also contribute equally to the total forces of Fy(t) and F;(t). Hereafter, we
denote this mechanism of propulsion generation as the “Trotting Mode”.
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ag = 80°, By = 20°

Figure 3. The transient profiles of (a) horizontal thrust Fy(¢) and (b) vertical lift F;(¢) generated by
the quadrupedal paddling using the trotting gait under g = 20°. Results from the single leg (SL)
paddling are also included. (c) Velocity vectors along with pressure contour (Unit: 0.1 Pa) in the
plane that cuts through RF and RH at t/T = 0,1/8,1/4,3/8,1/2,5/8,3/4, and 7/8. Only every one
out of two grid points is shown. An animation of the velocity field is also provided (Supplementary
Materials available online).

As shown in Figure 4, similar trends for the “Trotting Mode” mentioned above still
remain for the cases with larger swing amplitudes of By = 30° and 40°. For By = 30°,
the average thrust Fx,,wg reduces from 2.80 to 2.39 to 1.90 for oy = 60°, 70° and 80°; for
Bo = 40°, it also drops from 2.54 to 2.24 to 1.90. Overall, the combination with smaller
magnitudes of xg = 60° and By = 20° provides the highest average propulsion thrust in
the “Trotting Mode”.

With the data available for a single paddling leg as listed in Table 2, we are able
to quantitatively evaluate the inter-limb interaction and thus trotting gait effectiveness
under different combinations of initial swing angle and swing amplitude («g, Bo). To do so,
we compute the force ratio of the average thrust Fy /4Fg;, between the quadrupedal and
single-leg paddling motions. In Table 3, we can see that the inter-limb interaction in the
trotting gait consistently enhances the thrust with F,/4Fs; > 1, which indicates that the
hydrodynamic benefit of enhanced thrust is successfully captured through the cooperation
of diagonal legs. For example, F,/4Fsy can reach 1.26 with («g, Bg) = (70°,40°), which
means that the average thrust Fy of an individual leg in this particular trotting gait is
1.26 times the magnitude of that generated by the single paddling leg with the same
combination of (g, Bp). From the comparison in Figure 3a between the single-leg and
quadrupedal paddling, it can be seen that coordinated paddling slightly increases thrust
but significantly reduces drag. From the comparison in Figure 3b, the 4-leg paddling
significantly reduce the magnitude of vertical force.
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Figure 4. The transient profiles of thrust F(t) for swing amplitude (a) By = 30° and (b) By = 40°.
Results from the SL paddling are also included.

Table 3. Values of Fy/4Fs; under different combinations of initial swing angle and swing amplitude
(ap, Bo)- SL stands for single leg.

E./4F5; Trotting Diagonal, DR = 33% Diagonal, DR =25%
(60,20) 1.12 1.20 1.00
(70,20) 1.18 1.42 1.16
(80,20) 1.09 1.52 1.87
(60,30) 1.13 1.33 1.26
(70,30) 1.06 1.37 1.34
(80,30) 1.02 1.50 1.56
(60,40) 1.20 1.17 1.04
(70, 40) 1.26 1.44 1.20
(80, 40) 1.19 1.71 147

3.3. Quadrupedal Paddling Using the Diagonal Sequence Gait

Next, we consider the diagonal sequence gait that is actually used when swimming by
dogs of different breeds [34]. In this sequence (LF—LH—RF—RH), The power stroke of the
hindlimb on one side of the body is succeeded by that of the opposite side’s forelimb. Unlike
the trotting gait with DR = 50%, two shorter power phases with DR = 33% and 25% are
considered with the intuition that faster backswing motion should be beneficial for larger
thrust generation. In reality, DR = 33% is representative for dogs of different breeds during
swimming. For DR = 33%, the average lower limb tip velocity U in the power phase is 0.96,
0.73, and 0.60 m/s for By = 20°, 30°, and 40°, respectively; for DR = 25%, it becomes 1.34,
1.03, and 0.84 m/s for By = 20°, 30°, and 40°, respectively. Figure 5a,b present the transient
profiles of horizontal and vertical forces, Fy(t) and F;(t), generated when By = 20° and
DR = 33%. It can be seen that, both Fy(t) and F;(t) exhibit a compact four-peak waveform
that is equally distributed within the gait cycle with interval T /4, which is in contrast
to the two-peak waveform observed in the “Trotting Mode”. In diagonal sequence gait,
the power phase of each leg contributes to one wave of thrust Fy(t). Moreover, the thrust
F(t) generated by one individual leg is significantly impaired by the induced drag from
the preceding leg leaving the current power phase and entering the following recovery
phase, thus leaving an M-shaped profile around Fy . This represents a different hindering
mechanism (denoted as the “Hindering Mode” hereafter) of Fy () in Figure 5a as compared
with that generated in the “Trotting Mode” in Figure 3a. Under the same initial swing
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angle &g and swing amplitude By, even though the magnitude of peak thrust F, ,; in the
“Hindering Mode” is lower than that in the “Trotting Mode”, the average thrust Fy 40 in
the “Hindering Mode” is much higher due to its shorter power phase and faster leg motion.
For example, when ag = 60° and By = 20°, F; 1 is 20.95 and 14.77 for the “Trotting Mode”
and the “Hindering Mode”, respectively, while the corresponding Fy 404 is 3.34 and 6.12,
respectively, which represents a large increment of about 83.23%. A slight phase lead of
t = 0.05s (t = 0.0625T), which is identical to that of the trotting gait, is observed between
Fi(t) and F;(t). Due to its accelerated power phase, the average lower limb tip velocity
in power phase increases to I = 0.96 m/s, yielding a Reynolds number Re = 4.5 x 10%.
Within one complete cycle of diagonal sequence gait, counterclockwise vortex is shed from
the lower limb tip by following the LF—LH—RF—RH sequence during power phase. For
example, a counterclockwise vortex near the lower limb tip of RF and RH is observed at
t/T=1/4and 3/8,and t/T = 1/2 and 5/8, respectively (Figure 5c).

( a) a0 =60°, f = 20°, DR=33% ___ rotal a0 =170, /o = 20°, DR=33% 1o a0 =80°, /i = 20°, DR=33% 1o

Figure 5. The transient profiles of (a) thrust Fy(t) and (b) vertical force F;(t) generated by the
quadrupedal paddling using the diagonal sequence gait when By = 20° and DR = 33%. Results
from the SL paddling are also included. (c) Velocity vectors along with pressure contour (Unit:
0.1 Pa) in the plane that cuts through RFand RH att/T =0,1/8,1/4,3/8,1/2,5/8,3/4,and 7/8.
Only every one out of two grid points is shown. An animation of the velocity field is also provided
(Supplementary Materials available online).

The varying trends for the instants of Fy ,x and F, ,, the time intervals between F
and F, y, and the slight time lead of F, , over F, ,; are maintained when we increase the
initial swing angle ag to 70° and then 80°. F, ,; reduces from 14.77 to 13.29 to 12.22 and
Fx,q0g also reduces from 6.12 to 5.12 to 4.41; while F, j increases from 14.93 to 16.95 to
18.65 with increasing F; 4¢ from 4.91 to 5.54 to 6.24. At the moment of peak thrust Fy pks
the corresponding a . is 70°, 80°, and 90° for a9 = 60°, 70°, and 80°, respectively, which
are identical with that from the trotting gait.
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In Figure 6, the transient profiles of Fy(t) are presented for the cases with larger
swing amplitudes of By = 30° and 40°. The varying trend is similar to the situation with
Bo = 20° discussed above. For By = 30°, Fx,,wg decreases from 4.37 to 3.81 to 3.23 for
xo = 60°,70° and 80°; for By = 40°, it further drops from 3.41 to 3.20 to 2.89, respectively.
At the same ag and By, Fy,avg is evidently higher than that generated with the trotting gait.
In addition, different from the M-shaped profile left around F, ,; under By = 20°, the thrust
impairment is gentler as Sy increases to 30° and 40°. Thus, a peak value in total thrust
F, yk is still observable. Like the trotting gait, a,; increases with increasing ag and B, while
7pk Maintains the same with respect to ag but only decreases as  increases. However,
for the same swing amplitude By, the values of ay; and 7y, remain identical to those in the

trotting gait.
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Figure 6. The transient profiles of thrust Fy(t) for swing amplitude (a) By = 30° and (b) o = 40°
when DR = 33%. Results from the SL paddling are also included.

Next, we consider an even shorter power phase using the diagonal sequence gait with
DR = 25%. The average lower limb tip velocity U in the power phase is about 1.34 m/s,
which yields a Reynolds number of Re = 6.2 x 10*. Compared to that of DR = 33%, Fy(t)
and F; (t) increase significantly, as shown in Figure 7a,b. As a( increases from 60°, 70°, to 80°,
Fx,,wg increases to 9.36, 8.35 and 6.42 as compared to 6.12, 5.12, and 4.41 when DR = 33%.
Although Fy(t) and F;(t) still exhibit a compact four-peak waveform that is equally spaced
within one paddling cycle with a uniform interval of T /4, the drag caused by the preceding
leg leaving the current power phase and entering the following recovery phase in the
“Hindering Mode” disappears. Instead, the four legs now contribute independently in
LH—RF—RH—LF sequence to the total thrust F,(t). For instance, the paddling of LH
generates thrust (t/T € [0,1/8]) and adrag (t/T € [1/8,1/4]) during the first quarter of the
whole diagonal sequence gait; outside of the time interval t/T € [0,1/4], the contribution
of LH to Fy(t) becomes negligible. Thus, we denote this mechanism of thrust generation as
the “Separate Mode”. Compared to the case of DR = 33% with ap = 60°, both a; and 7y
share the same value, resulting in a configuration where the upper-lower limb alignment
is tilted forward. Thus, the reduced power phase ratio from DR = 33% to 25% does not
change the arrangement between the upper and lower limbs at t . We again present the
velocity field in the slice that cuts through RF and RH in Figure 7c. Like the previous
situation with DR = 33%, a counterclockwise vortex is shed from the lower limb tip in
LF—LH—RF—RH sequence during power phase. Att/T =1/4and 3/8,and t/T =1/2
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and 5/8, such counter-clockwise vortex is clearly observed near the lower limb tips of RF
and RH (Figure 7c).

(a),, B

ap =60°, By = 20°, DR=25%

@0 =T0°, fh = 20°, DR=25%

ag =80°, By = 20°, DR=25%
60

50f

401

Figure 7. The transient profiles of (a) thrust F;(t) and (b) vertical force F;(t) generated by the
quadrupedal paddling using the diagonal sequence gait when By = 20° and DR = 25%. Results
from the SL paddling are also included. (c) Velocity vectors along with pressure contour (Unit:
0.1 Pa) in the plane that cuts through RFand RHatt/T =0,1/8,1/4,3/8,1/2,5/8,3/4,and 7/8.
Only every one out of two grid points is shown. An animation of the velocity field is also provided
(Supplementary Materials available online).

As the swing amplitude By increases to 30° and 40°, the “Separate Mode” discussed
above for By = 20° still holds (Figure 8). Like the “Trotting Mode” and the “Hindering
Mode”, the thrust Fy (t) decreases as the initial swing angle g increases. For g = 30°, Fx,uvg
is 6.62, 6.28, and 5.23 for ay = 60°, 70°, and 80°, respectively; for By = 40°, it decreases
further to 5.03, 4.81, and 4.49 respectively. Again, A p increases with both increasing «g
and By, while 7y, remains unchanged with respect to ag but only decreases as ¢ increases.
Taking all the cases with DR = 33% and 25% together, we note that a leg configuration
with a larger forward-tilted angle and a flatter upper-lower limb alignment at £, indicates
a lower thrust generation.

In Table 3, we also present the force ratio of Fy/4Fg) pertaining to the diagonal se-
quence gait. In general, inter-limb interaction again enhances the thrust with Fy/4Fsp, > 1,
with the exception of (ag, Bo, DR) = (60°,20°,25%). When the power phase ratio is re-
duced to DR = 33% and 25%, even higher value of F, /4Fs|, can be achieved. For example,
Fy/4Fsp can achieve 1.87 under (ag, Bo, DR) = (80°,20°,25%), which means that the aver-
age thrust Fy of an individual leg from this particular diagonal sequence gait is 1.87 times
the magnitude of that generated by a single leg under the same combination of («g, Bo, DR).
Hence, the hydrodynamics of quadrupedal paddling is not necessarily a simple linear su-
perposition with phase shift of those from single-leg paddling, and the effect of inter-limb
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interaction needs to be put into consideration during the design of paddling gaits. Since
only three different values of ay, B9 and DR are considered in the present study, which
represents the limitation of the present work, a closer investigation of the detailed correla-
tion between the force ratio Fy/4Fs, and the kinematic parameters is not straightforward
with limited data and thus is deferred to a future study that can also incorporate geometry
optimization and a comparison of energy expenditure with other propulsion mechanisms.
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Figure 8. The transient profiles of thrust Fy(t) for swing amplitude (a) By = 30° and (b) By = 40°
when DR = 25%. Results from the SL paddling are also included.

3.4. Quadrupedal Paddling Using the Lateral Sequence Gait

Using the same power phase ratio of DR = 25% and 33%, we continue our study to
consider the lateral sequence gait and investigate how the hydrodynamics is affected by
the paddling sequence. The lateral gait has the hindleg contact of the ground followed by
the contact of the foreleg on the same side, and thus is directly opposite to the diagonal
sequence gait. Our simulation results reveal that the transient thrust generated by the
lateral sequence gait is almost the same as that generated by the diagonal sequence gait
except that the paddling movement now follows LF—+RH—RF—LH sequence. Cases with
DR = 25% experience the “Separate Mode”, in which each leg’s contribution to the total
thrust Fy(t) is limited to its own paddling phase with a time duration of DR - T. On the
other hand, cases with DR = 33% experience the “Hindering Mode”, in which the thrust
F,(t) contributed by an individual leg is significantly reduced by the induced drag of the
preceding leg leaving its current power phase and entering the following recovery phase.
The thrust generation is closely related to the pressure difference across the lower limb
during the backswing in the power phase. In general, the “Hindering Mode” and the
“Separate Mode” produce higher thrust efficiency than the “Trotting Mode” through inter-
limb interaction. However, thrust efficiency may experience degradation under certain
combinations of coefficients, such as (g, Bo, DR) = (60°,20°,25%), as presented in Table 3.

3.5. Moments and Energetics of Quadrupedal Paddling

After obtaining detailed information about the computed hydrodynamic forces, we
continue our study by examining the hydrodynamic moments, which can be expressed by

Mx:/(Fz‘]/—Py'Z)dr, My:/(Fx-z—Fz-x)de MZ:/(FV'X_F"'y)dF
r r r
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where My, My, and M, might instigate rolling, pitching, and yawing motions and signifi-
cantly impact the stability of the real robotic dog paddling system. The origin O, as shown
in Figure 1, is selected as the center, and the integration for moments is performed on
the fluid-structure interface I'. Figure 9 demonstrates the moments My, My, and M, with
varying initial swing angle (xg = 60°, 70°, and 80°) under a fixed swing amplitude By = 20°
and power phase ratio DR = 33%. The results of the trotting gait with DR = 50% are
also included for comparison. We can see that My, My, and M in the diagonal and lateral
sequence gaits are very close to each other, which indicates a quite similar stability behavior,
even though a phase difference of t = T/4 does exist for both M, and M,. In contrast,
My, My, and M, generated in the trotting gait are much smaller, especially for M, and M.
Due to the symmetry of the paddling motion with respect to the y = 0 plane for diagonal
and lateral sequence gaits within a complete gait cycle, the profiles of M, and M, in the
power and recovery phases are also symmetric about y = 0 with average values My 4q
and M 4 equal to zero, as shown in Figure 9a,c. Thus, the four-leg paddling system
would experience sustainable roll and yaw vibrations but is overall stable. In contrast,
an overall negative My 4,¢ is detected throughout the entire paddling cycle in all three
distinct gaits. As the initial swing angle «( increases, the magnitudes of both M, and M,
increase while that of M, reduces. Similar tendencies for My, M, and M; persist at larger
swing amplitudes of By = 30° and 40°. In Figure 10, we also present the My, My, and M,
profiles for cases with even shorter power phase under DR = 25%. Clearly, compared with
the case of DR = 33%, the magnitudes of My, My, and M, become consistently larger for
a fixed combination of xy and By. Overall, the “Hindering Mode” (DR = 33%) results in
larger pitching, rolling, and yawing moments than the “Trotting Mode”. Moreover, in the
“Separate Mode”, the hydrodynamic moments are even higher when DR = 25%. There-
fore, achieving larger thrust generation is not without expense. The associated stronger
vibrations in hydrodynamic moments will enhance the control difficulty of the robotic
quadrupedal paddling system. In real robotic systems of quadrupedal paddling, we can
use appropriate sensors to receive the real-time three-dimensional vibration signals and
meanwhile feedback control algorithms can be developed to attenuate strong vibrations to
a desired level.
Finally, we present the transient profiles of power, which can be expressed by

where P(t) is exerted on the fluid by the paddling legs, as shown in Figure 11. The minus
sign is added here since F(t) represents the hydrodynamic force vector exerted on the
paddling legs by the surrounding fluid, while u(t) is its moving velocity vector. Upon a
given paddling gait, swing amplitude B¢ and power phase ratio DR, the transient power
P(t) is independent of the initial swing angle «g, as shown in Figure 11a,b. Furthermore,
the diagonal and lateral sequence gaits exhibit the same transient power profile. This
indicates that, under the same swing amplitude Sy and power phase ratio DR, the gait
sequence, be it diagonal or lateral, has no impact on the power consumption (Figure 11c).
Additional power is required when the power phase is shortened in the “Hindering Mode”
(DR = 33%) and the “Separate Mode” (DR = 25%) for enhanced propulsion, as shown in
Figure 11d. As DR decreases from 50% to 33% and 25% but with oy = 80° and By = 40°
fixed, we integrate the transient power P(t) over a complete paddling cycle, and the
resultant requested work are 1.37 ], 2.40 J, and 4.37 ], respectively. As a result, increased
energy consumption becomes essential to achieve more effective propulsion. We also
present the dimensionless power coefficient Py, which is normalized by p fU3L2W /2,
in Table 4. Again, for a given DR and By, Py remains unaffected by ag. Under fixed By,
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Pavg drops discernibly with increasing DR. However, P,wg with By = 30° and 40° under
the same DR are very close to each other. The excessive power expenditure at smaller
DR may impact the long-term performance of quadruped robots, influencing endurance,
efficiency, and operational reliability. An appropriate gait strategy is therefore critical to
help optimize energy use and extend mission duration. In addition, a lightweight yet
durable structural design and a streamlined body shape also help minimize drag, enhance
locomotion efficiency and reduce energy loss.
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Figure 9. The transient profiles of hydrodynamic moments of (a) Mx(t), (b) My(t) and (c) M(t)
generated in both diagonal and lateral sequence gaits when DR = 33% and comparison with that

from the trotting gait.
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Figure 11. Identical power consumption in the (a) trotting gait and (b) diagonal sequence gait with
varying initial swing angle «y € [60°,70°,80°]. (c) The diagonal and lateral sequence gaits share the
same power consumption under fixed swing amplitude By and power phase ratio DR. (d) The power
expenditure increases with the reducing DR from 50% to 33% and 25%.

Table 4. Values of power coefficient Pm,g under different combinations of initial swing angle and
swing amplitude («g, Bo)-

ﬁavg Trotting Diagonal, DR = 33% Diagonal, DR = 25%
(60,20) 3.50 1.72 1.25
(70,20) 3.50 1.72 1.25
(80,20) 3.50 1.72 1.25
(60,30) 4.33 241 1.60
(70,30) 4.33 241 1.60
(80,30) 4.33 241 1.60
(60,40) 4.28 2.38 1.62
(70,40) 4.28 2.38 1.62
(80,40) 4.28 2.38 1.62

4. Discussion

In this work, we numerically investigate the effect of gait sequence, initial swing angle,
swing amplitude, and power phase ratio on thrust generation of a bio-inspired robotic
dog paddling model. For the trotting gait, the thrust engendered by one set of diagonal
legs in the power phase is compromised by the other set of diagonal legs. Enhanced
thrust is achieved through the reduced power phase in diagonal and lateral sequence
gaits. The “Hindering Mode” is observed when the thrust from one paddling leg in the
power phase is undermined by the preceding leg leaving its current power phase and
entering the following recovery phase; while in the “Separate Mode”, the thrust contribu-
tion from each of the four individual legs is uniformly distributed within one paddling
cycle and is almost independent to each other. In almost all cases, the interaction between
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limbs positively impacts thrust generation and generates a total thrust that is more than
quadruple the thrust of a single leg. When implementing diagonal or lateral sequence gaits
for propulsion in real-world robotic systems, particularly for lowerDR, it is essential to
develop adequate feedback control strategies based on real-time vibration signals from
sensors. These strategies are capable of attenuating the larger oscillatory pitching, rolling,
and yawing moments to guarantee stability. Meanwhile, additional energy expenditure,
which is independent of both initial swing angle and paddling sequence (whether diagonal
or lateral), becomes inevitable.
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Appendix A

The numerical approach and verification details of the sharp-interface immersed-
boundary method based on the Cartesian grid for the flow utilized in this work have
been expounded previously [39,40]. Successful applications to biological systems involve
the fluid-structure interaction of heart valves [41,42] and vocal fold vibrations [43]. Fur-
thermore, a parallel algorithm based on domain decomposition has been implemented to
accelerate the costly flow simulation. Some of the specific issues related to the immersed-
boundary treatment and its parallelization are briefly discussed here. As illustrated in
Figure Alb, all nodes on the Cartesian grid are classified into four groups: fluid nodes,
solid nodes, ghost nodes, and hybrid nodes. The ghost nodes are located within the solid
domain and are immediately adjacent to the fluid-solid interface, and the hybrid nodes are
located within the fluid domain and are immediately adjacent to the fluid-solid interface.
The solid nodes are simply dummy nodes, while the fluid nodes anchor the standard 2nd-
order finite-difference stencil used in the equation discretization. The identification of node
types, the set-up of interpolation and extrapolation stencils for the ghost and hybrid nodes,
as well as the computations related to updating these nodes during the solution process,
are restricted to the subdomain itself. Therefore, the computational overhead associated
with the immersed boundary scales very well with the number of subdomains or with the
number of processors. Each subdomain is supplemented with two buffer slices on each
side to support the interpolation or extrapolation zone for the ghost and hybrid nodes
located near the boundary of the subdomain. These slices of data are conveyed through the
Message Passing Interface (MPI) in the parallel implementation. Each subdomain also has a
full copy of the unstructured surface mesh of the paddling legs. In this work, the bounding
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box of the whole flow domain is uniformly partitioned into 256 subdomains by employing
the two-dimensional domain-decomposition strategy (16 subdomains along both y and z
directions). Thus, a total number of 256 CPU cores is employed.
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Figure Al. (a) Computational domain size and the stretched Cartesian mesh around the paddling
legs. (b) Schematic of a subdomain with two buffer slices on each side in our parallel implementa-
tion. The shaded regions represent the stencil for local interpolation and extrapolation. (c) Mesh
independency study with Ax = 0.30 cm, 0.25 cm, and 0.20 cm. (d) Time independency study with
At = 0.0003 s, 0.0002 s, and 0.0001 s.

Independency studies are carried out for mesh and time-step in the case of a single
paddling leg with initial swing angle xy = 70° and swing amplitude By = 20°. For the
mesh independency study, three different mesh sizes with Ax = 0.30 cm (200 x 90 x 160
with about 288 million mesh points), 0.25 cm (228 x 96 x 180 with about 394 million points),
and 0.20 cm (270 x 105 x 210 with about 595 million points) are used in the refined region
around the paddling leg. The results of the transient propulsion force Fy(t) during the first
cycle, where t € [0,0.8] s, are presented in Figure Alc. We can see that the three mesh sizes
can capture the major variation characteristics of Fy(t). Figure Ald presents the results
of the time-step independence study. Evidently, Fy(t) from simulations with time steps
At = 0.0001 s and 0.0002 s agree well with each other, while that from a larger time step
At = 0.0003 s becomes less satisfactory. As a compromise between computation cost and
simulation accuracy, Ax = 0.25 cm and At = 0.0002 s are adopted in this work.
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Abstract: Wire-driven robotic fish can effectively simulate the movement of real fish, but
research on high-frequency wire-driven robotic fish is limited. This paper introduces
the development of wire-driven robotic fish based on a double-sine mechanism. The
appearance of the fish body is designed based on the morphology of tuna, and a mechanism
that can support the high-frequency movement of the wire-driven mechanism is designed.
The swimming speed and turning performance of the robotic fish are experimentally tested
at various swing frequencies. The experimental results show that within the range of 1 to
4 Hz, the swimming speed of the robotic fish with different tail stiffness increases as the
frequency increases. However, when the frequency exceeds 4 Hz, the swimming speed
decreases. The tail joint with lower stiffness performs better at low frequencies, but as
frequency increases, higher stiffness results in better swimming performance. Experimental
tests show that the turning radius increases with higher swing frequencies and lower
stiffness, resulting in a larger turning radius. This experiment will help to improve the
application of high-frequency wire-driven mechanisms in the study of robot fish movement
and carry out more in-depth bionic research in the future.

Keywords: robotic fish; wire-driven; double sine mechanism; different tail stiffness; various
swimming frequencies

1. Introduction

After millions of years of evolution, fish have acquired excellent swimming abilities
in water, which has aroused great interest among scholars of bionics and oceanography.
They have tried to incorporate the fish’s superb swimming skills into robotic fish. With
continuous advancements in science and technology, research on robotic fish has matured.
Researchers at the Massachusetts Institute of Technology in the United States successfully
developed the world’s first bionic robotic tuna (Robo Tuna) in 1994 after observing the
swimming of tuna for a long time [1]. As motors are widely used in robotic fish, Liang
et al. [2] developed a tail fin propeller driven by a servo motor to verify the high maneu-
verability and reliability of fishtail fin propulsion. With the maturity of bionic technology,
more and more robotic fish have been designed and developed to pursue a swimming
posture closer to that of real fish. Research on robotic fish is no longer limited to the
multi-link design driven by motors and propellers [3,4]. Although this design is effective,
its mechanism is complex and inefficient, and the rigid connection between the joints leads
to a low fit between the fish body swing and the swimming of real fish. In order to be more
similar to real fish, Zhong proposed a robotic fish based on a wire drive mechanism [5,6].
The wire-driven mechanism can not only improve the swimming of the robotic fish and the
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swimming of real fish but also reduce the difficulty and complexity of control. However,
due to its structural reasons, this traditional wire-driven robotic fish makes it difficult to
achieve high-frequency swimming.

Although the movement of robotic fish based on wire-driven mechanisms is very
similar to that of real fish, most studies have only explored its movement at low frequencies,
which usually results in insufficient propulsion in the water. High-frequency movement
can better simulate the rapid swimming and complex movements of fish and improve
the swimming efficiency of robotic fish. Zhang et al. [7] designed a robotic fish with
high-frequency vibration characteristics based on the characteristics of electromagnetically
driven machinery and tuna imitation. The results showed that increasing the tail-flicking
frequency can improve the swimming speed of the robotic fish to a certain extent. However,
electromagnetic drive is not only difficult to control but also consumes a significant amount
of energy. Yu et al. [8] developed a two-joint bionic robotic fish driven by a single motor.
It is driven at high frequency by an eccentric wheel structure, with a swing frequency of
more than 9 Hz and a maximum swimming speed of 3.07 BL/s. However, its flexibility
is poorer than that of multi-joint robotic fish. Lauder’s team [9] continued to optimize
the platform to achieve three different numbers of joint configurations. The experiment
compared robotic fish with two, three, and four fish joints and analyzed their swimming
performance. The results showed that increasing the number of joints in the fish’s body
can improve swimming performance, but this will also increase the difficulty of control
and reduce its flexibility. Although there have been many studies on the high-frequency
swimming of robotic fish, most of them are multi-link or single-link mechanisms, and there
are few studies on high-frequency wire-driven robotic fish, so we explored this field.

Liao [10] proposed a robotic fish equipped with a wire-driven dual-elastic tail with
energy storage and passive flexibility, capable of achieving high-frequency swings of 12 Hz,
thereby improving swimming performance. To further advance the research on high-
frequency wire-driven robotic fish, Liao et al. [11] also designed an elastic robotic fish
based on wire-driven technology, where the tail is actuated by a wire system controlled by
dual servomotors to simulate natural fish movements. Studies have shown that at high
frequencies, the amplitude has a more significant effect on improving swimming speed.
However, the design of the elastic fishtail makes the drive structure more complicated,
and frequent high-frequency swings easily lead to structural deformation. In addition, in
2022, S.C. van den Berg et al. [12] proposed a high-speed swimming bionic robotic fish
OpentFish based on a cable mechanism. The system drives the cable through the continuous
rotation of the DC motor, driving the coordinated movement of the flexible tail on both
sides and improving propulsion efficiency during high-speed swimming. However, due to
the limitations of flexible tail structure and cable material, OpenFish still faces challenges
in achieving high frequency and high precision control, especially in complex water flow
environments, and its control response is relatively limited.

The experimental results in this paper show that increasing the frequency can increase
the swimming speed of the robotic fish to a certain extent, but too high a frequency will
reduce the speed of the robotic fish [13]. The robotic fish with the lowest tail stiffness at 1
Hz has the best swimming performance. As the frequency increases to 4 Hz, the swimming
speed of the fully rigid fishtail increases to the fastest. The turning performance of the
robotic fish is better at low frequencies, and the stronger the stiffness of the robotic fishtail,
the smaller the turning radius.

2. The Design and Modeling of the Robotic Fish

Inspired by biology, most bionic robotic fish imitate the design and swimming style of
real fish to improve propulsion efficiency and flexibility. However, most current research
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on bionic robotic fish cannot take into account both bionic effects and high-frequency
oscillations. Few people study the high-frequency motion of robotic fish while ensuring
the same flexibility as real fish. Although there is still a long way to go to achieve the
high-frequency oscillation movement posture of real fish, this paper has achieved the
combination of the two to a certain extent by studying the high-frequency movement of
tuna and proposing novel contents.

2.1. Mechanical Design of the Robotic Fish

The robotic fish designed in this paper adopts the (Body and /or Caudal Fin propulsion)
BCF model of the tuna family. Figure 1la shows a robotic fish designed in imitation of
tuna [14]. It consists of three parts: head, body, and tail. The head length is 201 mm,
the body length is 129 mm, the tail length is 100 mm, and the total weight is 1610 g, as
shown in Table 1. The head was manufactured using 3D printing technology and houses
the control panel, servo, motor, battery, encoder, synchronous pulley, and transmission
mechanism. Counterweights were added inside to balance gravity and buoyancy. The
brushless motor was used as the power source, and the rotation of the motor was output to
the synchronous pulley through a double sine mechanism. The synchronous pulley drives
the synchronous belt to move, thereby realizing the swing of the fishtail. The body contains
an active wire-driven mechanism with four joints and synchronous belts. One end of the
synchronous belt is connected to the pulley, while the other end is fixed to the last joint of
the body. When the synchronous pulley rotates, the synchronous belt is rotated one circle,
the other side is extended, and the tail fin on the seabed is applied to collect. The fishtail
is connected to the body through the tail joint. The tail connection joint can be equipped
with torsion springs of different wire diameters to change the tail stiffness. Figure 1b is the
visual model.

Control board

¢ ‘

Head

Fish tail

(b)

Figure 1. Overview and actual image of the robotic fish: (a) the overview design of the robotic fish;
(b) robotic fish physical model.
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Table 1. Specifications of the robotic fish prototype.

Size (mm)
Overall length of the robotic fish 430 x 102 x 140 (Length x Width x Height)
Head length 201
Body length 129
Tail length 100

In order to be closer to the swimming posture of real fish, we estimate the oscillating
swimming of fish as a circular arc segment, as shown in Figure 2b. From the driving
perspective, the curvature of the body arc segment was obtained by limiting the stolen.
Figure 2a shows the fracture and resection arrangement of bony fish. The joints are used to
simulate the vertebrae, and the axis is rotated at the connecting joints to constrain the joint
movement [15]. Since the resection can only bear tension, the complex bending of the fish
body on both sides requires the joint action of the sculpture: lateral contraction, as shown
in the left side of the figure, the fish body bends, and vice versa. The structure of the fish
and its body drive mechanism are very similar to the bionic wire drive mechanism, which
can easily construct the body curve. As shown in Figure 2¢, a synchronous belt is used to
replace the resection of the fish. The two synchronous belts are stuck by the bearing and
the toothed support wheel when passing through the vertebrae, ensuring that the joints
can rotate synchronously without skipping teeth. At the same time, it also ensures that the
synchronous belt on the steering wheel does not slip when the fish body swings at high
speed, effectively increasing the stability of the robotic fish body when moving. In addition,
the fish body is waterproofed by wrapping the soft rubber material fish skin prepared by
3D printing technology on the outside of the fish body [16]. The fish skin is fixed to the
base of the robotic fish head and the last joint of the fish body with silicone rubber.

(a)% Vertebra (©) <= Direction of muscle contraction |

Lateral muscle tendons

Figure 2. Overview of the skeleton structure and muscle arrangement of fish: (a) skeleton and muscle
arrangement; (b) schematic diagram of the bending of the robotic fish’s body swing; (c) the spine
bends due to muscle contraction.

Compared to traditional multi-link robotic fish driven by motors, wire-driven robotic
fish better mimics the swimming posture of real fish. However, due to mechanical strength
limitations and swing stability concerns, most research has focused on low-frequency
motion. To enable high-frequency swinging, this paper designs a transmission mechanism
based on a double sine mechanism. As shown in Figure 3a, the transmission mechanism
consists of a fixed base, a linear guide rail, a dual-sine mechanism, and a synchronous
wheel. Two linear slide rails are installed under the head of the robotic fish. The fixed base
is connected to the slide rails, and the fixed base can be moved forward and backward
by rotating the servo. Figure 3b is a structural diagram of the dual-sine mechanism. In
principle, the dual-sine mechanism is composed of two oppositely placed sine mechanisms.
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By swapping the input and output of the two and then combining them, it can be ensured
that the input of the motor can be output to the synchronous pulley according to the
transmission ratio. Figure 3c shows a sine mechanism, which consists of a crank AB, a
slider B, and vertically intersecting slides BCD. When crank AB rotates, slider B makes a
circular motion. Since the vertically intersecting slides offset the horizontal motion, the
motion trajectory output from the C end changes with time as a sine change, that is, a
sine motion in the vertical direction [17]. By using the output of a sine mechanism as the
input of another sine mechanism, a double sine mechanism can be formed. The schematic
diagram of the double sine mechanism is shown in Figure 3d. The motor signal is input
from the A end, driving the sine wheel to rotate. The slide CD perpendicular to the slider B
can only reciprocate in one direction under the restriction of the limit device. At the same
time, the slide rail where slider B’ is located is also perpendicular to CD and parallel to
the slide rail where slider B is located. Due to the different transmission ratios, slider B’
is driven by CD to reciprocate in an incomplete circle at an initially determined middle
position, thereby outputting a rotation signal to the A" end. The synchronous pulley is
fixedly connected to A’, so when the motor signal is input, the synchronous pulley also
reciprocates.

Double sine mechanism

Figure 3. Double sine mechanism structure and schematic diagram: (a) overall schematic diagram
of transmission mechanism (b) physical picture of double sine mechanism; (c) sine mechanism
schematic diagram; (d) double sine mechanism schematic diagram.

Although the output of a single sine structure can ensure that the speed is symmetrical
compared to the center point, the lateral deflection force received by the synchronous pulley
is always applied to a single side of the limit device. When the movement is long-term or
high-frequency, the output end of the sine mechanism will be deformed due to excessive
lateral force during the movement and additional vibration caused by the body, resulting
in asymmetric output of the sine mechanism, thereby affecting the fishtail swing. The dual
sine mechanism is designed to solve this problem. Taking Figure 3d as an example, when
slider B moves along the slide rail, the output end is connected to the other slide rail. At
this time, the force applied to the limit device is dispersed by the movement of the slider B,
reducing the local force and making the output movement more stable.
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As can be seen from the body part of Figure 1, the synchronous belt replaces the
traditional steel rope as the “muscle” of the robotic fish, which is used to drive the body
to swing. The output end of the double sine mechanism is connected to the synchronous
pulley in Figure 3a, and the synchronous belt is fixed on the synchronous pulley. The
body part of the robotic fish contains four joints. There are holes on both sides of each
joint to pass the synchronous belt. Synchronous gears are installed inside the joint holes to
engage the synchronous belt. This design ensures that the robotic fish can swing at high
frequencies without breaking the line or slipping the teeth. The experimental test results
show that the structure can withstand a maximum of 24 Hz swing while the transmission
mechanism is still stable, and the synchronization does not loosen or break. In contrast, the
robotic fish driven by steel rope will break when the swing frequency exceeds 12 Hz. When
the sine mechanism is used as the transmission mechanism, the synchronous wheel will
loosen when the swing frequency exceeds 15 Hz, resulting in a decrease in the swing angle
of the robotic fish. The experimental results show that the double sine mechanism can
increase the stability of the robotic fish during high-frequency movement while reducing
the wear of the internal transmission mechanism under high-frequency movement [18].

2.2. Electronics and Control System

All electronic devices are installed in the head of the robotic fish. The power source
is a 22.2 V 6S lithium battery (850 mAh), which powers the motor control module, mi-
crocontroller, and wireless module via a step-down converter. The system uses a 5 V
Savox SW-1210SG brushless motor, while the auxiliary steering system is powered by
a KST X20-7512 servo. The sensor system is composed of an AS5047P encoder, which
can control the motor speed according to the feedback signal to achieve speed control or
turning movement of the robotic fish. The Arduino Seeed Studio XIAO SAMD?21 serves as
the central computer, receiving signals from the wireless module, processing sensor data,
and sending control commands to the motor and servo. When the robotic fish is turned
on, the servo drives the fixed bottom plate back to the calibration start position, and the
remote control handle can send a frequency signal. When the wireless module receives the
corresponding remote control signal, the motor will rotate according to the frequency, and
the robotic fishtail swings its body at this frequency to swim straight. The servo signal and
the motor signal do not interfere with each other. This is because the turning signal is only
sent to the steering auxiliary servo, which is used to adjust the swimming direction. When
the external device sends the servo signal, the steering auxiliary servo drives the bottom
plate to move a certain distance, causing the middle position of the robotic fish to deflect.
Figure 4 is the control system framework.

Remote control
signal input

i Odrive motor Wireless Arduino Double sine | ,[ Tail ]
vy control module receiver Microcontroller hani output

Motor

— Servo |

Figure 4. Block diagram of electromechanical control system.
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3. Modeling and Design of Robotic Fish
3.1. Kinematic Model of Robotic Fish Swimming

Figure 5 is a cross-sectional view of adjacent joints when the robotic fish is swimming,
and its body is bent. In this figure, d is the vertical distance between the synchronous belts,
H is the thickness of the joints, /i is the distance between the joints in the initial state, ¢ is
the angle of the fish body relative to the central axis, N is the number of joints of the fish
body, and w; and w, are the left and right distances between adjacent joint holes after the
fish body swings [19,20]. Because of the existence of the joint torsion spring, each joint can
rotate evenly to the same side under the drive of the synchronous belt, so it can be assumed
that the rotation angle of each joint is the same. ¢/N is the rotation angle of each joint.
From this, the length change in the two synchronous belts can be calculated as follows:

Aw; = dsin N 2hpsin IN (1
Aw, = —dsin N 2hpsin iN (2)

where Aw; and Aw; are the variable lengths of the left and right synchronous belts, respec-
tively. Since the rotation angle ¢/ N between each joint is very small and can be almost
ignored, the binomial in the above formula can be omitted, and the entire expression can
be simplified to the following:

— gein P
Aw; = dsin N 3)
Aw, = —dsin -2~ )
2N

Figure 5. Schematic diagram of the robotic fish’s body swing.

When the upper synchronous pulley rotates by an angle of & driven by the double
sine mechanism, the length Al of the synchronous belt rotating around the rotating axis of
the upper synchronous pulley is as follows:

Al = 2712 )
360

In Formula (5), [ is the radius of the upper synchronous belt pulley. Driven by the
rotation of the upper synchronous belt pulley, the length of the synchronous belt on the
right side of the fish body becomes shorter, while the length of the synchronous belt on the
left side becomes longer. From (3) and (4), it can be seen that the shortened length of the
synchronous belt on the right side is equal to the increased length of the synchronous belt
on the left side. Because the synchronous belt passes through the idler wheel and meshes,
it can be determined that the synchronous belt does not deform under the action of tension;
that is, the total length does not change. Therefore, the following formula is obtained:

Al = N|Aw;|= N|Aw,| (6)
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Substituting Formulas (3) and (5) into Formula (6), we can obtain the following;:

i

180°Nd @

@ = 2Nsin !

where ¢ is the swing angle of the fish body, « is the rotation angle of the synchronous
pulley. Since the inverse sine function in (7) is small, it can be simplified to the following:

=7 ®)

Since the motor output angle is B, r: R is the ratio of the input axis offset to the
output axis offset of the double sine mechanism, and the input gear ratio of the motor and
the double sine mechanism is m : M, the synchronous belt rotation length AL of the sine
mechanism input can be obtained:

AL = sin mﬁﬁ )

According to the transmission characteristics of the double sine mechanism, the
rotation angle of the upper synchronous pulley can be obtained as follows:

= s (Zn"9) a0

Substituting Equation (10) into Equation (8), the relationship between the motor
rotation angle and the machine tail swing angle can be obtained after simplification:

21 ! mp
Q= Esm <Rsm> (11)

Table 2 provides the transmission ratio between the synchronous pulley and the
double sine mechanism. Substituting these data into Equation (11), when the 3 angle
reaches its maximum, we can calculate that the maximum swing angle ¢ of the robotic fish
is 45°.

Table 2. Parameter ratio of high-speed transmission mechanism.

Parameter Actual Value Parameter Ratio
r: R 1 cm:2 cm 1:2
m: M 1:6
l:d 1.32 cm:1.76 cm 3:4

When the robotic fish turns, the steering gear provides a transfer deflection angle to
drive the base plate of the double sine mechanism to move, and the moving distance is x (x
is the absolute value of the distance from the calibration starting position of the base plate.
When the base plate moves forward relative to the starting position, the robotic fish turns
left; when the base plate moves backward relative to the starting position, the robotic fish
turns right.) At this time, the tail swing angle of the robotic fish can be rewritten as follows:

20 . “Yr o omB
Q= Esm (RsmM—i—x> (12)

When the robotic fish receives a turning signal, the servo drives the bottom plate of
the double sine mechanism to move, thereby providing a deflection angle. The new center
position has an additional angle compared to the original fish body. The sensor feedback
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system obtains the current swing direction and position of the fishtail and switches the
speed value at the maximum left and right swing position of the fishtail. The speeds
generated by the left and right motors when working alternately are different, so a speed
difference is generated, thereby providing the deflection force required for steering. The
robotic fish in this article achieves differential turning based on this.

3.2. Hydrodynamics Modeling of Robotic Fish

To study the motion performance of the robotic fish, we modeled its movement in
two modes: straight swimming and turning. The modeling during the swimming process
includes two parts: the head and the tail. The fish’s head is modeled as a rigid body, with
hydrodynamic forces and thrust from the tail treated as external forces. The dynamic model
of the horizontal plane is established according to the Newton—Euler equation. We model
the tail swing using a pseudo-rigid body approach to simulate the deformation during
movement. The Morison [21] equation is then applied to calculate the hydrodynamic forces
generated by the tail’s motion.

In order to facilitate the analysis of the movement of the robotic fish underwater, a
spatial motion coordinate system is established, as shown in Figure 6. The coordinate
system includes the inertial coordinate system OXYZ and the body coordinate system oxyz.
Assuming that the center of gravity of the head coincides with point ¢,v = (v1, vy, v3)" and
Q= (0,0, 03)" represent the speed and angular velocity of the robotic fish in the body
coordinate system, respectively. vq, vy, v3 are the velocity components along the x, y, and z
axes respectively; ()1, ()p, ()3 are the angular velocity components of the X, y, and z axes,
respectively. The transformation relationship between the body coordinate system and the
inertial coordinate system is expressed by the Euler angle, which includes the pitch angle 6,
the yaw angle 1, and the roll angle ¢. The pitch angle 0 is defined as the angle between the
ox axis and the OXY plane, which is positive when the ox axis is facing upward. The yaw
angle 1\ is defined as the angle between the projection of the ox axis on the OXY plane and
the OX axis, which is positive when the projection line is between the OX axis and the OY
axis. The roll angle ¢ is defined as the angle between the oxz plane and the longitudinal
plane where the ox axis is located. It rotates around the ox axis according to the right-hand
rule. When the finger passes through the longitudinal plane first, ¢ is positive. « is the
angle of attack of the v velocity vector relative to the x-axis.

(a) Robotic fish space
coordinate system

(b) Head force diagram.

Figure 6. Robotic fish space motion coordinates.

The positional relationship between the body coordinate system and the inertial
coordinate system is represented by the vector b, and R is the rotation matrix from the body
coordinate system to the inertial coordinate system. The modeling of the gliding robot
fish in this paper mainly focuses on its movement on the horizontal plane OXY without
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considering the floating and diving movements. The coordinate relationship of the OXY
plane is shown in Figure 6b.

When the robotic fish is in water, its head can be regarded as a rigid body. The motion
of a rigid body in water can be expressed by the Kirchoff equation, so there is the following
formula:

P=PxQ+Fe (13)

H=HxXxQ+P xv+M. (14)

where P is the total momentum of the robotic fish head, H is the total angular momentum
of the head, and the external force and torque applied to the center of gravity of the head
are Fo = [Fy, Fy, Fy Tand M, = My, My,MZ]T, respectively.

Since we are focusing on the motion of the plane and not on the vertical motion of the
robotic fish, we do not consider the effect of the change in the center of gravity of the tail on
the center of gravity of the head during the swinging process. The robotic fish is affected
by the combined forces from fluid interaction and tail fin motion. Therefore, this paper
also needs to consider the effects of the drag fp, lift f; , hydrodynamic torque My, water
flow impact force Fp, thrust Fp, and thrust torque My,j;, generated by the tail fin swing. In
summary, the swimming dynamics equation of the robotic fish can be simplified as follows:

mpvi; = mpvo 3 + Fy (15)
th2 = —th103 + Fy (16)
J30 = Muii + My (17)

where my, is the weight of the robotic fish head, and J; is the tensile inertia of the z-axis at
the center of gravity of the robotic fish. At the same time, the external force and torque can
be expressed by the content given in Figure 6.

Fx = Fp + fysin & — fpcos « (18)

Fy = Fp — fy.cos « — fpsin & (19)

The calculation formula of the hydrodynamic force on the head of the robotic fish
during movement is as follows:

1
fp = EprHLAHvz(XL (20)
1 2
fp = EprHDAHV (21)
My = —CrmQssgn(Qs) (22)

Among them, Cyyp,, Cyp and Cyyy are the lift coefficient, drag coefficient, and torque
coefficient of the robotic fish head, respectively; x| represents the average angle of attack
of the fish’s body during swimming and swinging; Ay is the surface area of the robotic fish
head; and p,, is the water density.

Figure 7 is the tail kinematic model of the robot fish.The thrust of the robotic fish’s
forward movement and the torque when turning are both generated by the tail swing. The
force analysis of the tail swing is crucial to the kinematic mechanics modeling of the robotic
fish. The model is shown in Figure 6. This paper adopts the 1R tail rigid body model,
which consists of two rigid rods connected by a hinge and a torsion spring. To simplify
the calculation, L, is the length of the active tail section, L f is the length of the passive tail
section, Kj is the torsion spring constant, T; is the torque generated by the torsion spring,

66



Biomimetics 2025, 10, 136

M is the hydrodynamic torque that causes the tail to bend, and ¢, is the deflection angle
of the second tail section.

Figure 7. Tail kinematics model.

The torque T; generated when the torsion spring deflects ¢, can be approximately
calculated as follows:
Th = Ky (23)

Under the combined effect of the hydrodynamic torque and the torsion spring, the
deflection acceleration of the second tail section is as follows:
. T+ M
g = M) (24)
Je
where J. is the moment of inertia of the second tail model, and the torsion spring constant
can be obtained by calculating the following equation:

Ed*

K= —o
1~ 10.8DN

(25)
where E is the elastic modulus (200 GPa for steel), d is the wire diameter, D is the average
diameter, and N is the number of turns.

In the process of driving the wire to drive the joint to swing, in order to obtain the
swing speed of the end joint, the center line of the end joint can be extended to intersect
with the x-axis of the fuselage. The intersection O, is used as the rotation center of the
end joint; ¢ is the deflection angle of the end join; v, vp1, vp2 correspond to the speed of
Py, P, P, points, respectively, and Ry, R; are parameters for calculating the rotation radius,
where R; is a constant, and R needs to be calculated based on the current deflection angle
@1. According to the geometric relationship, the following can be calculated:

Hy (sin % +sin {% +sin a%)
Ry = Shgr ¢1 70 (26)
3Hy p1=0

The speed of any point between the angular velocities w; = d{% = ¢1, Py, and P; of
the tail swing can be expressed as follows:

VPl = wt X Tpm (27)

where 7, is the position vector between O, and point Py, the velocity magnitude at P; is
Vp1 = ¢1(Ro + Ry + 1), and [ is the distance between Py and P;. According to the velocity
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relationship between the rods, the velocity of any point P, between P; and the end of the
tail fin consists of two parts: the velocity at point P; and the linear velocity around point
Py, which can be expressed as follows:

me = Vp1 + we X Tpm (28)

where w, is the bending angular velocity of the hinge of the pseudo-rigid body model, its
magnitude is we = @y, and 7y, is the position vector from point P; to Py,. According to the
Morison equation, the hydrodynamic forces on the flexible middle section and the tail fin
during swinging mainly include drag force and inertia force, where the drag force is the
force on the tail caused by the velocity of the water flow particle and the inertia force is the
force on the tail caused by the acceleration of the water flow particle. The hydrodynamic
force on any point n of the flexible middle section and the tail fin can be expressed as
follows: 1

1 .
f(n) = —Epran|Vn|d(n) - anz(n)prmVn (29)

where C; and C;, are the drag coefficient and inertia coefficient, respectively, V,, is the
velocity at point 1, and d(n) is the chord length of the section at point # of the tail. The
hydrodynamic force on the entire tail can be obtained by calculating the sum of the hydro-
dynamic forces from Py to P; and from P; to Ps.

Le+L
Fuil = (ﬁ;) = [ fxax (30)

The torque M,,;; generated by the tail swing is as follows:

LchLf
My = /0 re x f(x)dx (31)

where ry is the position vector from the coordinate origin o of the robotic fish body to the
tail action point.

4. Simulation and Experimental Research

In order to verify the swimming performance of the transmission structure designed
in this paper on the robotic fish, a series of underwater swimming experiments at different
frequencies were conducted on robotic fish with different tail stiffness. The tail connection
joint can replace the torsion spring to change the tail stiffness of the robotic fish. This
experiment was equipped with 0.8 mm torsion spring wire diameter, 1.0 mm torsion spring
wire diameter, and full rigid fishtail (hereinafter collectively referred to as 0.8 mm stiffness
fishtail, 1.0 mm stiffness fishtail, and full rigidity fishtail). The whole experiment was
mainly divided into two parts: a straight swimming experiment and a turning swimming
experiment. In addition, the swimming experiment was also to further verify the accuracy
of the established mathematical model. The size of the pool for the experiment was
2m x 3 m, and the depth was 40 cm. The experiment was carried out at room temperature
of 25 °C. A camera was installed above the pool, as shown in Figure 8, to upload the
picture of the robotic fish swimming to the computer monitoring interface. This paper uses
MATLARB as the simulation platform to implement the dynamic model simulation, with the
environment defined as a flow environment. In conjunction with the dynamic modeling
in Chapter 3.2, the simulation fully accounts for the dynamic effects of water flow on the
robot fish’s head and tail fins.
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Figure 8. Robotic fish swimming experimental platform.

Both the forward swimming and turning experiments assessed the swimming perfor-
mance of three groups of robotic fish with different tail stiffness at various frequencies [22].
The forward swimming experiment measured the swimming speed of the robotic fish with
different tail stiffnesses at frequencies ranging from 1 to 7 Hz, while the turning experiment
measured the turning radius of the robotic fish at frequencies ranging from 1 to 3 Hz.

4.1. Forward Swimming

The linear swimming part mainly explores the effect of different tail stiffness and
frequency on the swimming speed of the robotic fish. In order to refine the experimental
process, the experiment tested three groups of robotic fish with different tail stiffness in
the range of 1-7 Hz. Three experiments were conducted at each frequency [20], and the
average of the three experimental results was taken as the experimental result, with a
total of 21 groups of experimental results. Figure 9 is a process diagram of the robotic fish
swimming in a straight line. When the different parameters were tested experimentally,
the 21 different parameter groups were simulated at the same time. The simulation result
and actual trajectory of one linear swimming are shown in Figure 10.

Figure 9. Forward swimming process.
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Figure 10. Simulation and experimental motion trajectory.

Figure 11a,b show the yaw angle and forward swimming speed obtained from the
simulation, respectively. While the simulation of the yaw angle deviates from the actual
yaw angle observed in the swimming experiment, this discrepancy arises because the
robot fish’s tail does not remain perfectly centered when it starts swinging, leading to
an asymmetric swing waveform. On the other hand, the simulation of swimming speed
closely matches the experimental swimming speed for this group.
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Figure 11. Simulation of yaw angle and forward swimming speed.

From the comparison chart of simulation results and experiments, it can be found that
the straight swimming trajectory of the robotic fish is consistent with the simulation results;
the overall deviation of the yaw angle is not large, and it corresponds to the swimming
trajectory. In addition, this experiment intercepted three groups of video frames of robotic
fish with different tail stiffness flapping in the water to verify whether the maximum swing
angle of the robotic fish swimming in a straight line is consistent with the kinematic model.
In order to reduce the interference of water resistance during high-frequency swinging,
taking the swing frequency of 2 Hz as an example, Figure 12 is an image of a full rigid
fishtail in a complete swing cycle. Six frames of images were intercepted within T, namely
0,T/6,2T/6,3T/6,4T/6, and 5T/6. In each frame of the image, the red solid line is the fish
body swing curve, and the yellow dotted line is the median direction. The experimental
results show that the maximum swing angle of straight swimming is about 45°, which is
consistent with the result calculated by Formula (11). For the 0.8 mm stiffness fishtail and
1.0 mm stiffness fishtail, due to the influence of water resistance on both sides, when the
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active section body bends, the torsion spring cannot generate sufficient restoring force in
time, resulting in the fishtail swing angle being less than 45°, but the bending angle of the
joint at the end of the active section body is still 45°.

Figure 12. Image of a full rigid fishtail during a complete swing cycle.

In addition, the experimental measurement results of the swimming speed of three
groups of fishtails with different stiffness at different frequencies are shown in Figure 13.
The experimental results show that with the increase in frequency, the swimming speed
of the three groups of robotic fish all tend to increase first and then increase. When the
frequency reaches 4 Hz, the swimming speed begins to decrease. The reason is that the
stiffness of the passive joint of the fishtail is relatively low. Before the swing frequency
reaches 4 Hz, the swing amplitude of the tail fin is large, the propulsion efficiency is high,
and the swimming speed is positively correlated with the frequency. When the swing
frequency of the fishtail exceeds 4 Hz, the passive joint of the fishtail cannot respond in
time, and a waveform will appear, resulting in a significant decrease in the swing amplitude
of the tail fin. When the frequency continues to increase, the swing amplitude of the end of
the fishtail continues to decrease, resulting in a negative correlation between the swimming
speed and the frequency at this time. At the same time, when it reaches 7 Hz, the active
joint of the robotic fish does not respond in time, and the swimming speed of the robotic
fish drops rapidly at this time, so it is not within the scope of the study. Due to the existence
of the active joint torsion spring, a higher frequency response can be achieved by replacing
the joint torsion spring with a larger stiffness, but this is not discussed in this experiment.

Figure 13d is a comparison of the average values of the experimental results. When
the swing frequency is 1 Hz, the swimming performance of the robotic fish using a 0.8 mm
fishtail joint torsion spring is the best, with a speed of 0.34 times the body length, while
the swimming performance of the robotic fish using a fully rigid fishtail joint is the worst,
with a speed of only 0.285 times the body length. This is due to the existence of inertia and
water resistance; the 0.8 mm torsion spring can undergo a large deformation, so the fishtail
swing angle of the robotic fish is larger when it swings. Similarly, the swimming speed
of the robotic fish using a 1.0 mm fishtail joint torsion spring is also slightly higher than
that of the robotic fish using a fully rigid fishtail joint. However, as the swing frequency
gradually increases to 3 Hz, the swimming performance of the robotic fish using a fully
rigid fishtail joint gradually becomes better than the other two groups of rigid fishtails.
This is because the passive section of the fishtail with too low stiffness will cause a slower
response as the frequency increases, thereby affecting the swimming speed. When the
frequency reaches 4 Hz, the swimming speed of the robotic fish reaches its maximum,
which is 0.71 times the body length. When the frequency exceeds 4 Hz, the speed begins to
decrease, and the swimming speed is negatively correlated with the increase in frequency.
Since the 0.8 mm fishtail joint torsion spring is more easily deformed, the passive section
of the fishtail cannot respond in time at high frequencies, and the swimming speed slows
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down rapidly. This is also the reason why the swimming speed of the robotic fish using
this set of rigid fishtails in high-frequency mode lags far behind the other two sets of rigid
fishtails. Although the overall swimming speed of the robotic fish slows down with the
increase in frequency, when the frequency exceeds 5 Hz, the swimming speed of the robotic
fish using a 1.0 mm fishtail joint torsion spring is better than that of the robotic fish using a
fully rigid fishtail joint. Analysis shows that when the frequency is too high, the swing of
the active section of the fishtail begins to fail to respond quickly, resulting in a large water
resistance of the fully rigid fishtail, which leads to a large decrease in swimming speed.
However, due to the characteristics of the torsion spring, the passive section of the fishtail
of the robotic fish using the 1.0 mm fishtail joint torsion spring will still swing outward for
a distance along the original swing direction under the action of inertia, making its swing
angle larger, so the water resistance is relatively small, and the swimming speed decreases
less. When the swing frequency is higher than 7 Hz, the swimming speed of the robotic
fish continues to decrease and is unstable, so no more test records are made.
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Figure 13. Results of the swimming speed of fishtails with different stiffness at different frequencies:
(a—c) the experimental results of the forward swimming speed of the fishtail with 0.8 mm stiffness,
1.0 mm stiffness, and full stiffness at a frequency of 1-7 Hz; (d) comparison of average speeds of
robotic fish with different tail stiffness.

4.2. Turning Swimming

Turning is another important part of the robotic fish swimming mode. The robotic
fish designed in this paper relies on the turning auxiliary servo to control the movement
of the fixed bottom plate to change the middle position of the body swing. Specifically,
the output of the double sine mechanism is offset by the movement of the bottom plate,
resulting in a change in the standard sine motion, thereby changing the symmetry center of
the sine motion. At the same time, the program controls the two sides of the robotic fish’s
motion in the middle position to produce differential motion, and the two work together to
complete the robotic fish’s turning. The accuracy of the swimming motion model is verified
by comparing the experimental results with the swimming simulation results.

The experiment tested the turning of three groups of robotic fish with different tail
stiffness in the range of 1-3 Hz. Three experiments were conducted at each frequency,
and the average of the three experimental results was taken as the experimental result.
The experimental results were taken at intervals of 0.5 Hz, and a total of 15 groups of
experimental results were obtained. Figure 14 is a process diagram of the robotic fish



Biomimetics 2025, 10, 136

turning and swimming. When the different parameters were tested experimentally, the 15
different parameter groups were simulated at the same time. The simulation results and

actual trajectories of one-turning swimming are shown in Figure 15.

0.0 05 1.0 15 20 25

X
(a) Turning motion trajectory (b) Turning experimental
simulation motion trajectory

Figure 15. Turning experiment and simulation trajectory.

The simulation results are consistent with the actual experimental test results. Overall,
the turning performance of the robotic fish designed in this paper is highly correlated
with the results calculated by the dynamic model, which also proves the accuracy of the
swimming model to a certain extent. Figure 16 is a schematic diagram of the robotic fish
turning comparison under the line drive frequency of 1~3 Hz. It can be seen that the
high-frequency line drive robotic fish designed in this paper can achieve a good turning
effect. The three sets of experimental data all show that the turning radius increases with
the increase in the robotic fish swing frequency. Among them, the robotic fish using a
fully rigid fishtail joint has the smallest turning radius at a frequency of 1 Hz, which is
21.75 cm, about 0.51 body lengths. The robotic fish using a 0.8 mm fishtail joint torsion
spring has the largest turning radius. This is because during differential steering, the
lower the stiffness of the tail joint, the easier it is to sweep out a larger steering angle at
a certain steering speed [23,24], thereby increasing the forward speed of the robotic fish
and resulting in a larger swimming radius of the robotic fish [25-27]. High-frequency
swinging increases the forward speed of the robotic fish, resulting in a larger turning radius.
Therefore, the higher the swing frequency, the larger the turning radius; the lower the
swing frequency, the smaller the turning radius. However, when the frequency exceeds
2.5 Hz, the turning radius of the robotic fish using a 0.8 mm fishtail joint torsion spring
decreases. This phenomenon is caused by the low stiffness of the tail. When the frequency
is too high, the passive section of the fishtail cannot respond in time, so the steering angle
swept by the fishtail decreases, resulting in a decrease in the turning radius. At the same
time, due to the presence of the variable central axis mechanism, the steering effect of the
robotic fish is significantly improved compared to the traditional motor-driven differential
steering robotic fish, but there is still a gap compared to the traditional servo-driven robotic
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fish. Figure 17 shows the turning results of fishtails with different stiffness at different
frequencies. From the turning comparison experiment in the figure, we can more intuitively
obtain the same conclusion as the experimental data. In addition, the experimental results
of turning radius are more directly expressed in Table 3.
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Figure 16. Results of turning radius of fishtail with different stiffness at different frequencies: (a—c) the
experimental results of the turning radius of the fishtail with 0.8 mm stiffness, 1.0 mm stiffness, and
full rigidity at 1-3 Hz frequency; (d) comparison of turning radius of robotic fish with different tail
stiffness.

1.0Hz 1.5Hz 2.0Hz 2.5Hz 3.0Hz

0.8mm

Full rigid

Figure 17. Turning results of fishtails with different stiffness at different frequency.
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Table 3. Radius of robotic fish with different tail stiffness at different frequencies.

Frequency

1.0 Hz 1.5 Hz 2.0 Hz 2.5Hz 3.0 Hz
Tail Stiffness
0.8 mm 35.48 cm 49.04 cm 52.34 cm 8.48 cm 54.99 cm
1.0 mm 32.13 cm 32.36 cm 36.30 cm 37.54 cm 40.13 cm
Full rigid 21.75cm  2246cm  24.06cm 2523 cm 2798 cm

5. Conclusions and Future Works

a do

Inspired by the crank rocker, this paper designs a transmission mechanism called
uble sine mechanism. Compared with the traditional wire-driven robotic fish, the

mechanism designed in this paper can withstand greater lateral forces and ensure the

stabi

lity of the robotic fish when swimming at high frequencies, with a maximum frequency

of more than 7 Hz. The tail connector of the robotic fish uses torsion springs with three

diffe

rent diameters to simulate experiments under different tail stiffness. The experimental

results show the following:

As the tail swing frequency changes, the swimming speed change trends of the three
groups of robotic fish with different tail stiffness are consistent. When the tail swing
frequency is lower than 4 Hz, the linear swimming speed of the robotic fish increases
with the increase in frequency, and when the tail swing frequency exceeds 4 Hz, its
linear swimming speed decreases with the increase in frequency. When the frequency
exceeds 7 Hz, the tail material reaches its limit and cannot swim normally.

When the tail swing frequency is lower than 4 Hz, the swimming speed of the robotic
fish with tail stiffness of 0.8 and 1.0 (the diameters of the torsion spring of the tail
connector are 0.8 mm and 1.0 mm) gradually becomes weaker than that of the robotic
fish with full rigid tail. This is because as the swing frequency increases, the response
of the passive section of the tail with too low stiffness also slows down, thereby
affecting the swimming speed.

When the tail swing frequency exceeds 5 Hz, although the overall swimming speed
tends to decrease, the swimming speed of the robotic fish with a tail stiffness of 1.0
is better than that of the robotic fish with a fully rigid tail. This is because when the
frequency is too high, the active section of the tail cannot respond quickly, causing the
fully rigid tail to be subject to greater water resistance. Due to the characteristics of
the torsion spring, the passive section of the tail of the robotic fish with a tail stiffness
of 1.0 will continue to swing outward for a distance in the original swing direction
under the action of inertia, increasing its swing angle and reducing the influence of
water resistance. Therefore, the swimming speed decreases relatively less.

The turning radius of the robotic fish increases with the increase in frequency, and the
weaker the tail stiffness, the larger the turning radius. This is because the lower the
tail stiffness during turning, the easier it is to sweep a larger turning angle, resulting in
a larger swimming radius. High-frequency swinging increases the swimming speed
of the robotic fish, which also leads to an increase in the turning radius.

Although this study reveals the effect of different tail stiffness on swimming speed

and agility under high-frequency motion, there is still a long way to go to catch up with real

fish,

including the turning mechanism, and there is still a gap compared with the turning

of traditional servo-driven robotic fish. Future research will focus on the turning of the

robo

tic fish in high-frequency mode.
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Abstract: Stroke-related hand dysfunction significantly limits the ability to perform daily
activities. Pneumatic soft gloves can provide rehabilitation training and support for indi-
viduals with impaired hand function, enhancing their independence. This paper presents a
novel pneumatic soft robotic system for hand rehabilitation featuring bidirectional bending
actuators. The system comprises a pneumatic soft glove and a pneumatic control platform,
enabling various rehabilitation gestures and assisting with finger grasping. The main bend-
ing module of the pneumatic soft actuator features a three-stage cavity structure, allowing
for a wider range of finger rehabilitation training gestures and greater bending angles. The
reverse-bending module uses a trapezoidal cavity design to enhance the reverse-bending
capability, effectively facilitating finger extension motion. The pneumatic control platform
is simple to set up, but effectively controls the actuators of the soft glove, which enables
both main and reverse bending. This allows individuals with hand impairments to perform
various gestures and grasp different objects. Experiments demonstrate that the pneumatic
soft glove has a measurable load capacity. Additionally, the pneumatic soft glove system is
capable of executing single-finger movements, a variety of rehabilitation gestures, and the
ability to grasp different objects. This functionality is highly beneficial for the rehabilitation
of individuals with hand impairments.

Keywords: pneumatic soft glove; bidirectional bending actuator; rehabilitation gestures;
assisted grip

1. Introduction

With the increasing global aging population, stroke has become the third-leading
cause of death and disability worldwide [1]. Approximately 55% to 75% of stroke survivors
experience persistent motor impairments in the upper limb and hand [2,3]. Stroke patients
often struggle to control the affected areas of their body, significantly impacting their quality
of life, ability to perform activities of daily living (ADLs), and even their psychological
well-being, ultimately reducing their independence [4,5]. Among the various body parts
involved, the hand plays a crucial role in physical interactions between humans and their
environment [6,7], which has led to an increasing demand for hand rehabilitation among
patients. However, traditional manual rehabilitation methods are costly, inefficient, and
vary widely in quality, with a severe shortage of therapists [8,9]. As a result, robot-assisted
rehabilitation has garnered increasing attention as a promising approach for supporting
hand function recovery in stroke patients [10]. Studies have shown that robot-assisted
repetitive task training can effectively aid in the recovery of hand function [11-13].
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Traditional hand rehabilitation robots typically use rigid structures. These rigid robots
were among the first to be developed for rehabilitation and assistive applications, as their
rigid mechanical drive systems can transmit high forces with high precision [14]. Rigid
robots for hand rehabilitation primarily use motors to drive finger joints. The average
weight of these devices is approximately 500 g. They are relatively large compared with the
size of the human hand, making them uncomfortable to wear and difficult to carry. Addi-
tionally, they pose safety risks, potentially causing further injury to patients [15,16]. Rigid
structures reduce the biomimetic quality of robots, limiting their therapeutic potential. To
overcome these limitations, soft actuators made from hyperelastic materials have emerged
as novel types of continuous biomimetic robots applied in finger rehabilitation and assistive
movements [17]. Among these, pneumatic soft hand rehabilitation robots have become
a key focus of research because of their light weight, safety, flexibility, portability, and
excellent biocompatibility [18,19], making them highly suitable for hand rehabilitation and
assistance [20].

Polygerinos et al. introduced a pneumatic network actuator made from hyperelastic
materials featuring an integrated channel design that incorporates a soft actuator into
an open glove made of flexible material. Their study demonstrated the actuator’s ease
of use and feasibility of fist formation [21]. However, this type of soft actuator can only
produce curved contours resembling arcs, limiting its ability to replicate the complex
curvature of finger flexion. Connolly et al. designed a fiber-reinforced soft actuator that
mimics biological joints by extending, expanding, twisting, and pressurizing sections made
of different cylindrical elastic tubes [22]. Although the actuator’s bending appears to
simulate the flexion of three joints, it is actually controlled by a single actuation, meaning
all joints must bend simultaneously. Feng et al. introduced a pneumatic soft actuator with
a three-stage cavity structure that can independently drive the three joints of a finger [23].
However, this actuator is limited to flexion movement and cannot facilitate the extension
movement of the finger. Yap et al. introduced a stiffness-adjustable pneumatic soft actuator
designed to mimic the natural flexion of the human hand under pneumatic pressure [24].
On the basis of the anatomical structure of the human finger, J]. Wang et al. developed a
segmented pneumatic soft actuator that conforms to the finger’s contours, and embedded
an internal bladder into the cavity to improve airtightness [25]. However, both of these
soft actuators are unable to support finger extension movement. F. Wang et al. introduced
a bidirectional pneumatic soft rehabilitation glove that combines both rehabilitation and
assistive functions. The main body of the soft actuator, responsible for both main and
reverse bending, uses rectangular solids. The joints of the main bending module feature
trapezoidal air cavities, while the reverse-bending module uses triangular air cavities at
its joints. This glove mimics human finger joints and offers four distinct rehabilitation
postures [26]. However, the design of the main bending module limits the range of both
finger flexion and extension angles. Simultaneously, the design of the reverse-bending
module affects the reverse-bending angle of the finger and results in a smaller fingertip
force during reverse bending.

Soft actuators have attracted substantial interest; however, their fluid-driven systems
have been relatively overlooked [27,28]. Pneumatic actuation in soft hand robots is typically
powered by compressed air, with air pumps serving as the system'’s air source, and various
valves control the direction of airflow [29-31]. As soft hand rehabilitation robot systems
become more complex, there is an increasing demand for precise control of actuator move-
ments. In this context, relays and solenoid valves play crucial roles [32,33]. Several studies
on soft hand rehabilitation robots have discussed the use of solenoid valve-based sys-
tems [34-36]. Skorina et al. designed a valve system where the inlet is directly connected to
a compressed air pump, the outlet is linked to the soft actuator, and the exhaust port is open
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to the atmosphere [37]. T. Wang et al. employed a dual two-position, two-way solenoid
valve (2/2-way solenoid valve) system to reduce energy consumption and increase the
valve lifespan [38]. Young et al. used 26 switch valves and 5 proportional valves to control
a pneumatic soft hand robot, enabling simultaneous control of multiple actuators [31].
Overall, there are few studies on control platforms specifically designed for managing the
bidirectional bending of soft actuators.

This paper presents a bidirectional pneumatic soft glove system, comprising both a
pneumatic soft glove and a pneumatic control platform. The main bending module of the
bidirectional pneumatic soft glove features a three-stage cavity structure that mimics the
finger joints. To allow reverse bending without interfering with the main bending move-
ment, the reverse-bending module uses a trapezoidal cavity design. Additionally, a simple
and easily replicable programmable pneumatic control platform was designed to manage
the complex movements of the soft glove. First, an analysis of the soft actuator revealed
that the pneumatic soft glove has a measurable load capacity. Then, through rehabilitation
experiments in which the glove was worn on both a prosthetic hand model and a human
hand, its ability to perform various rehabilitation gestures and assist patients in grasping
different objects was demonstrated. This pneumatic soft glove system enables both finger
flexion and extension, supporting individuals with hand impairments in achieving greater
independence in ADLs.

2. Design and Fabrication of the Soft Finger Actuator
2.1. The Structure Design of the Actuator

Owing to the complex interactions between tendons, ligaments, muscles, and bones,
the human hand has at least 20 degrees of freedom [39], enabling it to perform intricate
movements. The design of our pneumatic soft actuator is inspired by the soft actuator
developed by Polygerinos et al. and J. Wang et al. [21,25]. To enable finger extension, a
reverse-bending module was added. The design is inspired by J. Wang et al., drawing
on their key features and principles. This adaptation makes our reverse-bending module
better aligned with the human hand, improving the fit of the soft glove and the hand’s
natural movement. Building on the design by Polygerinos et al., we have improved the
structure and internal cross-sectional shape of the air cavity in the main bending module,
as well as the spacing between the cavities, etc. These modifications enhance the bending
angle of the main bending module and provide sufficient space for the reverse bending.
Following the anatomical structure of the human hand, a pneumatic network with three
joints was designed, making the actuator more closely resemble the human hand (excluding
the thumb), as shown in Figure 1a. On the basis of the structure and length of the thumb, a
pneumatic network with two joints was designed, as shown in Figure 1b.

Main bending module Main bending module

Connection layer

Connection layer
Reverse bending module

(b)

Figure 1. The structure of the soft actuators. (a) structure of the other fingers (except for the thumb);
(b) structure of the thumb.
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Except for the thumb, the soft actuator for each finger consists of three phalanges—the
distal phalanx (DP), middle phalanx (MP), and proximal phalanx (PP)—corresponding to
the distal interphalangeal (DIP), proximal interphalangeal (PIP), and metacarpophalangeal
(MCP) joints, respectively. The main bending module features a three-stage cavity structure,
with each phalanx consisting of four air cavities, for a total of twelve cavities. Each air
cavity features a chamfered cross-sectional design [23], with an axial wall thickness of 2 mm
and a lateral wall thickness of 3 mm. This design ensures a maximum bending angle during
axial flexion, meeting the requirements for the angle of finger flexion while also providing
sufficient fingertip force. The soft actuator can perform single-joint movements or multi-
joint coordinated motions. By adjusting the airflow through different combinations of the
t1, tp, and t3 tubes, various rehabilitation gestures can be achieved. Without affecting the
main bending module, the reverse-bending module, which is designed with a trapezoidal
cross section, provides greater space for reverse bending, compared to the rectangular
cross-sectional design by F. Wang et al. [26]. By inflating the t4 tube, the reverse-bending
module generates adequate force for finger extension while preventing any secondary
injury to the finger.

The thumb consists of the distal phalanx (DP) and proximal phalanx (PP), corre-
sponding to the interphalangeal joint (IP) and metacarpophalangeal joint (MCP) of the
thumb. The main bending module of the thumb contains eight air cavities distributed
across two phalanges. The reverse-bending module is also designed with trapezoidal
cross-sectional air cavities. By adjusting the airflow through different combinations of
the t5 and t¢ tubes, different joint flexions of the thumb can be achieved. By inflating the
t7 tube, extension movement of the thumb can be achieved. Without compromising the
degrees of freedom of the finger, the thumb plays a crucial role in grasping objects of
various shapes.

Therefore, the designed pneumatic soft glove can perform a wider range of reha-
bilitation gestures and assist patients with hand impairments in grasping tasks during
daily activities.

2.2. Structural Theoretical Analysis

Pneumatic soft actuators are made of silicone rubber and exhibit nonlinear character-
istics. When appropriate pressure is applied, the actuator can extend to several times its
original size. Once the pressure value drops to zero, it returns to its initial state. Abaqus
simulations of the soft actuator were conducted via the Yeoh model for third-order hypere-
lastic materials to analyze its mathematical behavior and complete the fabrication of the
soft actuator. The geometric parameters and values of the soft actuator are provided in
Table Al.

2.2.1. Bending Angle of the Main Bending Module

The deformation of a single air cavity in the main bending module, along with its
re-lated parameters, is shown in Figure 2. The initial length of a single air cavity is a,
whereas its extended length after deformation is b. The height and width of the cavity are
denoted i and ¢, respectively. The total bending angle after deformation is 6. There-fore,
the deformation can be expressed in terms of known parameters such as 4, ¢ and h.
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Figure 2. Parameters of a single air cavity of the main bending module after expansion.

After pressurization, the deformed section of the air cavity can be approximated as an
isosceles triangle. By drawing a perpendicular line within the triangle, a smaller triangle
containing angle 0/2 is formed. For the smaller triangle, the lengths of the perpendicular
sides are denoted /1/2, (a — b) /2. According to the principle of equal areas in triangles, the
following relationship is derived:

sing = b;u (1)
(b—a)* + k2

From this, the following equation for 6 can be derived:

(b—a)h

m) Tt (2)

6 = arcsin(2

The error due to factors such as the environment, material properties, and fabrication
precision is represented by e.

Since the final posture of the soft actuator results from the coupling between individual
air cavities [23], the geometric relationship between the internal air pressure and the
bending angle of each cavity can be inferred. It is assumed that the gas behaves as an
ideal gas and that the ambient temperature remains constant throughout the experiment.
The soft actuator deforms and bends upon inflation. According to Avogadro’s hypothesis,
at constant temperature (T) and pressure, the volume of gas in a single cavity is directly
proportional to its mass. Within the elastic deformation stage, the stress—strain relationship
of Ecoflex 00-50 follows Hooke’s law, where Young’s modulus (E), shear modulus (G), and
Poisson’s ratio (y) remain constant [40,41]. Theoretically, the elastic constants E, G, and u
of an isotropic material have the following relationship:

E=2G(1+u) ®3)

The change in volume during the deformation process is referred to as the bulk

modulus (K):
AP Pahc

K pu— p—
AV /Wy AV

The relationship between the bulk modulus, tensile modulus, and Poisson’s ratio is

@)

ex- pressed as follows:
E =3K(1 —2u) (5)

where AP represents the variation in pressure, P is the pressure, AV represents the variation
in gas volume, V represents the initial value of the gas volume, and the values of E and G
are shown in Table Al.
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When the cavity inflates, it can be approximated as a semi-ellipsoid, as shown in
Figure 2. Therefore, the incremental volume of a single cavity can be expressed as:

V= %nhc(b —a) (6)
From Equations (3)—(6), we obtain:
mhe(b—a) 9G — 3E
R @
thus: 3Pa(9G — 3E)
a J—
L ®)

Substituting Equation (8) into Equation (2) yields the relationship between the bending
angle 6 and the input air pressure P:

2Pkh

6 = arcsin(m) —+ g, (9)
where: 3(9G — 3E)
u —
— - =) 1
k EG (10)

2.2.2. Bending Angle of the Reverse-Bending Module

The central section of the reverse-bending module is designed with an air cavity
structure in the shape of an isosceles trapezoid, with identical base angles, as shown in
Figure 1a. The deformed state of a single trapezoidal air cavity after inflation and its related
parameters are shown in Figure 3. The trapezoidal module has a short side of a1, base
length of by, height of 11, and width of c. The angle of the base of the trapezoid is &, and
half of the bending angle after deformation is @1, where ¢, is the difference between the
angle v between the original trapezoidal hypotenuse and the vertical direction, and the
angle ¢ between the vertex of the expanded triangle on the arc and the vertical direction,

ie, @ =7—0.

Figure 3. Parameters of a single air cavity of the reverse-bending module after expansion.

After pressurization, part of the air cavity approximates a circular arc. Let the radius
of the resulting sector be 7, the corresponding central angle be 283, and the length of the
trapezoid’s slanted side be t. The following relationship can be derived:

_ M
'= Sina (1)
B =2¢ (12)
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t

= — 13
"7 2sin B (13
After inflation, the chord volume on one side, denoted V5, is given by:
t
Veo=Vs—Vr = ﬁrzc — Ecrcos,B (14)

where Vg represents the volume of the sector formed by the circular arc and Vr denotes the
volume of the triangular prism formed by the intersection of the sector and the trapezoid.
The volume of the original trapezoid is V;:

Vi = > (a1 + by)hic (15)

N —

When the cavity inflates, the incremental volume of a single cavity, denoted V', can be

expressed as:
V! =2V, = 2Br*c — ctrcos B (16)

Similarly, on the basis of the relationship between the elastic parameters E, G, and the
bulk modulus K during the material’s elastic deformation stage, the following expression

is obtained:
9G — 3E

— — /
2(Vs = Vr) =P'V; G (17)
Substituting Equations (15) and (16) into (17), we obtain:
P'hy(ay + by)(9G — 3E)
2 _ 141+ by
2Br* — trcos B T Te (18)
Substituting Equations (11) and (13) into (18), we obtain:
B— C?Szﬁ sin B _¥ (19)
sin”
where: , ) E
kl — P (al + 1)(9G — 3 ) Sinzﬂé (20)

EGhy

where P’ is the pressure and the values of E, G and the other parameters are shown in
Table Al.

When the inflation pressure is constant, k' can be treated as a constant, yielding the
following expression:

Y
B — cos Bsin B = k' sin® B (22)

Taking the derivative of both sides of Equation (22) gives:
1 — (cos? B — sin® B) = 2k’ sin B cos B (23)

B = arctank’ (24)

Substituting Equation (12) into Equation (24), we obtain half of the bending angle after

deformation, denoted ¢:

arctank’
gr = T (25)
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Finally, we obtain the relationship between the bending angle ¢ of a single deformed
trapezoidal gas chamber and the input air pressure P’:

Pl({l1 + bl)(9G - 3E)

)
EGh; sin“wa + ¢ (26)

¢ = arctan(

For the irregular trapezoidal sides of the reverse-bending module, the bending angle
of a single irregular trapezoid after inflation is ¢;.

When the input air pressure is within the safe operating range of the soft actuator, this
theoretical model can be used to calculate the initial input pressure. By adjusting the initial
pressure, the desired finger bending angle can be achieved.

2.3. Fabrication of the Single-Finger Actuator

The soft actuator is made primarily of Ecoflex 00-50 silicone (Smooth-On Inc., Ma-
cungie, PA, USA), as shown in Figure 4a. The silicone was mixed at a 1A:1B weight ratio,
thoroughly stirred, and then placed in a vacuum pump (Danhao oil-free vacuum pump) to
eliminate air bubbles (Figure 4b) [42]. Afterward, the mixture was poured into a mold and
left to cure for 3 h before demolding. After demolding, the layers were bonded together via
a silicone adhesive (Smooth-On Silpoxy) and left to cure for one hour to ensure thorough
bonding. To facilitate demolding, a release agent (Smooth-On Release 200) was evenly
sprayed onto the inner surface of the mold 5 min before pouring. The material properties
of Ecoflex 00-50 silicone are summarized in Table 1.

Figure 4. (a) Material of soft actuator-Ecoflex 00-50; (b) vacuum pump.

Table 1. The material parameters of Ecoflex 00-50.

Material Characteristics Ecoflex 00-50
Specific Gravity 1.07
Cure Time 3h
Shore Hardness 00-50
Tensile Strength 2.172 MPa
100% Modulus 0.083 MPa
Elongation at Break % 980%

The molds for the soft actuators were made from polylactic acid (PLA) and were
printed with a Bambu Lab 3D printer, as shown in Figure 5. In this study, the middle finger
is used as a representative example of the other fingers. Figure 5a,b display the molds for
the middle finger and the thumb, respectively. In Figure 5a, the molds for the main bending
module are labeled M-Mm1 and M-Mm2, the intermediate connecting layer module molds
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are labeled M-Cm1 and M-Cm2, and the reverse-bending module molds are labeled M-Rm1
and M-Rm2. In Figure 5b, the molds for the main bending module are labeled T-Mm1 and
T-Mm?2, the intermediate connecting layer module molds are labeled T-Cm1 and T-Cm2,
and the reverse-bending module molds are labeled T-Rm1 and T-Rm2.

@ - -

—— —

M-Mm1l M-Mm2 M-Cml M-Cm2 M-Rml M-Rm2

(b)

=
= |
=
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Figure 5. Finger molds. (a) Mold for index finger, middle finger, ring finger, and little finger; (b) mold
for thumb.

The fabrication process for the soft actuator of the middle finger is shown in Figure 6,
which can be explained in the following three steps.

Soft Actuator
Fabrication

A 4 A 4 A 4

Main Bending Connection Layer Reverse Bending
Module Module Module
v 7 ¥
Cover M-Mm?2 on Import materials
M-Mm2 . Insert the trachea info M-Rm1
¥ into M-Cm1 and M- 3
Pourt le; clover M-Cm2 Cover M-Rm2 on
ouring with I\:-le M-Rml
v
Pouring Reverse the whole
i and pour
v
Gluing

Figure 6. Fabrication process diagram of the middle finger of the soft actuator.

Step I: Make the main bending and reverse-bending modules. The main bending
module is formed by combining molds M-Mm1 and M-Mm2, followed by casting. To
prevent air bubbles or incomplete filling in the trapezoidal cavities during the casting of the
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reverse-bending module, we employed a two-step casting process. First, mold M-Rm1 is
placed on a thin slice, and silicone material is poured into it. Then, mold M-Rm?2 is securely
positioned inside mold M-Rm1. Finally, the entire mold is inverted, and additional material
is added to ensure full encapsulation.

Step II: Fabricating the intermediate layer and securing the soft tubing. The soft
tube is inserted into the holes of molds M-Cm1l and M-Cm2, with one end extend-
ing approximately 15 cm beyond the lower edge of mold M-Cm1. Silicone material is
then used to fill mold M-Cml, after which mold M-Cm?2 is placed over M-Cm1 and
securely fixed.

Step III: After demolding, the main bending and reverse-bending sections are bonded
together through the intermediate layer, completing the fabrication of the soft actuator.

The fabrication process for the thumb soft actuator follows the same steps as those
described above.

3. Design of the Pneumatic Control Platform for Soft Glove

Many soft robots have been developed to emulate the movement of human fingers [43],
including pneumatic soft gloves. As a key component of soft robotics, the pneumatic system
plays a critical role. In particular, pneumatic systems based on pumps and electromagnetic
valves demonstrate excellent performance [44]. To achieve our design requirements with
a simple and controllable pneumatic circuit, we developed a programmable pneumatic
control platform, as illustrated in Figure 7b. This platform, which is based on a combination
of pumps and electromagnetic valves, enables a soft robotic glove with bidirectional
bending capability to assist patients with hand impairments in rehabilitation tasks. The
model and origin of the components used in the pneumatic control platform are detailed in
Table A2.

Buck Controller Button

(/) Pump
‘ L] v
Ad|usnbk prcssurc. -relief valve

] )

;64P

Alr

2/3-way solenoid —2/3-way solenoid
valve(SMC) valve(SF3)

(@) (b)

Figure 7. Design of the pneumatic system. (a) pneumatic circuit diagram; (b) pneumatic control platform.

The working principle of the pneumatic system is illustrated in Figure 7a. The system
consists of a main airway and a branch airway, as shown in Figure 7b(A,B).

The pneumatic control platform uses a micro air pump as the air source, with a
maximum flow rate of 15 L/min and an output pressure range of —70 to 90 kPa. A
pressure-relief valve is used as a mechanical safeguard to prevent excessive pressure
and allows for adjustment of the input pressure. A DC-DC buck converter (input: 6.5-
40 V, output: 5V/3 A) provides +5 V to power the Arduino controller. The desired
rehabilitation gesture or assistive function is selected via a 4 x 4 matrix keypad. The
Arduino controller then sends signals to control the relays, which regulate the two-position,
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two-way solenoid valves (2/2-way solenoid valves), enabling the selection of the main
airway for the corresponding finger. During this process, an air pressure sensor (0-100 kPa)
measures the pressure in the airway, and the feedback data are used to adjust the inflation
pressure through the pressure regulation module. Finally, the relays in the branch circuit
control the two-position, three-way solenoid valves (SF3 and SMC) (2/3-way solenoid
valves) to select either the main bending module (MBM) or reverse-bending module
(RBM) of soft actuators, enabling human finger flexion or extension, thereby completing
the rehabilitation exercises of the pneumatic soft glove. The system also realizes the
maintaining of the rehabilitation gesture of the soft glove. During the hold state, the air
pump and relays in the main airway are powered off, whereas the two-position, three-way
solenoid valve (SMC) in the branch airway operates to maintain the gesture. After the
hold state, the components in the branch circuit are de-energized. The 2/3 solenoid valves
(SMC) are switched to vent to the atmosphere (Air), releasing the gas from the soft actuator.

Experiments demonstrated the practicality of the pneumatic control platform. Addi-
tionally, its versatility and scalability offer valuable insights for the drive and control of
soft robots.

4. Experimental Verification

To validate the ability of the pneumatic soft glove in performing various rehabilitation
gestures and assisting with grasping tasks, we conducted experiments with both a single
soft actuator and a soft glove.

4.1. Characteristic Testing of the Single-Finger Actuator
4.1.1. Bending Angle Measurement

To assess the impact of gravity on the bending angle and input pressure, tests were
conducted in three orientations: horizontal, against the vertical direction of gravity (against
gravity), and the direction of gravity (with gravity). As the soft actuator reaches its maxi-
mum bending angle without distortion, the air pressure value is continuously monitored
and recorded in real-time via an air pressure sensor. In each direction, multiple experiments
were conducted under each entity model, and the average values were taken. Kalman
filtering was then applied for optimization to obtain the pressure values, which is the
optimal air pressure value.

Figure 8 shows the entity models and air pressure values of both the main bending
of the soft actuator’s finger joints and the overall reverse bending of the soft actuator in
the horizontal direction. Figure 8a shows the entity models of the soft actuator in different
bending states. M1-M5 represent the middle finger’s DP, MP, PP, and full joint in both
main bending (MB-FJ) and reverse bending (RB-FJ), respectively. Similarly, T1-T4 represent
the thumb’s DP, PP, and full joint in both main bending and reverse bending, respectively.
The air pressure values corresponding to M1-M5 for the middle finger and T1-T4 for the
thumb are shown in Figure 8b.

Figures 9 and 10 illustrate the entity models and air pressure values of both the main
bending of the soft actuator’s finger joints and the overall reverse bending of the soft
actuator in both the direction of against gravity and the direction of gravity, respectively.
The arrangement and correspondence of these images follow the same pattern as those in
Figure 8.
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Figure 8. The main bending of the soft actuator’s finger joints and the overall reverse bending of the

soft actuator in the horizontal direction. (a) entity models of the middle finger and thumb during
bending; (b) air pressure values of the bending of the middle finger and thumb.
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Figure 9. The main bending of the soft actuator’s finger joints and the overall reverse bending of the
soft actuator in the direction of against gravity. (a) entity models of the middle finger and thumb
during bending; (b) air pressure values of the bending of the middle finger and thumb.
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Figure 10. The main bending of the soft actuator’s finger joints and the overall reverse bending of
the soft actuator in the direction of gravity: (a) entity models of the middle finger and thumb during
bending; (b) air pressure values of the bending of the middle finger and thumb.

By comparing Figures 8b, 9b and 10b, the optimal air pressure values for both the
main bending of the soft actuator’s finger joints of the middle finger and thumb and the
overall reverse bending of the soft actuator’s middle finger and thumb are obtained. The
air pressure values at the maximum main and reverse-bending angles of the soft actuator
are independent of its orientation. Therefore, the effect of gravity on the soft actuator can
be considered negligible.

At the optimal air pressure, we select the Yeoh model of a third-order hyperelastic
material to describe the mathematical model of the soft actuator, as illustrated in Figure 11.
The parameters of the Yeoh hyperelastic strain energy potential are as follows: C10 = 0.11,
C20 = 0.02, and C30 = 6.07 x 10~° [45]. The density of Ecoflex 00-50 is 1070 kg/m?3.

Figure 11. Abaqus simulation sequence diagrams of the soft actuator of the middle finger and
the thumb under optimal air pressure. (a) middle-finger Abaqus simulation sequence diagrams;
(b) thumb Abaqus simulation sequence diagrams.
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The bending angles of both the entity model (EM) shown in Figure 10a and the Abaqus
simulation model (ASM) of the soft actuators are shown in Figure 12. The simulation models
of the soft actuators, obtained through finite element analysis in Abaqus, closely match
the entity models. For the thumb, the soft actuator can reach a maximum main bending
angle of 68° and a reverse-bending angle of 23°. The middle finger can achieve a maximum
main bending angle of 180° and a maximum reverse-bending angle of 50°. The main and
reverse-bending angles of each joint in soft actuators meet the movement requirements for
hand function in daily human activities [46]. Subsequently, all experiments were conducted
in the direction aligned with gravity.

» 180 | —
ASM
601 -ASM 150 1 L
e 451 o 120
1) = 90
230 2
60
0 0
MB-FI  RB-FJ PIP MCP MB-FJ RB-FJ
Thumb Middle Finger

Figure 12. Bending angle values of the entity model and Abaqus simulation model of the soft actuators.

Using the middle finger as an example, the bending angles of both the EM and
theoretical model (TM) of the soft actuator are shown in Figure 13, considering both the
main and reverse bending under different air pressures. In the main bending condition,
the deviation between the theoretical and entity models for the bending angle is less than
2.25%, based on the bending angle of the entity model. For the reverse bending, the value
of the entity model is lower than the value of the theoretical model, with an error of less

than 5%.
The Main Bending The Reverse Bending
1801 EM 50 EM
™ ™
150 || |
40 1
o 120 o
° 2301
E‘: 90 %“
60 1 20 1
30 1 1
0 0
5 7 9 11
Pressure. kPa Pressure / kPa

Figure 13. Bending angle values of the entity model and theoretical model of the soft actuator of the
middle finger.

4.1.2. Tip Force Measurement

Functional grasping requires sufficient fingertip force and proper directional control,
which are crucial for activating the relevant hand muscles and are essential for rehabilita-
tion [47]. Therefore, the fingertip force was measured for different soft actuators via a force
gauge (M5-100, MARK-10 Series 5, Copiague, NY, USA), as shown in Figure 14.
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Figure 14. Fingertip force measuring device.

The air pressure within the soft actuator was varied from 20 kPa to 70 kPa in 10 kPa
increments. The fingertip force for both main bending (MBFT) and reverse bending (RBFT)
of the thumb and middle finger was measured at each air pressure level. The results are
shown in Figure 15. Compared with the initial air pressure of 20 kPa, when the starting air
pressure was increased to 70 kPa, the fingertip force for the main bending of the thumb
increased to 2.35 N, a 273% increase. The fingertip force for reverse bending of the thumb
reached 1.15 N, representing an 85.5% increase. The fingertip force for the main bending of
the middle finger reached 1.62 N, a 211.5% increase. The fingertip force for reverse bending
of the middle finger was 1.05 N, a 94% increase. The experimental results indicate that
as air pressure is applied, the fingertip force increases, demonstrating the load-bearing
capacity of the soft actuator.
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Figure 15. Fingertip forces for main and reverse bending of the soft actuator at different air pressures.

Additionally, at an air pressure of 70 kPa, the maximum force of the joints (DP, PP) of
the thumb and the maximum fingertip force of the overall reverse bending of the thumb
in the soft actuator were measured. The maximum force of the joints (DP, MP and PP)
of the middle finger and the maximum fingertip force of the overall reverse bending of
the middle finger in the soft actuator were also measured. As shown in Figure 16, six
experiments were conducted. The maximum force at each joint of the soft actuator was
consistently greater than the maximum fingertip force generated during reverse bending.
The average forces were as follows: for the thumb, 2.37 N at the DP, 1.95 N at the PP, and
1 N for the reverse-bending fingertip force; for the middle finger, 1.4 N at the DP, 2.25 N at
the MP, 2.55 N at the PP, and 0.95 N for the reverse-bending fingertip force. The reverse
fingertip force of the soft actuator designed by F. Wang et al. is 0.6 N under an air pressure

of 70 kPa, and the main fingertip force of the soft actuator is 1.59 N under an air pressure of
130 kPa [26].
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Figure 16. Forces at each joint and reverse-bending fingertip forces of the soft actuators under air
pressure of 70 kPa.

4.2. Soft Glove Testing

The soft glove was constructed by attaching the soft actuators to a nitrile glove via
nylon cords. To evaluate the performance of the pneumatic soft glove, we created a
prosthetic hand model, as shown in Figure 17a. On the basis of the proportions and joint
range of motion (ROM) of a human hand, a joint opening of 60° and a connection thickness
of 1 mm were designed. The model was then 3D-printed using thermoplastic urethane
(TPU) material. The soft robotic glove was worn on the prosthetic hand, with a thin-film
pressure sensor (RX-G0505M, Roxifsr, Changzhou, China) placed inside the glove, as shown
in Figure 17b. The thin-film pressure sensor is illustrated in Figure 17c.

Figure 17. The prosthetic model and initial state of wearing the soft glove. (a) the prosthetic model;
(b) the initial state of the prosthetic model wearing the soft glove; (c) the thin-film pressure sensor.

4.2.1. Range-of-Motion Test for the Fingers in the Soft Glove

To evaluate the impact of the soft glove on the finger range of motion, the glove was
worn on both the prosthetic hand model and a human hand for comparison. The flexion
angles of the index, middle, and ring fingers on both the prosthetic hand and the human
hand were measured at different air pressures.

The flexion states of the index finger on the prosthetic hand model (Figure 18a) and the
human hand (Figure 18b) at air pressures of 9 kPa, 11.5 kPa, 13 kPa, 15 kPa, and 18 kPa are
shown in Figure 18. Similarly, the flexion states of the middle finger on the prosthetic hand
model (Figure 19a) and the human hand (Figure 19b) at air pressures of 9 kPa, 11.5 kPa,
13 kPa, 15 kPa, and 18 kPa are shown in Figure 19. Finally, the flexion states of the ring
finger on the prosthetic hand model (Figure 20a) and the human hand (Figure 20b) at air
pressures of 9 kPa, 11.5 kPa, 13 kPa, 15 kPa, and 18 kPa are shown in Figure 20.
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Figure 18. The flexion states of the index finger under different air pressures. (a) the prosthetic hand
model; (b) the human hand.

Figure 19. The flexion states of the middle finger under different air pressures. (a) the prosthetic
hand model; (b) the human hand.

Figure 20. The flexion states of the ring finger under different air pressures. (a) the prosthetic hand
model; (b) the human hand.
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The finger flexion angles (the angle between the base and tip of the finger) for both
the prosthetic hand model and the human hand are plotted in Figure 21. The experimental
results demonstrate that the soft glove allows the index, middle, and ring fingers to achieve
flexion angles of 101°, 112°, and 112°, respectively, indicating its strong practicality and
biomimetic performance.
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Figure 21. Finger flexion angles of both the prosthetic hand model and the human hand.

4.2.2. Rehabilitation Gesture Testing of the Soft Glove

Under the control of the pneumatic platform, both the prosthetic hand model and the
human hand, worn with the soft glove, are capable of performing various rehabilitation
gestures, as shown in Figure 22. The initial state of the prosthetic hand model wearing the
soft glove is shown in Figure 17b. With the assistance of the soft glove, both the prosthetic
hand model (Figure 22a) and the human hand (Figure 22b) successfully performed various
gestures, including “1”, “2”, “3”, “4”, “5”, “love”, and “fist.” The experimental results
demonstrate that the pneumatic soft glove has the potential to support patients with hand
impairments in training for a variety of rehabilitation gestures.

Figure 22. Soft glove-assisted rehabilitation gestures. (a) the prosthetic hand model; (b) human hand.

4.2.3. Test of the Auxiliary Grip

The soft glove assists the prosthetic hand in grasping objects of varying weights and
shapes, as shown in Figure 23. The objects grasped included a rectangular box (15.4 g),
foam (3.8 g), a blackboard eraser (18.5 g), and a PLA mold (19.2 g). The experimental results
demonstrate that the pneumatic soft glove can assist the hand to grasp objects.
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Figure 23. Gripping objects by prosthetic hand with soft glove. (a) a rectangular box; (b) a foam; (c) a
blackboard eraser; (d) a PLA mold.

By using a pneumatic soft glove to assist with daily tasks, meaningful grasping
exercises can be designed to enhance hand function in stroke patients [48]. Two different
grasping techniques, full grip (FG) and flat pinch (FP) were employed to handle objects
of varying shapes and weights. The pneumatic soft glove assisted the human hand in
grasping tasks involving a blackboard eraser (18.5 g), U-disk box (139.4 g), glasses case
(38.4 g), and coil (22.6 g), as shown in Figure 24. Figure 24a shows the FG scenes, whereas
Figure 24b shows the FP scenes. The experimental results indicate that the soft robotic
glove can grasp objects weighing at least 139.4 g.

Figure 24. Grasping objects with two grasping postures by human hand wearing soft glove. (a) full
grip; (b) flat pinch.

The fingertip forces of all five fingers were measured by a thin-film pressure sensor
during the grasping of different objects with the two grip techniques, as shown in Figure 25.
The experimental results indicate that the pneumatic soft glove can assist patients with
hand impairments in performing various daily tasks.
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Figure 25. Five-finger tip forces through two grasp types.

5. Conclusions

This work presents a novel pneumatic soft glove with bidirectional bending function-
ality. It can perform various rehabilitation gestures and grasping tasks. An expandable
pneumatic control platform is developed, enabling the soft glove to assist patients with
hand impairments in rehabilitation exercises and daily activities. Experiments show that
the soft actuator possesses a measurable load capacity and that the effect of gravity on
the bending angle and air pressure of the soft actuator is negligible, enabling not only
finger flexion and extension but also grasping functionality. The maximum main and
reverse-bending angles of the soft actuator are sufficient to meet the requirements of daily
human activities. In addition, a prosthetic hand model was designed and a soft glove
was tested on both the prosthetic hand and the human hand, verifying that the soft glove
system is capable of enabling individual finger movement, performing various rehabili-
tation gestures, and assisting with grasping tasks. The experimental results indicate that
the pneumatic soft glove has the potential to support patients with hand impairments
in various rehabilitation exercises and enable them to grasp different objects to complete
daily tasks.

In future work, we will focus on designing a versatile pneumatic soft glove with
bidirectional bending capabilities and exploring new materials or structures to increase
the grasping force, thereby enabling the completion of a broader range of daily tasks.
Furthermore, computer vision will be incorporated into the motion data collection of
the soft glove to obtain more precise and comprehensive experimental results. Finally,
electromyographic (EMG) signals will be utilized for detecting user intent and controlling
the movements of the soft glove, improving the accuracy of the movements of glove and
providing better support for stroke patients with hand impairments.
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Appendix A

Table A1. Parameters of the soft actuator.

Values Parameters
a = 3.6 mm Length of a single air chamber of the main bending module
h =9.75 mm Height of the air chamber of the main bending module
¢ =10 mm Effective width of the soft actuator

Length of the short side of the isosceles trapezoid of the
reverse-bending module
Length of the long side of the isosceles trapezoid of the

a1 = 1.88 mm

by = 10.8 mm .
reverse-bending module
hy =524 mm Height of the air cavity in the reverse-bending module
n = 49.5° Bottom corner of a trapezoid
T=23°C Normal temperature
E =0.1MPa Young’s modulus of Ecoflex 00-50
G = 0.044 MPa Shear modulus of Ecoflex 00-50

Table A2. Model and origin of components for pneumatic control platform.

Components and Parts Model Brand Place of Origin
Pressure-relief valve IR2020 SMC Tokyo, Japan
Buck LM2596S - China
Controller A Tmega2560 KEYES Shenzhen, China
2/2-way solenoid valve 2V025 AirTac Taiwan, China
Air pressure sensor MSP20 - China
2/3-way solenoid valve SF3 PIN YA Shenzhen, China
2/3-way solenoid valve VT307 SMC Tokyo, Japan
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Abstract: This paper addresses the design, development, control, and experimental evaluation of
a soft robot arm whose actuation is inspired by the muscular structure of the octopus arm, one of
the most agile biological manipulators. The robot arm is made of soft silicone and thus possesses
enhanced compliance, which is beneficial in a variety of applications where the arm may come into
contact with delicate features of its environment. The arm is composed of three elongated segments
arranged in series, each one of which contains several pneumatically actuated chambers embedded in
its silicone body, which may induce various types of deformations of the segment. By combining the
segment deformations, and by imitating the antagonistic muscle group functionality of the octopus,
the robot arm can bend in various directions, increase or decrease its length, as well as twist around
its central axis. This is one of the few octopus-inspired soft robotic arms where twisting is replicated
in its motion characteristics, thus greatly expanding the arm’s potential applications. We present the
design process and the development steps of the soft arm, where the molding of two-part silicone of
low hardness in 3d-printed molds is employed. In addition, we present the control methodology and
the experimental evaluation of both a standalone segment and the entire three-segment arm. This
experimental evaluation involves model-free closed-loop control schemes, exploiting visual feedback
from a pair of external cameras in order to reconstruct in real time the shape of the soft arm and the
pose of its tip.

Keywords: soft robotics; biomimetics; bio-inspired robots; robotic arm; pneumatic actuation; robot
control; arm twisting

1. Introduction

The development of robotic systems that offer high flexibility and adaptability, espe-
cially in delicate interaction environments, represents a key challenge in robotics research.
Conventional robotic systems, characterized by their rigid structures, often encounter
difficulties in complex tasks that demand a blend of strength, precision, and adaptability.
This challenge is underscored in domains such as underwater exploration, agricultural
automation, and medical surgery, where the ability to navigate and manipulate within
constrained and/or delicate environments is paramount.

Contemporary endeavors in robotics have progressively embraced bio-inspired de-
signs to overcome the limitations inherent to rigidity, drawing inspiration from the natural
world. The muscular hydrostat system of the octopus arm, capable of complex loco-
motion and manipulation tasks, stands out as a particularly compelling blueprint for
soft robotic applications. Early pioneering work in this domain, such as the research
by Walker et al. [1], investigated continuum robot arms inspired by cephalopods. This
exploration was further expanded upon by studies like [2,3], which demonstrated the
potential of leveraging biological principles to enhance robotic flexibility and dexterity by
mimicking the cephalopod’s morphology. In [4-6], soft robotic grippers and a robotic octo-
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pus were developed, exemplifying the feasibility and efficiency of biomimetic approaches
in promoting robotic adaptability.

Advancements in material science and novel actuation mechanisms have played a
pivotal role in the evolution of soft robotics. The integration of soft sensors within robotic
systems [7], alongside foundational work on the design and fabrication of soft robots [8],
has paved the way for the development of robots capable of safely interacting with humans
and delicate objects. Moreover, the creation of soft robotic fish capable of autonomous
underwater navigation [9] underscores the application-specific advantages of soft robotics
in challenging environments.

The field has continued to evolve with recent studies pioneering the use of innovative
materials and structures to more closely mimic biological functions [10-15]. This has
opened new avenues for creating more versatile and safer robotic interactions across a
broad spectrum of applications, from healthcare to environmental monitoring. Particularly
noteworthy is the series of soft robot arms for minimally invasive surgery developed by
Menciassi and colleagues (see [16] and references therein). Their work presents the design,
fabrication, characterization, and testing of a three-module soft manipulator inspired by the
octopus arms and actuated by embedded fluidic actuators, which allow omnidirectional
bending and elongation. Furthermore, the stiffness of the manipulator is controlled via
a granular-jamming-based stiffening mechanism integrated along the length of the arm.
Other arm designs of the same group exploit tendons for tuning the arm stiffness [17]. The
development of soft actuators, as explored in [18-21], further illustrates the potential of
soft robotics to transform traditional approaches to robotic design and application.

In addition to material innovations, control strategies for soft robotic systems have
seen rapid advancements. Research focusing on the integration of sensory feedback and
biomimetic design principles [22-26] has contributed significantly to our understanding
of how soft robotic systems can be designed, controlled, and applied in real-world sce-
narios with a level of sophistication and efficiency akin to their biological counterparts.
Together, these studies form a robust foundation for the future of soft robotics, pointing
the way toward systems that are not only adaptable and safe but also capable of complex
autonomous decision-making and sophisticated environmental interactions. Performance
is a critical metric in the field of soft robotics, encompassing attributes such as dexterity,
force output, motion range, adaptability, and responsiveness to varying tasks and envi-
ronments. Metrics such as energy efficiency, actuation speed, load capacity, and control
accuracy are commonly used to evaluate the effectiveness of soft robots. By benchmarking
these performance indicators [27], soft robotic systems can be optimized for specific use
cases, paving the way for advances in functionality and real-world applicability.

Adding twisting ability to a soft robotic arm significantly enhances its versatility
and functionality, making it more capable of mimicking the complex motion capabilities
of biological systems. While bending and elongation allow for basic directional control
and reach, twisting enables the arm to perform additional tasks that require rotational
movement. This is particularly important for grasping and manipulating objects with
precision, as twisting can adjust the orientation of the end-effector or wrapped arm to better
interact with an object. Moreover, twisting greatly expands the arm’s range of potential
applications. For example, in minimally invasive surgery, twisting motions are essential for
navigating confined spaces and reorienting instruments without requiring external rotation
mechanisms. Similarly, in underwater robotics or search-and-rescue scenarios, the ability
to twist can allow for intricate interactions with irregularly shaped objects or environments.
Twisting also facilitates more natural and efficient movement patterns, reducing the need
for complex kinematic configurations or additional joints, therefore simplifying the system
while enhancing its adaptability.

Despite these potential advantages, only a limited number of existing soft robotic
arm prototypes provide for twisting motions. One such prototype, proposed in [28],
utilizes a total of 32 pneumatically driven McKibben actuators to emulate the octopus arm
musculature. Four of these actuators are helically wound (two in the clockwise and two

102



Biomimetics 2024, 9, 773

in the counterclockwise direction) and can provide torsional motions of the arm through
appropriate pressurization. However, the helical actuators form the outer layer of the arm,
making them susceptible to breaking if sufficient contact forces are exerted, e.g., from an
environment containing sharp edges. In [29], the previous arm is used in conjunction with
flexible strain sensors providing information on its bending to implement master-slave
feedback control of the arm. In [30], a single-segment pneumatic soft robotic wrist is
presented, based on four parallel soft helical actuators, able to generate both bending and
twisting movements. In [31], an innovative modular magnetically actuated robot arm
based on reconfigurable bistable Kresling origami modules is presented, which can stretch,
fold, bend, and twist in various directions. This arm has the advantages of scalability and
reconfigurability, but its need for precise magnetic actuation can be seen as a limitation.

In this context, our approach in this paper builds upon these foundational studies
and extends our prior work on octopus-inspired robotic systems [3-5], aiming to bridge
the gap between bio-inspired design principles and the practical requirements of robotic
applications. By focusing on the octopus arm’s muscular structure, we have developed a
modular soft pneumatic robotic arm that not only demonstrates enhanced compliance and
maneuverability but also introduces the ability for twisting movements. The robot arm fea-
tures linear air chambers mimicking the longitudinal muscles of the octopus arm, enabling
bending and elongation, while helical air chambers, replicating the oblique muscles of
the octopus, enable twisting motions—a novel feature, not frequently occurring in similar
soft robot arms. Compressed air is delivered through silicone tubes routed through the
center of the arm, leading to a robust design capable of complex, multi-segment motions.
Furthermore, rigid 3d-printed rings were employed to constrain the radial expansion of
the arm, similarly to the transverse muscles of the octopus, thus ensuring precise, directed
movement, as bending and twisting movements are decomposed and can be controlled
independently of each other. The arm also features a conical, overlapping design of its
three segments in order to avoid bending dead zones, with appropriately shaped chambers
for uniform actuation. The arm prototype was fabricated by casting silicone in 3d printed
molds, an involved multi-step process, often prone to inconsistencies. The arm is controlled
via simple, model-free closed-loop control schemes, whose efficiency was demonstrated by
tip positioning experiments. This experimental evaluation demonstrated the functionality
and advantages of the developed soft robot arm.

2. Octopus Arm Actuation and Control

The main characteristics of the octopus arm muscular and motion control systems
are presented here, to the extent that they are relevant to the design and functionality of
our soft robot arm. For a more detailed overview of the octopus arm biomechanics, see,
e.g., [32]. The octopus is an ideal animal model for studying elongated flexible appendages,
including the generation and control of their movement, as well as the generation of related
complex behaviors. The muscular system of the octopus arm consists of a densely packed
three-dimensional array of muscle fibers and connective tissue, which extends for the
full length of the arm and surrounds a central axial nerve cord. This generates both the
forces required for arm movement and deformation, as well as the stiffness variations
needed for skeletal-like support. Such a muscular system is called muscular hydrostat, and
its main characteristic is that it maintains the arm volume constant. Thus, any change
in one dimension of the arm will be compensated for by a change in at least one other
dimension [33,34].

The muscular tissue of each arm is organized into three major groups (Figure 1): The
first consists of the longitudinal muscles (LM), oriented parallel to the long axis of the
arm and placed in a cross pattern surrounding the central core of the arm. The second
group consists of the transverse muscles (TM), which are oriented perpendicular to the
long axis of the arm, directly surround the central axial nerve cord, and are surrounded
by the longitudinal muscles. The third group consists of the helical or oblique muscles,
namely three pairs of helicoidally arranged muscles, the external (EOM), medial (MOM),

103



Biomimetics 2024, 9, 773

and internal (IOM) muscles, arranged as a clockwise and a counterclockwise helix along
the arm.

Figure 1. Octopus vulgaris arm muscle system. Image source: [35].

A wide variety of, possibly highly localized, arm movements are feasible. The longitu-
dinal muscles are responsible for shortening the arm, the transverse muscles are responsible
for its elongation, and the oblique muscles are responsible for torsion. When the transverse
muscles are activated, the diameter of the arm is shortened, and since its volume is con-
stant, the arm is elongated. The longitudinal muscles act antagonistically to the transverse
ones by shortening the arm and re-extending the transverse muscle fibers. Simultaneous
contraction of the longitudinal and the transverse muscles results in stiffening of the arm.
Furthermore, select longitudinal and transverse muscles may be simultaneously contracted
to bend the arm in all possible directions: as the longitudinal muscles are selectively con-
tracted, the transverse muscles also need to contract in order to resist the arm shortening
that would result from this [33,36]. Finally, the oblique muscles are employed in order to
twist the arm along its axis, which is accomplished by the controlled activation of these
muscle groups, while the direction of torsion, clockwise or counterclockwise, depends on
the handedness of the actuated oblique muscle group [35]. These arm deformations can be
combined to create more complex movements.

The virtually infinite degrees-of-freedom (dof), which characterize the flexible octopus
arms, make efficient control and arm behavior generation quite challenging [37-39]. From
the engineering point of view, the special strategies and shortcuts employed by these
robust and adaptable biological mechanisms may provide valuable hints for addressing
corresponding problems in robotic systems [1]. Such strategies include the exploitation of
basic “hardwired” motion patterns, like those unveiled in detailed studies of the reaching
and fetching primitive movements of the octopus arm. Reaching for a target is implemented
by forming a bend near the base of the arm and propagating it towards its tip via a
stiffening wave of muscle contraction [39—41]. Fetching is implemented by forming a
3-joint-like structure with the arm and rotating the joint-like bends so that the tip reaches
the mouth [42]. Control of both of these movements exploits a drastic reduction of the
infinite-dof problem via the exploitation of a few basic motion patterns to the control
of just three variables [38,39,42,43]. Detailed modeling of the octopus muscular system
and computational investigation of its stereotypical behaviors clarified the dynamics and
neuronal control mechanisms producing these behaviors [40,41,44-47].

104



Biomimetics 2024, 9, 773

3. Prototype Design and Development

Drawing inspiration from the octopus, we propose a soft biomimetic arm that em-
ploys embedded, pneumatically actuated chambers instead of muscles in a configuration
analogous to that of the octopus arm muscles to achieve similar motion capabilities.

3.1. Design of the Soft Arm Prototypes

Two soft biomimetic arm prototypes were designed and built within the scope of
this work: A single-segment arm and a three-segment arm. The former was developed
as a preliminary proof-of-concept prototype to study the design, fabrication, and func-
tional characteristics of the proposed concept. Based on these, the three-segment arm was
subsequently developed as a demonstrator prototype of a more integrated and capable
system. The arm prototypes are fabricated from a soft, compliant, and elastic material,
with a series of linear- and helical-shaped embedded pneumatic chambers. Using solenoid
valves to control the flow of compressed air in these chambers allows for bending, exten-
sion, and twisting motions of the arms through the elongation of the appropriate, in each
case, chambers.

In particular, the single-segment arm (length: 50 mm, weight: 250 g) utilizes four linear
chambers, arranged symmetrically at 90° intervals and running along the segment, that
recreate the functionality of the longitudinal muscles of the octopus arm. Additionally, a
set of helical chambers are placed in the outer surface of the segment and function as the
oblique muscles of the octopus arm, providing twisting motions in both the clockwise and
counterclockwise directions. For design simplicity, we are not implementing the transverse
muscles since the elongation of the arm can be achieved by the simultaneous inflation of all
four linear chambers. A series of rigid rings are used to restrict the radial expansion of the
chambers when pressurized to implement the desired motions.

The three-segment arm, which is designed along similar principles, consists of three
segments, each housing four linear chambers as per above, thus providing the ability to
bend in three different areas along the length of the arm simultaneously and independently
from each other. It is noted that the placement of the linear chambers is rotated by 45°
for consecutive segments. In addition, four helical chambers, two clockwise and two
counterclockwise, encapsulate the three segments and can be used to twist the arm as
a whole. Pressurized air is supplied to each segment via 24 mm silicone tubes (22 mm
inner). In order for the tubes to reach all segments, they must pass through each preceding
segment. Hence, eight tubes pass through the first (base) segment and four through the
second (mid) one. This requirement, combined with the desire for the arm to have a smooth,
continuous outer surface, led to designing the arm to be of a conical shape, with a wide base
that gradually tapers at the arm’s tip. As a result, the three individual segments forming
the arm are also conical. Because of this conical shape, the four linear chambers inside
each segment were positioned to be parallel to the external contour and, hence, tilt towards
each other along the tapering of the segment (see Figure 2a). This ensures a homogeneous
expansion of the chambers when pressurized. Moreover, in order to eliminate any bending
dead zone throughout the arm, each segment is designed to overlap with its neighboring
segments by 10 mm (see insert in Figure 2a). Finally, two sets of rigid links, 3d-printed in
PLA material, are embedded in the arm, serving a dual function: they are primarily used
to constrain the expansion of the chambers to the desired direction and also to minimize
the interference between neighboring chambers. More specifically, a set of inner rings
is installed on the outer surface of the assembly of the linear chambers (Figure 2b) and
separates them from the helical chambers, while a second set of outer rings is installed
over the outer edge of the arm (Figure 2d) and provides increased stiffness in the radial
direction. In this sense, the rigid rings antagonize the linear chambers, similarly to the way
that the transverse muscles antagonize the longitudinal ones in the octopus arm. A section
view of the mid-segment, shown in Figure 3, further illustrates the layered arrangement of
the elements comprising the arm.
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Figure 2. Three-segment soft manipulator arm design elements: (a) soft linear chamber assemblies of
the three segments (insert shows overlap between consecutive segments), (b) set of rigid inner rings
constraining the soft linear chambers, (c) soft helical chambers, and (d) set of rigid outer rings.
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Figure 3. Section view of the second (mid) segment, as seen when looking from the base of the arm
towards its tip, showing the arrangement of the different arm design elements.

3.2. Fabrication of the Soft Arm Prototypes

The material used for the fabrication of both prototype arms is a two-component
silicone (Ecoflex 00-10 Smooth-On). The molds (see Figure 4), which were used for casting
into shape the silicon, were fabricated with PLA material in a 3d printer for each arm
design. A room-temperature casting procedure is followed, whereby the liquid silicone
mixture is slowly poured from the top of the mold to avoid entrapment of air bubbles that
would cause inconsistency in the final part. The pot life of the mixture is 30 min, and it
cures over a 4 h period into a 00-10 shore hardness silicone rubber, with a 100% modulus of
8 psi, a tensile strength of 120 psi, and 800% of elongation at break. An alternative option
for silicone would be the Dragon Skin 10, with a shore hardness of 10 A, a 100% modulus
of 22 psi, a tensile strength of 475 psi, and 1000% of elongation at break. However, the
higher shore hardness would require a significantly higher air pressure in order to actuate
the arm (from 1 to 2 bar, as operated, to 5 to 6 bar). The selected silicone’s properties,
and especially its flexibility, make this silicone one of the most appropriate commercially
available options.

To fabricate the three-segment arm, due to the difference in segment dimensions,
multiple molds had to be created, one for each segment; hence, multiple castings were
necessary in order to bring all segments together in one single arm.

First, for each of the three segments, the core element (comprising the assembly of the
four linear chambers) was cast separately, and silicone tubes were attached to them (see
Figure 5a,b) and secured with thin copper wire. All three segments were then joined, each
one’s tubes passing through the center of the preceding segments, and the set of inner rings
were installed (Figure 5¢). The segments were permanently joined together by exploiting
the ability of silicone to bond on parts made by the same silicon. Using the molds and
the helix-shaped metal inserts shown in Figure 4b, the helical chambers were then cast to
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surround the three joined segments (Figure 5d). Finally, the outer rings were inserted over
the arm and molded into place, creating the complete arm, shown in Figure 6. The overall
length of the final prototype is 150 mm, while the diameters of the base and the tip are
49 mm and 35 mm, respectively. The overall mass of the arm is 830 g.

Figure 4. The 3d printed molds employed in the fabrication of the soft manipulator arm: (a) linear
chamber molds, (b) helical chambers molds.

150 mm

Figure 5. Different stages of the soft multi-segment arm fabrication: (a) the three segment cores,
(b) attachment of the tubes to the linear chambers of the three segments, (c) fitting of the inner rings,
and (d) casting of the helical chambers (the helix-shaped metal inserts are subsequently removed).
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One euro
coin

Figure 6. The three-segment soft arm prototype, shown mounted on the stand used during the
experiments. The world frame XYZ is located at the base of the arm, while the local xyz frame is
attached at the tip of the arm. For size reference, a one-Euro coin (223.25 mm) has been included in
the photograph.

3.3. Pneumatic Actuation and Control Unit

A schematic overview of the actuation and control system for the soft arm prototypes
is provided in Figure 7, while Figure 8 shows the custom-developed control unit. The latter
incorporates a total of 28 miniature solenoid valves (zhv-0519, Zonhen Electric Appliances,
Shenzhen, China) that actuate the pneumatic chambers, along with their drive electronics
and a 32-bit microcontroller board (Teensy 3.6) that controls their operation. The latter
also handles communication via a USB interface, with a host computer that runs the arms
control software. These components are housed inside a custom-designed, 3d-printed
enclosure that includes fixtures for securing the solenoid valves, a top tray for mounting
the main control board, as well as the housing for a small fan providing active cooling to
the solenoid valves. The assembled control unit measures 146 mm x 131 mm x 100 mm
(length x width x height).
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Figure 7. Diagram of the soft arm actuation and control system.
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Figure 8. Control unit: (a) Side view, (b) Front view, (c) Back view, and (d) Internal view.

Each pneumatic chamber is actuated by a pair of three-port solenoid valves, arranged
to achieve, by proper activation, the three necessary operations, namely inserting air into
the chamber, retaining the inserted air, and expelling the air from the chamber. This is
illustrated in Figure 9, where “on” indicates that a valve is at an energized state that seals
the inlet (port A in Figure 9d) and air from the main outlet (port B) can move to the auxiliary
outlet (port C), while “off” indicates that air entering the intake is routed to the main outlet.
The valve pair is configured so that the inlet port of the first valve is connected to the
air supply, while its main outlet is connected to the chamber, and its auxiliary outlet is
connected to the inlet port of the second valve. In the case of the helicoidal chambers, the
two clockwise chambers are interconnected and thus need only one pair of solenoid valves
for their operation, likewise for the counterclockwise helicoidal chambers.

The valves are mounted on two custom 3d-printed racks, each housing 14 valves
inside the control unit (see Figure 10). Compressed air is provided to the control unit by an
external source. The housing has vents in its side wall (see Figure 8a) to allow the expelled
air from the valves to escape. In addition, a 12V fan, used to cool the solenoid valves, is
mounted on the housing’s rear end (Figure 8c).
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Figure 9. Activation scheme for the pair of solenoid valves controlling air flow to the pneumatic cham-
bers, for (a) inflating the chamber, (b) maintaining pressurized air in the chamber, and (c) deflating
the chamber. (d) Three-port solenoid valve operation.

Each solenoid valve is powered with 6 V, and is operated through a dedicated MOSFET
(STN4NFO3L by STMicroelectronics) circuit that is driven by a 20 Hz PWM signal generated
by the microcontroller. By appropriately varying the duty cycle (hence, the duration
of the pulse) of the PWM signals driving the valve pair of a particular segment, the
rate of inflating/deflating the segment can be varied, thus controlling the speed of arm
movements. Due to bandwidth limitations of the solenoid valves’ mechanics, the minimum
pulse duration to which the valves can respond is 10 ms (equivalent to a 20% duty cycle of
the 20 Hz PWM signal). The control electronics, along with the power, data, and control
connectors, are mounted on a custom-made PCB, shown in Figure 11.

Figure 11. The printed circuit board hosting the arm control electronics: (a) top side with the Teensy
3.6 microcontroller board installed, and (b) bottom side, with the surface-mounted MOSFET drive
circuits (28 in total) of the solenoid valves.

3.4. Arm Motion Control

The soft arm can move and change its shape through appropriate activation of the
linear and helical pneumatic chambers, taking into consideration their topology inside
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the arm. With regard to the linear chambers, since each segment is rotated by 45° with
respect to the previous one, different chambers on each segment must be activated to
achieve bending of both segments in the same direction. For example, in order to bend
the whole arm in the positive X direction, the chambers identified as 1.1, 2.1, 2.4, and
3.1 in Figure 12 must be inflated. Hence, in this case, for the base and the end segment,
only one chamber is inflated, while for the middle segment, two chambers are activated
(note that these two chambers must be inflated by an equal amount of air). Similarly, to
achieve whole-arm bending in the plane rotated around the Z-axis by 45° with respect to
the XZ-plane, chambers 1.3, 1.4, 2.3, 3.3, and 3.4 are activated. For arbitrary such rotations
of the desired motion plane around the z-axis, the chambers that are involved from each
segment are inflated to a different degree. Table 1 summarizes the linear chamber activation
combinations for attaining the basic shape configurations of the three-segment arm.

For twisting motions, the control is simpler, since the whole arm can be twisted either
clockwise or counterclockwise by activation of the respective pair of helical chambers.
Twisting can be combined with other motions induced by the activation of linear chambers.

Figure 12. Location and numbering scheme of the linear chambers in the three-segment arm.

Table 1. Examples of linear chamber activation combinations for attaining different shape configura-
tions of the three-segment arm. Filled circles denote the inflated chambers. Chambers are identified
according to Figure 12.

Linear Chamber
Direction 3.1 3.2 3.3 34 2.1 2.2 2.3 24 1.1 1.2 1.3 1.4
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3.5. Control Software

Low-level control of the soft arm is implemented through the custom firmware, devel-
oped in C language, that is executed on the Teensy 3.6 microcontroller. The firmware is
mainly responsible for generating 28 PWM signals driving, through MOSFET gates, the
solenoid valves that actuate each one of the pneumatic chambers, according to activation
commands received via USB from a host PC at a 100 Hz update rate.

High-level control of the soft arm is provided through a graphical user interface
(GUI) developed in MATLAB and running on the host PC that communicates with the
microcontroller. The host PC also receives and processes visual data from the cameras
used to track the arm’s motion (see Section 4.2) and to provide feedback for the closed-loop
schemes for motion control of the arm (see Section 5.5). The GUI provides a series of panels
(see Figure 13) for setting up the communication with the control unit, configuring the
cameras, issuing commands to manually set the state of the arm’s chambers, as well as
for configuring and executing the closed-loop control schemes. Exporting data, including
chamber activation signals, sensor readings, video recordings, etc., to log files for post-
processing is also readily supported by the GUL
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Figure 13. Elements of the Graphical User Interface (GUI) developed for controlling the three-segment
arm: (a) Startup screen with initialization setup and 3d core pose estimation representation, (b) GUI
panel for open-loop control of individual chambers, (¢) GUI panel for closed-loop control.

4. Experimental Setup

Both prototype arms were tested while rigidly mounted on a custom stand constructed
using aluminum extrusions (stand footprint: 220 mm x 200 mm stand height: 320 mm),
which holds the arm in a vertical position. Figure 6 illustrates the experimental setup along
with the global reference frame XYZ (defined to be located on top of the base segment of
the arm and oriented so that the X- and Y-axes are aligned with the stand’s base) and the
moving frame xyz (positioned at the tip of the arm so that it has the same orientation as the
XYZ frame and is displaced along the Z-axis when the arm is at rest).

4.1. Force Measurement

A high-precision digital dynamometer (FMI-210A5, Alluris GmbH & Co, Freiburg,
Germany) was used to measure, at a 1 kHz rate, the force exerted by the arm, as shown
in Figure 14. The dynamometer is placed underneath and in contact with the resting arm.
The arm is used in extension mode, where all linear chambers are filled equally with air,
and as the chambers expand, the arm presses upon the dynamometer.
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3 \y_’( .
Figure 14. Test setup for force measurement experiments.

4.2. Vision-Based Arm Motion Tracking

The position and shape configuration of the arm were tracked using a pair of high-
definition cameras (HD Pro C920, Logitech International S.A., Lausanne, Switzerland)
placed 30 cm away from the arm and at a 90° angle with respect to each other, as shown
in Figure 15. Each camera was calibrated with a checkerboard of known dimensions to
determine its extrinsic and intrinsic parameters prior to setting up [48], using the Camera
Calibration App of MATLAB [49]. The pair is oriented so that each camera captures the
movement of the arm in one plane of movement with regard to the XYZ frame (specifically,
Camera 1 for the XZ-plane and Camera 2 for the Y Z-plane), using computer vision methods
that track two series of painted dot-markers on the arm. Each series consists of 11 such
markers positioned at known intervals along a straight line that is parallel to the Z-axis
when the arm is at its resting state. Combining the images captured by the pair of cameras,
a representation of the arm’s configuration in 3d space may be obtained. In particular,
calculating the intersections of corresponding markers from the two series yields the 3d
coordinates of 11 points forming the center-line of the arm. Real-time processing of the
video feeds from the two cameras is performed in MATLAB at a 30 fps rate and is integrated
with the GUI described in Section 3.5.

[ Dot |
markers N

| Gamera2

Figure 15. The setup employed for visual tracking of the arm motion.

5. Experimental Results

Utilizing the experimental setups described in Section 4, tests were conducted to
characterize the three-segment arm with respect to the forces it is capable of exerting and
the configurations it can achieve through activation of the linear chambers, while the
single-segment arm was tested for its longitudinal extension and twisting capabilities.
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5.1. Arm Force Experiments

The force generated by the three-segment arm in the direction of the Z-axis was
assessed using the experimental setup of Figure 14. Pressurized air was incrementally
supplied to all the arm’s linear chambers by providing a sequence of 5 discrete 10 ms
activation pulses, where 7 s were allowed between consecutive pulses. The exerted force
was measured 6s after each pulse to ensure the absence of any transients. This test was
repeated for different air pressures provided to the system, ranging from 0.1 to 0.5 bar.

The average values at steady-state of the thus measured forces are summarized in
Figure 16a. It can be seen that the force exerted by the arm increases with the number of
air input pulses, as well as with the pressure of the air provided to the system, reaching a
maximum of approximately 10 N. Moreover, we observe that the exerted force magnitude
is not linearly proportional to the number of input pulses; this is an anticipated result, since
the pressure provided by the external system remains constant, while the pressure inside
the chambers increases, resulting in a lower pressure difference between them and thus the
pressure increase in a chamber for the constant time pulses drops.
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Figure 16. Measurements of (a) the exerted force, and (b) the extension of the three-segment arm
during experiments involving the simultaneous activation of all the arm’s linear chambers.

5.2. Arm Extension Experiments

The vision-based arm tracking setup in Figure 15 was used to measure the elongation
characteristics of the two arm prototypes. For the three-segment arm, the arm extension
along the Z-axis was measured with respect to the pressure of the air intake (ranging from
0.1 to 0.5bar) and the number of pulses (1 to 10) provided to the linear chambers. The
pulsing inputs were applied following an activation sequence like the one used in the force
measurement tests. The results are summarized in Figure 16b. It can be seen that increasing
the supply pressure affords a significant increase in arm elongation (up to approximately
24% compared to its non-inflated state).

The longitudinal extension of the single-segment arm was assessed by a different
method, namely using a syringe to manually insert known volumes of air in the segment’s
four linear segments. Results, shown in Figure 17a, suggest a quadratic relationship
between the volume of air inserted in the arm’s chambers and its elongation. It can be
seen that the arm is elongated by 2.5cm (i.e., by 50%) through the injection of a total of
25mL of air in its four linear chambers. Compared to the experimental results shown in
Figure 16b, where, instead of inserting a known volume of air, pressurized air is inserted
in the chamber in pulses, we can deduce that the slower increase of displacement based
on the number of pulses is due to the lowering pressure difference between the pressure
of the air in the chamber and the pressure provided to the control unit, which results in a
decrease of the volume of air inserted in each successive pulse.
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Figure 17. Measurements of (a) the longitudinal extension, and (b) the twist angle of the single-
segment arm prototype as a function of the input air volume.
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5.3. Arm Twist Experiments

To determine the arm’s twisting capability, tests were conducted with the single-
segment prototype mounted on the stand shown in Figure 15. During this experiment, the
air was inserted with a syringe in the helical chambers, and measurements were taken of
the arm’s twist angle (rotation around the Z-axis) as a function of the volume of air inserted.

Inserting air in the helical chambers inflates them, and, due to the restriction of
expansion in the lateral direction, the chambers expand by increasing their length. This
expansion results in a twisting motion. The results, shown in Figure 17b, indicate a
quadratic relation of the twist angle with respect to the volume of air inserted, similar to
the arm extension experiments.

5.4. Composite Arm Movements

In this set of experiments, the motion tracking setup of Figure 15 was used to capture
and analyze the movement of the arm for various open-loop activation patterns of the
linear chambers, with the pressure of the air supply set to 1.0 bar.

Results from an indicative such experiment are provided in Figure 18a. Solid lines
correspond to the displacement of the arm’s tip along the X, Y, and Z axes, resulting from
the sequence of activation, indicated with the dotted line, of a single linear chamber of the
end segment, namely the segment identified as 3.3 in Figure 12 (all the other chambers
are deflated throughout the experiment). Specifically, from 0.5s to 1.7 s, the valve pair is
activated so that compressed air is inserted into the chamber (Figure 9a) via continuous
pulsing. This results in a bending motion of the arm’s lower part, occurring, as anticipated,
predominantly on the XZ-plane (there is also some limited displacement along the Y-axis).
At 1.7 s, the valve pair is activated to seal the chamber (Figure 9b), thus stabilizing the
tip. Finally, at 2.8 s, the valve pair is activated to deflate the chamber (Figure 9c¢), and the
arm returns, within about 2.5, to its original, non-actuated configuration. An analogous
response is recorded in the results shown in Figure 18b, taken from a similar experiment
that involved activation of a different chamber of the end segment (namely the chamber
identified as 3.4 in Figure 12), resulting in a bending motion on the YZ-plane.
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Figure 18. Experimental results for bending motion under activation of a single chamber of the end
segment: (a) bending motion in the XZ-plane (activation of chamber 3.3), and (b) bending motion in
the YZ-plane (activation of chamber 3.4).

Figure 19 shows the data from an experiment involving the longitudinal extension
of the arm through the activation of all 12 of the linear chambers with the same pattern
(indicated with the dotted line). It can be seen that the tip of the arm is displaced along the
Z-axis by as much as 11 cm (i.e., the arm is elongated by approximately 72%) in about 1.8s.
During this extension, there is very limited displacement along the X- and Y-axes. When
the valves are commanded, at 4.5 s, to release the air from the chambers, the arm returns to
its resting, non-actuated position within 2.6 s, exhibiting a certain number of oscillations.
These can be attributed to the fact that when the chambers are depressurized, the arm is at
its lowest stiffness.
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Figure 19. Results for the motion of the arm’s tip during an experiment involving the longitudinal
extension of the soft robot, with the pressure of the air supply set to 1.0 bar.

Finally, Figure 20 shows three indicative sequences of frames from various tests
with the three-segment arm. The last sequence (Figure 20c) is taken from an experiment
demonstrating the capability of the soft arm for attaining S-shaped configurations through
the bending of consecutive segments on opposite sides by the activation pattern registered
in the last row of Table 1.
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Figure 20. Series of frames from experiments involving (a) longitudinal extension, (b) whole-arm
bending, and (c) S-shaped bending, of the three-segment soft arm.

5.5. Closed-Loop Arm Control

Experiments were also conducted where the external stereo vision system was em-
ployed to provide a three-dimensional representation of the arm in real time. The latter
can be used as feedback for closed-loop control of, e.g., the position of the arm’s tip, the
twisting angle, or the motion plane and extent of bending.

Here, we present results from experiments for closed-loop control of the bending angle
0 (see inset in Figure 21a), defined as the angle between the Z-axis of the global frame (arm
base) and the z-axis of the local frame (arm tip), during whole-arm bending motion on the
YZ-plane (see Table 1).

Two types of controllers were considered, namely a proportional-only (P-control) and
a proportional-derivative (PD-control) one, using as input the error between the setpoint
and the vision-estimated value of 6. The output of the controller is used to specify the duty
cycle of the PWM signals activating the solenoid valve pairs of the appropriate chambers,
namely chambers {1.2,2.1, 2.2, 3.2} for 6 > 0 and chambers {1.4,2.3, 2.4, 3.4} for § < 0.
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Figure 21. Bending angle response for the three-segment arm under closed-loop control: (a) P-
controller for different values of the proportional gain Kp,, (b) PD-controller for fixed K, and different
values of the derivative gain K.

Initial experiments focused on the effect of the P-controller gain Kj, on the obtained
response, involving both positive and negative values for the bending angle setpoint. The
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results, summarized in Figure 21a, indicate that the P-controller can regulate the bending
angle to the specified setpoint with good accuracy. As anticipated, increasing the control
gain results in a faster overall response. However, for large K, values (K, = 7 and K, = 10
in Figure 21a) there are undesirable oscillations, as well as a small dead zone near the zero
degrees mark when the system moves from a positive to a negative setpoint.

As shown in Figure 21b, the PD-controller yields marked improvements, where the
introduction of the error-derivative control action, with appropriate gain settings (e.g., for
K, =1, K; = 5), allows for efficient damping of the oscillations while maintaining a fast
and accurate response. Given, in particular, the minimal steady-state error thus attained,
we opted against including an integral-error term to the controller to avoid degradation of
the transient response.

6. Discussion and Conclusions

We have presented the development of an octopus-inspired soft arm prototype that
closely emulates the musculature of an octopus, utilizing pneumatically actuated cham-
bers to achieve comparable motion capabilities. Linear chambers mimic the longitudinal
muscles, enabling bending and elongation, while helical chambers replicate the oblique
muscles, allowing for twisting motions—a novel feature rare among similar prototypes.
This bi-directional twisting ability enhances the arm’s versatility and is achieved through
both clockwise and counterclockwise helical chambers. Rigid 3d-printed rings function
similarly to the transverse muscles by constraining radial expansion, ensuring precise,
directed movement. The three-segment arm incorporates a conical, overlapping design to
avoid bending dead zones, with appropriately rotated and tapered chambers for uniform
actuation. Compressed air is delivered through internal silicone tubes, making the design
robust and capable of complex, multi-segment motion akin to the natural dexterity of an
octopus arm, as demonstrated through experimental validation studies. Moreover, we
have demonstrated the efficacy of simple, model-free closed-loop controllers to position
the arm tip with speed and accuracy.

A noteworthy finding to emerge from our studies is that thanks to the durability
of the silicone employed, a carefully fabricated mechanism without air leaks allows the
arm to hold any given shape indefinitely, provided external forces do not change. Even
while resisting varying external forces, this enables the arm to perform consistently in any
orientation and maintain its functionality.

It is noted that the conventional casting methods used to fabricate our prototypes
are quite involved and are prone to inconsistencies, primarily due to the multi-step pro-
cess required to accommodate the arm’s complex morphology. To address this issue, one
promising alternative is the use of multi-material 3d printing technologies, which could
enable the creation of the entire arm in a single, streamlined stage. This would not only
eliminate inconsistencies in the arm’s soft materials but also allow for the seamless inte-
gration of pneumatic circuits and other functional components directly into the structure.
Such advancements could significantly enhance the arm’s precision, durability, and overall
controllability while also reducing production time and effort.

While the foundation for the creation of a functional pneumatic arm has been es-
tablished in this study, there are still considerable challenges that need to be addressed,
opening up new and interesting research directions. One priority is the integration of em-
bedded sensors to measure the arm’s movements directly. For instance, flex sensors could
be incorporated into the inner and outer surfaces of the arm, enabling precise deformation
measurements at known locations. Such data would allow the development of real-time
pose estimation models, eliminating the need for external tracking systems and greatly
improving the control, precision, and application scope of the arm.

Exploring alternative chamber shapes and placements is another promising avenue
to expand the variety of achievable motion patterns. Adjustments to the configuration of
linear and helical chambers could enhance dexterity and efficiency. Additionally, experi-
menting with different actuation fluids, such as water or oil, could reveal how these fluids
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affect the arm’s performance, particularly in terms of force output, responsiveness, and
environmental suitability.

Miniaturization of the arm holds substantial potential, particularly for medical appli-
cations. A smaller arm would reduce resource demands while maintaining functionality.
Scaling down components, including solenoid valves and air compressors, could enable
the creation of a soft robotic arm small enough for laparoscopic procedures. Its compliance
and soft materials would provide a safer alternative for interacting with delicate tissues,
reducing the risk of damage during surgical operations.

Conversely, a scaled-up version of the arm could be explored for applications requiring
safe, dexterous manipulation of larger objects, e.g., in manufacturing, where it could
handle delicate assembly tasks; in agriculture, for gentle crop harvesting; or in challenging
environments like disaster zones, where its flexibility could aid in search-and-rescue
missions. Moreover, the arm’s compliance and adaptability could make it valuable for
space exploration, where soft robotic systems are particularly advantageous for interacting
with fragile equipment or unpredictable environments.
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Abstract: Soft robots are gaining increasing attention in current robotics research due to their contin-
uum structure. However, accurately recognizing and reproducing the shape of such continuum robots
remains a challenge. In this paper, we propose a novel approach that combines contour extraction
with camera reconstruction to obtain shape features. Neural networks are employed to model the
relationship between motor inputs and the resulting shape output. A simulation environment is
established to verify the shape estimation and shape control of the flexible continuum. The outcomes
demonstrate that this approach effectively predicts and reproduces the shape of flexible continuum
robots, providing a promising solution for continuum shape control.

Keywords: continuum object; shape analysis; shape control; neural networks

1. Introduction

Small tubular surgical instruments are widely used in minimally invasive surgery.
The surgeon manipulates these instruments using images provided by the endoscope to
perform the procedure. Different from conventional rigid robots, flexible instruments
introduce redundant degrees of freedom, making it more difficult to calculate their position.
This complicates real-time shape perception and accurate three-dimensional (3D) modeling.
Precise shape perception of the robot is critical in surgery, as it provides the surgeon with
information that cannot be obtained visually.

Various flexible continuum robots have been developed to perform complex tasks
in robot-assisted minimally invasive procedures [1]. According to [1], these continuum
robots can be categorized into several types, including cable-driven robots [2,3], concentric
tubular robots [4,5], catheters [6,7], soft robots [8,9], flexible needles [10,11], fluid-operated
robots [12,13], and shape memory alloy manipulators [14,15]. Creating a kinematic model
of these flexible structures in 3D space enables real-time shape perception of these instru-
ments. Arata et al. presented a four-degree-of-freedom flexible robotic arm in [16]. This
robotic arm demonstrates high accuracy and repeatability, distinguishing it from previous
designs. The authors successfully modeled its kinematics and verified its performance
through elastodynamic methods. Subsequently, in [17], Camarillo and Loewke introduced
a vision-based method for real-time 3D shape perception of flexible robots. Their method
uses sampling point measurements to improve the precision of 3D shape estimation, con-
trasting with sensor-based methods commonly used in traditional rigid robotic arms.
The correctness of their results was verified through experiments under open-loop control.
Loutfi et al. evaluated the performance of four different learning models for the forward
kinematics of multi-segment continuous manipulators within the framework of forward
kinematics, drawing conclusions for various scenarios in [18].

Recently, a neural network-based method has been presented to solve the forward
and inverse kinematics issue, accounting for non-negligible mass and elasticity in [19].
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Simulation experiments were performed in a redundant constraint plane and a mini-
mum constraint space to compare their method with conventional approaches. In [20],
Godage et al. developed a kinematic model for a multi-segment continuous arm based on
mode shape functions (MSF). They successfully applied modal approximation techniques
to create a new kinematic model for a generalized variable-expansion, multi-segment
continuum robot arm. It illustrates the model’s capability to simulate both spatial bending
and straight-arm motions, introducing inverse kinematics for multi-segment continuum
systems. An approach for reconstructing the 3D shape of minimally invasive surgical
devices has been introduced to enhance the navigation of interventional tools in [21]. Their
method integrates physics-based simulation with a nonlinear Bayesian filter, where the
physics-based model predicts the shape, and the filter uses external image features to refine
the navigation model.

In [22], an actor-critic design has been presented to address tracking control chal-
lenges in jointed robots with uncertainties. Neural networks were utilized to handle
uncertainty, allowing for the approximation of motion control in these elastic systems.
In [23], an approach for tracking and shape reconstruction of wire-driven flexible robots
has been designed. Their approach utilizes a third-order Bessel curve-based algorithm,
which reconstructs the robot’s shape using position and orientation data acquired from
an electromagnetic sensor. The method demonstrated excellent tracking performance and
high accuracy in shape reconstruction. Zou et al. proposed an algorithm for 3D shape
reconstruction of soft robotic arms based on neural networks in [24]. Their method employs
a deep neural network (DNN) to correct the continuum robot’s kinematics through precise
visual estimation. The performance of the trained DNN was evaluated on both test sets
and real-time bending deformation experiments. The results demonstrated that the DNN
can accurately and stably learn the 3D shape of the robotic arm. Recently, an approach
utilizing soft e-textile resistive sensors was proposed in [25], offering seamless integration
with the robot’s structure. A deep Convolutional Neural Network (CNN) is employed
to decode sensor signals, enabling precise shape estimation and control. Unlike the no-
table results achieved with e-textile sensors in [25], this work focuses on control based on
visual feedback.

In this paper, we adopt a neural network-based kinematic modeling approach for
shape estimation. First, the flexible continuum’s centerline is extracted from the camera
using a contour extraction algorithm. The 3D coordinates of this centerline are then
reconstructed using a binocular camera system. These coordinates provide a dataset that
describes essential shape information, which is used to train two neural networks. Finally,
these networks are trained to accurately estimate and control the shape of the robotic arm.

The remainder of this paper is organized as follows. Section 2 introduces the edge
centerline extraction (ECE) algorithm. In Section 3, neural networks are applied to model
the input-output relationship of the instrument. Simulation and experimental results are
presented in Section 4. Finally, Section 5 offers conclusions based on the findings.

2. ECE Algorithm
2.1. Pre-Process Image

First, color thresholding segmentation is performed in the HSV color space, employing
color information to eliminate irrelevant objects quickly. Next, a joint bilateral filter is
applied to eliminate residual noise, ensuring the retention of critical contour edge details.
Following this, the Canny operator is employed to extract image contours, producing a
binarized contour map and identifying all contour point coordinates.

2.2. Self-Organizing Map Algorithm for Contour Centerline Extraction

Self-organizing map (SOM) is a neural network model based on unsupervised learning.
It is particularly useful for generating a low-dimensional, discrete map by learning from
input data, making it a form of dimensionality reduction. Unlike traditional neural net-
works that rely on backpropagation to minimize loss functions, SOMs employ competitive
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learning, where neurons compete to adjust their weights. This approach helps maintain
the topology of the input space by using a nearest-neighbor function, as illustrated in
Algorithm 1.

Algorithm 1 ECE Algorithm

Function: Centerline Extraction (Image, Contour Point)
Initialize SOM
Fork=0,1,2,...,T
Select a contour point D(t) randomly
Identify the distance in the SOM D(f) nearest neuron v. Denote it by u
For all neurons in the SOM
Update weights using (1)
End
End
Extract neuron weights W as centroids
Output W.

The SOM architecture consists of two layers: the input layer and the output layer.
The number of neurons in the input layer is determined by the dimensionality of the input
vector. In this case, because the input features consist of pixel coordinates (x,y), the input
layer is represented in two dimensions. The output layer, or competitive layer, can be either
one-dimensional or two-dimensional. A one-dimensional structure forms a line, while
a two-dimensional structure creates a grid. For this task, where the goal is to extract a
centerline contour (a line), we adopt a one-dimensional structure with 10 neurons to fit the
centerline [26,27]:

Wa(k +1) = Wy (k) + 60 (u, v, k)a(k)(D(t) — Wu(k)) )

where k is the step index, v is the index of the node. The weights of the node at position
u are represented as Wy, (k + 1) at the next training step and W,, (k) at the current training
step. 0(u, v, k) is the neighborhood function, with a bubble function applied in this case.
The learning rate a(k) is given by:

w(k) = @)
T

Here, Ir is the learning rate and T is half of the total training time. D(t) is a target input
data vector.

2.3. Curve Fitting

After training the network, keypoints are extracted to aid in reconstructing the cen-
terline shape. These keypoints are used to generate a smooth curve through interpolation
or fitting techniques. In control theory, the curves generated by PID controllers tend to be
smoother. By adjusting the damping ratios, we can achieve different curve effects, which
we applied to the spline curves. A two-dimensional PID controller is employed, where
the coordinates of the keypoints serve as the control objects, and the positions of the pixel
points act as the inputs. A time axis is introduced to describe the states of the points over
time. The spline curve is then constructed by projecting the points across all time steps
onto the image.

Starting from the initial state defined by the first keypoint, a reference input is gener-
ated by interpolating between the first and second keypoints using time-based weighting.
As the control point moves closer to the second keypoint or reaches the threshold time,
interpolation shifts to the second and third keypoints to produce the next reference input.
This process repeats iteratively until the control point approaches the final keypoint or the
threshold time limit is reached. By mapping the control points at each time step onto the
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image, the resulting spline curve is obtained. The results of centerline extraction and spline
curve fitting for six different bending states are presented in Figure 1.
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Figure 1. Centerline extraction and spline curve fitting results. The green circles are the extracted
center points of the robot.

2.4. 3D Reconstruction Using a Binocular Camera

Since depth information is not directly available, we utilize binocular camera matching
to determine the 3D coordinates. This is achieved by applying the ray intersection algo-
rithm, using the intrinsic camera parameters and the corresponding centroids identified
in the two images. The centroid’s world coordinates are calculated through the following
transformation:

Twortd = Team + Qcam X Peam- 3)

Here, Ty, represents the centroid’s coordinates in the world coordinate system (WCS).
Team denotes the position of the camera focal point’s position in WCS, Qg is the matrix
that represents the camera’s orientation in WCS, and P, represents the coordinates of
the centroid in the camera coordinate system. Mapping the irradiance of robots in space
onto the corresponding pixels on the screen, using the perspective transformation matrix,
we can project the vertex positions of each triangle in the model onto their corresponding
positions on the camera screen, simulating the process of a binocular camera capturing
an image.

3. Neural Networks

Using contour centerline extraction and 3D reconstruction with binocular cameras, we
obtain spatial data on the instrument’s tip shape under various motor inputs. To achieve
a functional mapping between the complete set of motor inputs and the corresponding
instrument shapes, we develop a model. Given the intricate nature of this input-output
relationship, influenced by numerous factors, traditional modeling approaches prove
insufficient. Neural networks, known for their strong generalization capabilities and
ability to fit complex functions, provide a more effective solution [28-30]. In this paper,
we train a neural network on a data subset to effectively model the surgical instrument’s
input-output dynamics.
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3.1. The Selection of Neural Networks

We utilize two neural network models for different tasks: one to interpret the in-
strument’s shape based on the current motor input and another to regulate the shape by
modifying the motor input to achieve a desired shape.

The first network, referred to as the encoder, takes the motor input as its input and
outputs a mathematical representation of the instrument’s shape. This network consists of
6 layers with 32 neurons in each hidden layer. The hidden layers use the ELU activation
function, and linear activation function is applied to the output layer. Key hyperparameters
include a seed value of 1234, a batch size of 4, a learning rate of 0.001, and a total of
500,000 training iterations. The second network, referred to as the decoder, takes as input a
mathematical representation of the instrument’s shape and outputs the motor input. This
network consists of six layers, with a hidden layer size of 96 neurons. The ELU activation
function is used in the hidden layers, and linear activation function is applied to the output
layer. The model is trained using a seed value of 1234, a batch size of 4, a learning rate of
0.001, and for 500,000 iterations.

3.2. Process Dataset

An essential factor in training a neural network is the quality of the dataset provided.
A well-prepared dataset is important for reducing data coupling, preserving key features,
and optimizing the network’s training process.

Data Preprocessing. Once the shape recognition algorithm identifies the centerline of
the instrument, appropriate mathematical transformations can be applied, followed by
feature extraction from the raw data. To decouple the data as much as possible, algorithms
should be designed to reduce its dimensionality, enhancing the overall efficiency of the
data. The relative positions between joints are inherently coupled, meaning that a shift
in a parent joint affects its child. However, the relative postures between joints remain
independent of one another. To capture this information, we use quaternions to extract
and store relative posture data for each joint. We first connect the origin of the coordinate
system to the root node to establish the initial vector, and then iteratively connect the center
points from the root node to the end node, forming the remaining N — 1 vectors. Using a
forward kinematics algorithm, we can derive the relationship between the equipment’s
posture and its relative position and posture, leading to the following equation:

Tenita — Tparent = Qparentpoffset 4)

Renita = Qavent Qeitd ©)

where T4 is the world coordinate of the child joint, Tyarent is the world coordinate of the
parent joint, mem is the absolute pose of the parent joint, Q.14 is the absolute pose of the
child joint, Pyfs.t is the difference between the initial world coordinates of the child joint
and the parent joint, and Ry, is the relative pose of the child joint and the parent joint.

Physically, this relationship represents the rotation of the child joint around the parent
joint, encompassing three degrees of freedom. This can be further broken down into two
components: a two-degree-of-freedom rotation, which transitions the current direction
vector to the target direction vector (referred to as rotational) [31], and a one-degree-of-
freedom spin around the final direction vector (referred to as orientational). While rotation
influences both the position and orientation of the child joint, orientation affects only the
joint’s posture.

After obtaining the center point coordinates, we acquire the position data for all joints.
The joint and its associated posture in three different bending states are shown in Figure 2.
However, we still lack the pose information necessary to determine the relative orientations
of these joints accurately. Since each joint’s movement is constrained, the three rotational
degrees of freedom are effectively reduced to two, focusing solely on rotational components.
As shown in (4), there is a defined mathematical relationship between the current coordinate
difference (i.e., vector) between parent and child joints, the initial coordinate difference,
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and the absolute pose of the parent joint. Given that only rotational components are
involved, the pose can be treated as a rotational transformation. The rotation axis is derived
from the cross product of the two vectors, while the dot product yields the rotation angle.
We then use the axis-angle relationship to convert this information into a quaternion pose
representation. From (5), we can derive the relative orientations of each joint from their
absolute orientations, which are represented and computed using quaternion algorithms.

Figure 2. Joint and its associated posture in three different bending states.

Data normalization. Prior to inputting data into the network, it should be normalized
by adjusting its mean to 0 and standard deviation to 1. This is done by calculating the
overall mean and standard deviation of the dataset, then subtracting the mean from each
data point and dividing by the standard deviation.

Data regularization. To mitigate overfitting, we introduce noise into the data, with its
range determined by the standard deviation of the input data. While this added noise
enhances the network’s generalization capability, excessive noise can hinder convergence.

Once the network is trained, the output data are scaled back to its original form by
multiplying by the standard deviation and adding the mean.

4. Simulation Environment Construction and Experiments

Before conducting physical tests, we verify the algorithm’s feasibility in a simulation
environment. This approach, implemented on a computer, minimizes reliance on physical
setups and streamlines the testing process. The simulation environment is a simplified
representation of the physical world, reducing noise and creating near-ideal conditions.
Once the algorithm performs successfully in this virtual setting, it can then be considered
for implementation in the physical environment.

4.1. Skeletal Animation Environment

In computer graphics, geometric models are typically depicted as surfaces composed
of multiple triangles. These triangles store essential information, such as vertex coordinates,
normals, and other attributes that define the geometry’s surface characteristics.

The model’s motion is defined by the movement of its vertices, which are bound to a
rigid skeleton structure. The root of the skeleton has properties that include spatial position
and orientation, while the rest of the skeleton is defined by the relative position and rotation
of each segment compared to its parent segment. The relative positions are described by
three-dimensional vectors, while orientations and rotations are expressed using quaternions.
The motion of the skeleton is governed by forward kinematics, allowing for the iterative
calculation of the spatial position and orientation of each skeletal segment. Vertices are
connected to bones and move according to the bones’ transformations. If a vertex is
influenced by multiple bones, its motion is determined through weighted interpolation of
the transformations from each bone.

To begin, a cylinder model is constructed, with multiple sequentially bound bones.
Each node on the cylinder is assigned a weight according to their influence by the bones,
and their behavior is tested across various angles. For smooth deformation of the flexible
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structure, weights should be assigned to each vertex appropriately. However, manual
weight adjustment becomes impractical due to the large number of vertices. Therefore,
we develop an automated algorithm specifically for weight assignment in the flexible
body model.

1. Compute the distances from each vertex to all skeletal root nodes and arrange them
in ascending order based on proximity.

2. For each vertex, identify the four closest skeletal root nodes and identify their corre-
sponding parent joints. Compute the projection of the vector from the parent joint to
the vertex onto the vector from the parent joint to its child. Then, find the ratio of this
projection to the relative distance between the parent and child nodes.

3. Derive the influence weight of each vertex based on the calculated vector ratio with
respect to the parent joint.

4. Scale the four weights simultaneously to ensure that their total equals 1.

(x—0.5)2
fy =4 ¢ 5,05 ©)
e” 05 (x <0.5).

4.2. Image Acquisition

The model of the instrument is loaded into the rendering environment, where camera
settings, lighting, and other parameters are configured before initiating the rendering
process. The obtained image is shown in Figure 3.

We simulate motor inputs using a controller’s two joysticks, with each joystick’s
X and Y axes representing the inputs for separate motors. This setup enables control
of four motors, simulating the deformation of the flexible continuum. The inputs from
the controller influence the posture of multiple joints through pre-defined functional
relationships, accurately modeling the continuum’s behavior.

Figure 3. Rendered image of the instrument model.

Once extraction is complete, a binocular 3D reconstruction algorithm is applied to
the center points, yielding the 3D spatial coordinates. After generating substantial raw
data using the shape recognition algorithm within the renderer, the datasets are processed
according to the method described in Section 3.2 and stored as binary files. These datasets
are subsequently used to train both the encoder and decoder networks, following the
network parameters outlined in Section 3.1.
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4.3. Network Training Variance

We performed multiple rounds of network training on the dataset, adjusting the level
of noise introduced in each round to develop a stable encoder-decoder model. The results
of the training process are presented in Figure 4, where the blue line represents the actual
values and the yellow line indicates the fitted values. The figure demonstrates that the
neural network effectively captures and fits the complex structures within the data.

Before verifying the model in the simulation environment, we evaluate its performance
by calculating the mean square error (MSE) using the verification set. The network’s
behavior under various noise inputs is summarized in Table 1.

Table 1. MSE and actual variance of neural networks across various noise levels during training.

Noise Network Name MSE Variance
0.1 encoder 0.28037 0.28059
0.33 encoder 0.30727 0.29850
0.5 encoder 0.32699 0.30925
1.0 encoder 0.35881 0.34083
0.1 decoder 0.35031 0.49787
0.33 decoder 0.41572 0.52816
0.5 decoder 0.45248 0.52723
1.0 decoder 0.42029 0.52670

For a comprehensive evaluation, we selected an encoder with a noise level of 0.25 and
a decoder with a noise level of 1.0 for participation in the following experiments.
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Figure 4. Example of Neural Network Fitting Results: (a) Motor Input Fitting: The horizontal axis
represents sampling time, while the vertical axis represents input values. The four motor inputs are
shown from top to bottom, with yellow indicating actual values and blue indicating fitted values.
(b) Joint Pose Fitting (Quaternion): The horizontal axis denotes sampling time, and the vertical axis
indicates component size. From top to bottom, the components of the quaternion (x, y, z, w) are
displayed, with yellow representing actual values and blue representing fitted values.

4.4. Result Analysis

After completing the network training, we integrated it into the simulation model for
verification. To verify the performance of the shape recognition algorithm and assess the
quality of the network training, we separately evaluated the encoder and decoder networks.

First, we validated the encoder network by confirming that it can directly compute
the corresponding shape output from motor inputs, effectively achieving shape estima-
tion analogous to solving forward kinematics. By manipulating the control handle, we
influenced the relative positions of the joints based on the functional relationships defined
in the simulation model, inducing deformations in the flexible continuum and obtaining
the actual shape output. Simultaneously, the encoder network processed the input signal
to calculate the joints” relative positions, which were then mapped onto the bone joints
to generate the simulation output. As illustrated in Figure 5, the left side represents the
shape output from the simulation model, while the right side shows the shape predicted by
the encoder network. Overall, the predicted shape closely approximates the actual shape,
though certain errors are observed in the bending of certain joints. Notably, the prediction
error increases when the instrument shape features a high degree of curvature.

To rigorously assess the prediction accuracy, we calculated the average joint deviation
between the predicted results and the actual results in the validation dataset. As illustrated
in Figure 6, the horizontal axis represents the sampling time, while the vertical axis shows
the average joint deviation at each time step. The results demonstrate a strong correlation
between the predicted outcome and the input signal, although the model’s performance
degrades when predicting highly bent shapes.
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Figure 5. Shape Prediction Results of 8 Bending States: The left side (a1-h1) displays the actual shape,
while the right side (a2-h2) presents the shape predicted by the network.

07

Figure 6. The average joint deviation for Validation Dataset 1 and Validation Dataset 2. The horizontal
axis represents the sampling time points, while the vertical axis indicates the corresponding average
joint deviation. The lines in different colors represent the network results under various noise
training conditions.

Next, we validate the decoder network to confirm its ability to calculate appropriate
motor inputs from shape information, effectively addressing an inverse kinematics problem.
Given a specific target shape, the decoder generates corresponding handle input data, which
is applied to a mathematical model to simulate the instrument’s shape. The simulated
shape is then compared to the target shape to evaluate accuracy. The results are illustrated
in Figure 7, where the left panel displays the target shape and the right panel shows
the shape produced using motor inputs generated by the decoder and controlled via the
simulation model. To validate the effectiveness of shape control, we calculate the mean
joint position error over a certain sampling time, and the results are shown in Figure 8.
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Figure 7. Shape control results with the actual shape displayed on the left and the reconstructed
shape control results shown on the right.
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Figure 8. The shape control joint deviation curve.

During testing, we observed that the shape control algorithm performs more effectively
under non-extreme bending conditions. To quantify this, we calculated the average joint
position error over a specified sampling period, as shown in Figure 9. The horizontal axis
represents the sampling time, and the vertical axis indicates the average joint deviation
between the two shapes at each time point.

From Figures 7 and 9, we infer that the decoder network efficiently translates shape
data into appropriate motor inputs for devices with geometries similar to those in the
dataset, enabling accurate shape control.

To further evaluate the effectiveness of this shape control, we conducted two sets
of experiments. In the first set, the method in [31] was used to directly manipulate the
joints of flexible objects, guiding them to the desired positions in a simulation environment.
The shape and orientation of these objects were then fed into the network, which generated
motor inputs to control the flexible object. We compared the joint positions obtained using
the method in [31] with those achieved by the network, as shown in Figure 10.

In the second set of experiments, we focused on reconstructing flexible objects in a
real-world environment. Utilizing a binocular camera, we captured the shape of the flexible
object and reconstructed the 3D coordinates of key points based on the camera’s position
and orientation. These coordinates were then used to compute the object’s shape, which
was input into the decoder network to generate the corresponding analog handle inputs.
The reconstruction was finalized through a simulation-based mathematical model.
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Error(mm)

Figure 9. The average joint deviation for Validation Dataset 1 and Validation Dataset 2. The horizontal
axis represents the sampling time points, while the vertical axis indicates the corresponding average
joint deviation. The lines in different colors represent the network results under various noise
training conditions.

Figure 10. Cont.
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Figure 10. The results from the method in [31] are compared with our reconstruction. The red
square represents the expected position of the object’s end joint, while the blue square represents the
expected position of the object’s middle joint. On the left, we show the outcome using the method
from [31] to control the joints of the flexible object, and on the right, we present the result after the
network resolves the left posture.

As shown in Figure 11, the shape recognition and control algorithm successfully met
its initial objectives. For a given instrument shape, we decoded the necessary motor inputs
through the decoder network. By using these inputs, we can control the flexible surgical
instrument to achieve the desired shape. In this manner, the decoder network enabled
precise shape control of the flexible continuum.
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Figure 11. Real-world Shape Control Results: The shape of the flexible device in the real-world environ-
ment is replicated in a simulated environment, with its form controlled by a network-driven system.

5. Conclusions

This study introduces a neural network designed to tackle the challenge of end shape
control for flexible surgical instruments, focusing on two key aspects: perception and
control. The training data are derived from a specially developed simulation environment,
with significant features identified through a shape recognition algorithm. To assess its
effectiveness, the neural network is tested in practical applications, showcasing the potential
of learning-based approaches for managing the shape of flexible surgical tools.

Our shape recognition algorithm performs effectively in cases involving slight to mod-
erate instrument bending and is also capable of addressing more severe bending situations.
By utilizing a trained encoder network, motor inputs are translated into shape outputs,
ensuring precise shape estimation within the range of the training dataset. In addition,
the network’s predictions provide valuable insights for input data beyond the training set.
The decoder network, in turn, derives the motor inputs from the shape output, enabling
precise control over the instrument’s shape. When the instrument’s shape deviates only
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slightly from the training data, the network successfully controls the device to achieve the
desired shape.

In extreme bending scenarios, shape recognition becomes particularly challenging
due to the significant deformations objects undergo. Ultilizing topological invariants
and curvature analysis may help preserve recognition accuracy, though this approach
lies beyond the scope of the current paper and represents an avenue for future research.
In addition, integrating data from multiple sensors—such as visual, haptic, or 3D scanning
technologies—can improve shape recognition and will be a key focus of our future work.
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Abstract: Untethered magnetic soft robots show great potential for biomedical and small-scale
micromanipulation applications due to their high flexibility and ability to cause minimal damage.
However, most current research on these robots focuses on marine and reptilian biomimicry, which
limits their ability to move in unstructured environments. In this work, we design a quadruped soft
robot with a magnetic top cover and a specific magnetization angle, drawing inspiration from the
common locomotion patterns of quadrupeds in nature and integrating our unique actuation principle.
It can crawl and tumble and, by adjusting the magnetic field parameters, it adapts its locomotion
to environmental conditions, enabling it to cross obstacles and perform remote transportation and
release of cargo.

Keywords: quadruped soft robot; magnetically driven; multimodal motion; targeted drug delivery

1. Introduction

As medical standards advance and technology progresses, biomedicine is increasingly
moving towards standardized procedures and targeted drug delivery [1,2]. In this context,
soft robots exhibit significant potential due to their compact size, flexible manipulation,
and programmable operation [3,4]. Because of their reduced size, soft robots are usually
powered by external energy sources, such as magnetic, ultrasonic, electric, optical, or
chemical fields [5-9]. Magnetic soft robots have been widely studied because the low-
intensity magnetic fields used to drive them are harmless to biological cells and tissues and
they offer programmable manipulation capabilities [2,10].

In terms of a single structure, current magnetic soft robots are mainly divided into
two categories: continuum and untethered soft robots. Compared to continuum struc-
tures, untethered magnetic soft robots show higher flexibility in terms of maneuvering and
workspace. Moreover, the untethered design allows for truly noninvasive treatments to a
certain extent [2,11]. Zhao et al. proposed a magnetic robot kinematics mechanism based
on magnetic moment-induced asymmetric friction effects, which enables a bipedal robot
to maneuver flexibly at a speed of 25.33 BL/s fine in advance and to achieve a loading
capacity of up to four times its own weight [12]. Du et al. designed a magnetic fish-shaped
microrobot with a multifunctional tail, which is highly adaptable to avoid obstacles, as well
as pass through a 45 um wide channel, and morph and change colors in a complex environ-
ment with a height of 2 mm [13]. Hu et al. designed millimeter-scale magnetic microrobots
with multiple motion modes that can roll, jump, swim, crawl, and transport goods two
times their own weight under the manipulation of an externally programmed magnetic
field [14]. Soon et al. designed a double-layer soft robot with programmable deformation
inspired by the pangolin, which was able to achieve >70 °C heating at a distance of >5 cm
in <30 s. It proved to be effective in cargo release, in situ demagnetization, thermotherapy,
and hemostasis experiments on isolated tissues [15]. Although the aforementioned footless
or biped designs present excellent multimodal locomotion in unstructured environments,
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developing a magnetically driven quadruped soft robot that walks like quadrupeds still
faces many challenges [16,17]. In microrobotics, quadruped structures offer more stable
support and locomotion for soft robots, enhancing both their operational accuracy and
their ability to avoid obstacles and adapt to various environments [18,19]. Therefore, it is
important to study the design of magnetic quadruped soft robots with strong locomotion
and operational capabilities for their potential biomedical applications.

In this work, we present a bionic magnetic quadruped soft robot for intestinal-targeted
drug delivery (Figure 1). This robot consists of a magnetic top cover and four flexible
feet, each with specific magnetization directions. Its magnetic responsiveness is derived
from N52 NdFeB magnetic particles, and it possesses two modes of motion, crawling
and tumbling, under the manipulation of a programmed magnetic field. Moreover, the
combination of these two motion modes enables the transportation and release of cargo
to a specified location. In addition, we analyzed the motion principle and motion model
of the quadruped structure and verified the motion characteristics of its two motion
modes, its ability to cross obstacles, and its ability to transport and release cargo through
experiments. The theoretical analysis and experimental results show that our magnetically
driven quadruped soft robot has multi-modal motion capability, which provides a typical
case for the design and research of magnetic quadruped microrobots. Moreover, the
excellent motion characteristics and manipulation operation capability are expected to be
applied to targeted drug delivery.

Targeted drug delivery for the intestinal tract

Tumbling ,- N, =
¢

£ Q
N, -
4 S S -
Crawling
Y s . % B ~ r -8
P N / N v \ - 7 / QN

Figure 1. Schematic representation of the two motion modes and targeted drug delivery of a
magnetically driven quadruped soft robot.

2. Material and Methods
2.1. Design and Fabrication of Magnetically Driven Quadruped Soft Robot

Inspired by the way crabs move in nature, we designed a magnetically driven quadruped
soft robot that mimics the movement of crabs. This robot consists of a magnetic top cover
and four feet, each with specific magnetization directions. Both the top cover and the feet
are composed of polydimethylsiloxane (PDMS) and N52 NdFeB magnetic particles. First,
the PDMS colloid was formulated according to the ratio (A:B: 10:1), and the molds of the
top cover and the feet were prepared using a high-precision 3D printer (Figure 2A). The A
and B formulations of PDMS before mixing and curing are clear fluids. After homogeneous
mixing, the PDMS prepolymer remains a clear solution with a viscosity of 4000 at 25 °C room
temperature. Next, the N52 magnetic particles were placed in the designated positions in the
mold and poured into the formulated PDMS colloid for heating and curing. Modally stable
PDMS flakes were obtained after curing at 80 °C ambient for 1 h or at 100 °C ambient for
30 min. The position height of the magnetic pellet was slightly adjusted during the curing
process so that it was completely encapsulated by the PDMS. At this stage, the sheet exhibited
a hardness of 50 Shore A, a tensile strength of 7 MPa, and an elongation at break of 140%.
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After curing and cooling to room temperature, the flexible hydrogel of the top cover and
foot were carefully detached from the mold. According to the designed dimensions of the
mold, the magnetic top cover was prepared with a length of 18 mm, a width of 8 mm, and
a thickness of 0.9 mm. The four magnetic feet were prepared with the same dimensions,
specifically with a length of 11 mm, a width of 4 mm, and a thickness of 0.9 mm. In addition,
the N52 magnetic particles for the top cover were cylindrical, with a diameter of 4 mm and a
thickness of 0.5 mm. For the feet, the N52 magnetic particles were also cylindrical but with a
diameter of 2 mm and a thickness of 0.5 mm. As shown in Figure 2B, the four flexible feet
were arranged with a specific magnetization direction, ensuring that each foot was positioned
at a 45° angle relative to the top cover and the magnetic particles were oriented in different
directions. The feet were then bonded to the top cover using PDMS.
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Figure 2. Preparation and assembly of magnetic quadruped soft robot. (A) Preparation of magnetic
quadruped soft robot. (B) Assembly of magnetic quadruped soft robot.

2.2. Magnetic Field Properties and Magnetic Drive Bending Model

Compared to NdFeB and Fe;04 magnetic powders, N52 NdFeB magnetic particles
have a stronger magnetic field response. The magnetic particles used in this study were
purchased from Shenzhen Lala Magnetic Materials Development Co., Ltd., Shenzhen,
China. They were measured using a vibrating sample magnetometer (VSM) and the
obtained material data were processed, as shown in Figure 3A. The N52 grains we used
have a remanent magnetization (Mr) of 182 emu/g and a coercivity (Ms) of 209 emu/g. The
grains have excellent remanent magnetization and coercivity, enabling them to generate
a strong driving torque in response to manipulation by a uniformly strong magnetic
field. In addition, we used a programmable and highly maneuverable 3D Helmholtz coil
electromagnetic field as an electromagnetic navigation system (ENS). In the uniformly
strong field generated by the electromagnetic coil, the deformation of the magnetic top
cover and foot was driven by torque to achieve ordered motion. Figure 3B,C illustrate
the magnetic field distribution during the operation of the ENS. The simulations across
multiple sections and work planes reveal that the magnetic field is uniformly distributed in
the three-dimensional operation space along a certain direction. Moreover, by adjusting the
current signal of the coil, it is possible to establish a uniform magnetic field in any direction
in space.

The specifically assembled robot exhibits different deformations of the joints in each
magnetization direction in response to manipulation by the ENS. However, since the two
legs on the same side have the same magnetization direction, their deformations when
facing the same homogeneous magnetic field are also the same. As shown in Figure 3D,
when the ENS is off, the assembled robot relies on the support of the quadruped to maintain
a smooth attitude. When the ENS is turned on and provides a uniformly strong field to the
left, the top cover, the left two feet, and the right two feet deform as shown in Figure 3D.
This deformation results from the coupling of the magnetic moment and the deformation
between the constituent structures. Based on such ordered deformation characteristics, we
can program the direction and magnitude of the magnetic field in the ENS to manipulate
the motion of the robot.
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Figure 3. Material parameters and magnetic field properties and magnetically actuated deformation of
magnetic quadruped soft robot. (A) Material parameters of N52 NdFeB magnetic particles. (B) Simulation
of ENS in COMSOL with multi-cut magnetic field distribution. (C) Simulation of ENS in COMSOL with
magnetic field distribution in the work plane. (D) Deformation effect of the robot in response to ENS actuation.

2.3. Two Motion Modes for Magnetically Driven Quadruped Soft Robot

Here, we manipulated the robot using two different signals of the drive field to
realize two motion modes, tumbling and crawling. As shown in Figure 4A(a), the current
signal for manipulating the robot’s tumbling motion consists of triangular waves on the
X-axis and Z-axis. Through superposition, a uniform magnetic field of varying size and
direction is generated in the ENS operation space. The tumbling motion occurring in
the robot driven by this uniform field can be decomposed into five deformation steps
as described in M)-®). The deformation steps correspond to the signal diagrams. First,
in the M- process, the magnetic field in the XZ plane, angled diagonally downward,
causes the left and right quadrupeds to extend outward, and the robot’s overall attitude
is downward. Then, in the @—@ process, the magnetic field direction is reversed and
gradually intensified, causing the robot to undergo tumbling deformation. Next, in the
(®-® process, the magnetic moment gradually decreases and, in the coupling with gravity,
the top cover of the robot gradually makes contact with the support plane. Finally, in the
®—(® process, the magnetic field direction is again reversed and gradually intensified,
completing the tumbling deformation and restoring the initial attitude under the dual
response of the feet and the top cover. Figure 4B illustrates the deformation process of
the robot, showing how it undergoes tumbling motion as manipulated by this signal in
the experiment. Based on different motion postures, the manipulated deformation of the
tumbling motion is realized by adjusting the size and direction of the magnetic field in the
operation space. Moreover, the observed physical deformations are consistent with our
theoretical analysis that the tumbling process of magnetic quadruped microrobots includes
four steps of attitude downward pressure, lateral tumbling, and back to the correct attitude.
In addition, subsequent experiments verified that its motion characteristics can be adjusted
by changing the magnetic field strength and frequency. In addition to tumbling motion,
the robot can also be manipulated to perform a crawling motion by adjusting the drive
signal. As shown in Figure 4A(b), a single X-axis drive signal drives the robot to mimic the
crawling motion of a crab. As with the tumbling motion, the top cover and quadruped are
magnetically bent and deformed during crawling. It should be noted that the magnetic
field strength is reduced by adjusting the size of the input current, so that the top cover
responds with less deformation, which is insufficient to induce a tumbling motion. At this
time, the top cover exhibits the deformation characteristic of lifting up at a small angle
under the drive of the ENS. Additionally, coupled with the bending deformation of the four
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feet, different deformations of the left and right feet are realized by decreasing or increasing
the support force of the feet. By combining these motion features and programming the
control signals, a crab-like crawling motion is realized. First, the left side of the top cover is
lifted to promote the contraction of the left two feet while inhibiting the movement of the
right two feet. Then, the magnetic field is reversed and the right side of the top cover is
lifted to promote the extension of the right two feet and inhibit the movement of the left
two feet. By repeating the above deformation processes and combining them, an effective
movement similar to crab crawling is realized. Again, we verified this analysis in our
experiments. As shown in Figure 4C, the deformation effects of the feet and the top cover
during the crawling motion in the experiment are basically consistent with our analysis.
Based on different motion postures, the manipulation of the crawling motion is realized
by adjusting the size and direction of the magnetic field in the operation space. And the
observed physical deformation is consistent with our theoretical analysis that the magnetic
quadruped microrobots’ crawling process includes four steps of posture down, alternating
unilateral warping, and returning to the correct posture. We also explored how variations
in magnetic field strength and frequency affect the crawling motion characteristics in
subsequent experiments.
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Figure 4. Manipulation of two motion modes. (A) Manipulation signal and motion decomposition
diagrams for two motion modes, (a) tumbling and (b) crawling. (B) Experimental screenshot of
tumbling motion. (C) Experimental screenshot of crawling motion.

3. Results and Discussion
3.1. Deformation Response of the Magnetically Driven Quadruped Soft Robot

The effect of magnetic field strength on the bending deformation of the robot was
investigated. As shown in Figure 5A, the strength of the external DC magnetic field
gradually increases while the robot is flipped and fixed on a flat surface. We also observed
and counted the bending deformation angle of the foot. The deformation angle of the foot
in the fixed attitude gradually increases with the gradual increase in the external magnetic
field strength. The quadruped deformation angle of the robot gradually increases from the
initial 45° to 55°. Moreover, the robot quadruped deformation angle is positively correlated
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with the magnetic field strength. It should be noted that the robot in the natural attitude
may change its attitude due to the coupled magnetic response of the magnetic top cover,
which, in turn, affects the deformation angle of the foot. In addition, to investigate the effect
of magnetic field strength on the attitude of the robot, we applied a gradually increasing
magnetic field to the robot in its natural position. We then observed and counted the robot’s
attitude as well as the deformation angle of the top cover at each magnetic field strength. As
shown in Figure 5B, the extension inclination angle of the quadruped gradually increases
with higher magnetic field strength, resulting in a downward compression of its attitude.
Moreover, the magnetic top cover responds to the magnetic field drive and deforms
under the action of torque to produce a certain inclination angle. With the increase in the
inclination angle, the tumbling motion characteristic eventually appears. Furthermore, due
to the coupling effect of the robot’s gravity and magnetic moment, the magnetic top cover
establishes a specific angular relationship with the support plane. As the magnetic moment
increases, the coupled attitude aligns more closely with the direction of the magnetic field.
In general, the motion attitude of magnetic quadruped microrobots is positively correlated
as a function of magnetic field strength. And the magnetic quadruped microrobots” motion
characteristics and attitude can be controlled by adjusting the magnetic field strength and
direction. The magnetic field of the ENS is generated by an electromagnetic coil, and its
strength can be controlled by adjusting the input current. The relationship between the
input current and the magnetic field strength of the 3D Helmholtz coil triaxial is illustrated
in Figure 5C. By adjusting the size and direction of the triaxial magnetic field in space, a
uniform magnetic field of any desired direction and size can be synthesized. In addition,
the statistical data on how the magnetic field strength affects the robot were organized and
are presented in Figure 5D. From the intersection of the data in the figure, it can be seen
that the robot used in the experiment tumbled and deformed, i.e., changed its attitude, at
a magnetic field strength of 11.5 mT. At this strength, the magnetic field’s impact on the
quadruped’s deformation also changes. Moreover, after the experimental test, it can be
obtained that, under the action of the field strength at this transition point, 9 motion modal
transitions occurred in 10 motion controls, and the stability is as high as 90%. Recognizing
this will aid in analyzing the control and transformation between the robot’s two motion
modes: crawling and tumbling. This will also help us further analyze how the magnetic
field frequency affects the motion speed of the two motion modes in the corresponding
magnetic field strength interval.

Since the motion of magnetic quadruped microrobots is mainly obtained by deforming
the PDMS sheet wrapped with N52 magnetic particles, it is necessary to examine the defor-
mation effect of the PDMS sheet under various ambient temperatures. Accordingly, only
if the PDMS sheet maintains good deformation performance, the designed programmed
motion can be realized. The material specification shows that the cured PDMS maintains
stable mechanical properties in the temperature interval of —50 to 200 °C. In addition, its
thermal conductivity is 0.17 W/(m - K), which has a certain temperature resistance and
can better meet the operational requirements. Combined with the characteristics of the
operating environment, the PDMS sheet still maintains good elasticity and deformation
ability under the environment of —4 °C after experimental testing. Moreover, since the
PDMS sheet is cured by heating, it maintains stable mechanical properties even under a
high-temperature environment. Therefore, the PDMS sheet for responding to magnetic
torque deformation has good operational stability at various ambient temperatures.
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Figure 5. Deformation response of the magnetically driven quadruped soft robot. (A) Bending
response of the robot’s feet. (B) Response of the robot to tumbling deformation. (C) Conversion of
magnetic field input current of solenoid coil versus magnetic field strength. (D) Driving effect of
magnetic field strength on foot bending and top cover deformation.

3.2. Kinematic Characterization of the Magnetically Driven Quadruped Soft Robot

Previous analyses and experiments indicate that the magnetic quadruped soft robot
may experience tumbling attitude changes under a magnetic field strength of 11 mT.
Therefore, in this section, we set the maximum magnetic field strength for crawling at
9 mT and the minimum for tumbling at 11 mT. We then further investigated the motion
characteristics of these two motion modes by adjusting the magnetic field frequency and
strength within the intervals. As shown in Figure 6A, we statistically analyzed how
the magnetic field frequency affects the motion speed of the magnetic quadruped soft
robot within a magnetic field strength range of 4 mT to 9 mT. The figure shows that the
magnetic quadruped soft robot exhibits lower motion velocity at all frequencies when
the magnetic field strength is 9 mT. Observations during the experimental process reveal
that this is due to the increased deformation angle of the magnetic top cover at larger
magnetic field strengths. This greater deformation significantly reduces the stability and
effectiveness of the robot’s motion and can even cause unexpected deformation during
tumbling. The robot also moves at the same lower speed at all frequencies when subjected
to a 4 mT magnetic field strength. However, the difference is that the smaller magnetic field
strength results in a smaller deformation angle of the magnetic top cover, which limits the
bending deformation of the foot and thus leads to a lower movement speed. The motion
characteristics of the robot at each frequency under a magnetic field strength of 5 mT to
8 mT are also affected by the deformation angle of the magnetic top cover and the degree of
foot bending deformation. Overall, the robot exhibits better motion speeds when subjected
to 7 mT and 8 mT magnetic field strengths. However, at 8 mT, the robot may tumble
and deform when driven in a lower-frequency magnetic field, which can prevent it from
completing the crawling motion. Through observation and analysis of the experimental
phenomena, we have identified a compelling reason: at 8 mT, the magnetic top cover
exhibits a larger deformation angle, increasing the likelihood of tumbling deformation.
Under high-frequency magnetic fields, the timely reversal of moments prevents tumbling
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deformation caused by inertia. Conversely, at low magnetic field frequencies, tumbling
deformation occurs due to inertia. Therefore, for the purpose of crawling motion drive in
this study, a magnetic field strength of 7 mT is more appropriate.
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Figure 6. Kinematic characteristics of magnetically driven quadruped soft robot and its ability to
traverse obstacles. (A) Effect of magnetic field strength and frequency on the robot’s crawling kinematic
speed. (B) Effect of magnetic field strength and frequency on the robot’s tumbling kinematic speed. (C)
The robot crawling through an obstacle. (D) The robot tumbling through an obstacle. (E) Performance
comparison with reported robots.

In general, as the magnetic field frequency increases, the motion cycle time decreases,
resulting in faster speeds. However, observing the robot speed versus frequency curve
in the figure reveals that, as the frequency increases, the motion speed first increases and
then appears to decrease. Observations during the experiment indicate that, when the
frequency increases to a certain degree, the deformation and recovery speed of the robot
cannot keep pace with changes in the magnetic field frequency. Therefore, the stability
and effectiveness of the motion decrease, leading to a natural reduction in speed. For this
experimental phenomenon, we adopt the definition from other studies and refer to it as
the cutoff frequency, i.e., the maximum frequency at which the robot can match changes
in the magnetic field. Clearly, the cutoff frequency for the robot’s crawling motion in our
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study is 10 Hz. Through experimental analysis, we can further optimize the motion effect
by choosing the appropriate magnetic field strength and frequency within the parameter
interval of the crawling motion mode according to the operational requirements.

In addition, we conducted a statistical analysis of how the magnetic field frequency af-
fects the robot’s tumbling motion mode within varying intervals of magnetic field strength.
As shown in Figure 6B, we tested the tumbling motion speed of the robot at each magnetic
field frequency within the magnetic field strength varying from 11 mT to 14 mT. It can
be seen that the motion speed of the robot increases gradually with the increase in the
magnetic field strength. However, when the magnetic field strength reaches a certain
degree, the motion speed of the robot shows little increase and even decreases at certain
frequencies. Based on the experimental process, we found that the deformation of the
robot’s feet also increases as the magnetic field strength increases. However, as the bending
of the foot increases, the bending moment increases dramatically, leading to a dramatic
increase in the required magnetic moment, which, in turn, requires a stronger magnetic
field strength. At this stage, the regular incremental increase in magnetic field strength is
insufficient to provide the required magnetic moment.

The robot’s speed is also affected by the magnetic field frequency, and we tested its
movement speed across a frequency range of 0.5 to 3 Hz. As illustrated in the figure,
the tumbling motion speed gradually increases as the magnetic field frequency increases.
However, as the magnetic field frequency continues to increase, the speed of the tumbling
motion starts to decrease. During the tumbling motion experiment, we observed a cutoff
frequency phenomenon similar to that seen in the crawling motion. Additionally, due to
the larger deformation involved in the tumbling motion, it is more sensitive to changes in
the magnetic field frequency. According to the experimental data, the tumbling motions all
showed a certain speed decrease at a magnetic field frequency of 1.5 Hz, with the speed
continuing to decrease as the frequency increased. However, we also noticed that the robot
reached a tumbling motion speed of 80 mm/s at 2 Hz under a magnetic field strength of
14 mT. Several experiments have confirmed that the robot does not exhibit a low tumbling
motion speed. We found that, while higher magnetic field strength can cause instability in
the tumbling motion, increasing the magnetic field frequency makes the acting time of the
magnetic moment shorter. Instead of optimizing this problem, this results in an abnormal
increase in speed.

Through an in-depth investigation of the motion characteristics of the robot, we identi-
fied and summarized the characteristic parameters of effective motion. There is a situation
where different parameters can achieve the same control effect for these motion control
parameters. For this situation, we take improving the stability of motion manipulation
and reducing the accidental damage to human organs and tissues as the guideline and
choose as much as possible a low magnetic field frequency (improve the stability of the
motion) and a small magnetic field strength (avoid the unknown damage under the high
field strength). Moreover, according to the operational requirements, we flexibly adjust the
parameters of the control variables so as to achieve the best control effect. Building on these
parameters, we conducted an experimental test to investigate how adjusting the robot’s
manipulation parameters according to its motion characteristics can enhance its ability to
navigate through obstacles. The complete experimental procedure is detailed in Video S1,
and Figure 6C,D provide representative screenshots of the experiments. As shown in
Figure 6C, the robot can pass through a bridge-shaped environment with a certain slope
using a crawling motion. When facing a sloped environment, its motion capability can be
enhanced by adjusting the inclination angle of its crawling motion, based on the crawling
motion characteristics analyzed earlier, so as to navigate the slope smoothly. However,
while it can navigate a slope through crawling, it takes a considerable amount of time.
Therefore, further exploration and optimization are needed to maintain a stable attitude and
movement speed. On the other hand, the robot can traverse a ramp with a cross-grain in
1.5 s and return to its initial upright attitude (Figure 6D). In this case, the robot’s locomotion
capability and speed are greatly improved. However, the tumbling process implies a drastic
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change in attitude, which can negatively impact cargo stability during transport. There-
fore, it is important to find a balance between maintaining cargo stability and achieving
movement speed in the tumbling motion mode. As the magnetic quadruped microrobots
can flexibly change the two motion modes of crawling and tumbling, therefore, the motion
characteristics can be flexibly adjusted according to the operational requirements during
the actual operation so as to meet the positioning accuracy and speed requirements.

After experimental testing and analytical verification, our designed magnetic quadruped
microrobots have two freely switchable motion modes and excellent motion characteristics.
In order to further highlight the advantages of the motion characteristics, we made a compar-
ison with some typical studies that have been reported. We selected some typical walking
untethered magnetic microrobots as well as the locomotion characteristics of arthropods in
nature for comparison. The comparisons were made in terms of body size and locomotion
speed, respectively, to visualize the advantages and characteristics of each magnetically
driven microrobot design. For the data to be more informative, we use the body length and
the number of moving body lengths per second as comparison parameters. As can be seen
from the data in Figure 6E, the magnetic microrobots that currently exist include multiple
orders of magnitude sizes ranging from 0.1 mm to 100 mm. Moreover, they have different
motion characteristics based on design features, for example, triangular [20], portal [21],
biconical [12], multipedal [22], crab [23], and bionic crab shapes [24] with walking ability.
Among them, the magnetic quadruped bionic microrobots we designed have excellent loco-
motion characteristics by achieving the first gradient of locomotion speed while maintaining
the more common body size. On the other hand, comparing with typical arthropods in na-
ture, such as ants, spiders, web spinners, Hediste diadroma, etc., the magnetic quadrupedal
microrobots still have comparable locomotion speeds and locomotion characteristics.

3.3. Transportation and Release of Cargo by the Magnetically Driven Quadruped Soft Robot

In the previous section, we explored and verified the kinematic properties and the
obstacle-crossing ability of the designed robot. Based on this research and experimental
observations, we designed in vitro simulated cargo transportation experiments. Consider-
ing the characteristics of the two motion modes, crawling and tumbling can be combined
to effectively navigate a complex operating environment. First, the magnetic quadruped
microrobots are maneuvered to the target location. Then, the magnetic quadrupedal micro-
robots’ tumbling motion characteristics are utilized to adjust the control signal so that they
tumble rapidly and continuously at the targeted drug delivery position to achieve drug
release. After realizing the targeted drug delivery operation, the magnetic quadruped mi-
crorobots” tumbling motion control signal is restored. The magnetic quadruped microrobots
are made to complete the tumbling motion, recover the attitude, and leave the operation
area. As shown in Figure 7A, by adjusting the control signal of the electromagnetic coil
and the magnetic field strength, the characteristic attitude of the tumbling motion can be
changed, thus realizing the half-tumbling motion with left and right swaying. Once the
cargo has been released, restoring the magnetic field parameters of the tumbling motion will
enable the soft robot to recover its attitude. Based on this control strategy, we designed and
carried out experiments for cargo transportation and release. The complete experimental
procedure can be seen in Video S2, with representative screenshots provided in Figure 7B.
As shown in Figure 7B, after crawling and tumbling to reach the target position, the robot
performs a half-tumbling motion in response to the control signal of the tumbling motion
(Target position). Then, the magnetic field strength and frequency are varied to perform a
left-right swinging motion to release the transported cargo (Oscillation release). Finally,
the tumbling motion is resumed to control the magnetic field, thus adjusting the robot’s
attitude to upright (Targeted delivery). This process combines the stability and the ability of
the crawling motion to handle small displacements with the ability of the tumbling motion
to manage large displacements and release cargo through oscillation. Based on this mode
of operation, the ability to achieve work accuracy and movement speed is greatly enhanced.
From the experimental observations, we successfully applied the magnetic quadruped
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soft robot for cargo transportation and release following the designed experimental steps.
However, several areas require improvement, such as enhancing the stability during cargo
transportation and addressing challenges related to cargo release. In the future, our goals
include further reducing the robot’s size, enhancing its movement ability based on its
kinematic characteristics, and optimizing the methods for cargo transportation and release.
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Figure 7. The magnetic quadruped soft robot transporting and releasing cargo. (A) Schematic
diagram of the robot transporting and releasing cargo using tumbling and swinging motions. (B)
Screenshots of experiments of the robot transporting and releasing cargo using tumbling and swinging
motions.

4. Conclusions

In this work, we have introduced a bionic magnetic quadruped soft robot featuring
a magnetic top cover and four magnetic flexible feet with specific magnetization angles.
We introduced and analyzed the material parameters and magnetic field properties of the
robot, including the hysteresis loop of magnetic particles and the deformation of magnetic
flexible feet under magnetic field drive. After experimental testing, the overall structure
maintains stable mechanical deformation properties in environments ranging from —4 °C
to 80 °C. Then, we analyzed and verified through experiments two motion modes of
the robot, crawling and tumbling, controlled by magnetic field parameters. In addition,
we analyzed the effect of magnetic field strength on the motion modes of crawling and
tumbling, considering their respective attitude characteristics. By adjusting the parameters
of the control variables, the designed magnetic quadruped microrobots are able to achieve
a motion speed of 80 mm/s. According to the experimentally obtained magnetic field
strength interval, the stability of modal transition is as high as 90% and we further explore
the motion characteristics of the two motion modes. Finally, we experimentally verified
the robot’s robust ability to traverse obstacles and transport and release cargo in a targeted
manner and also demonstrated its effectiveness and promising application for tissue-
targeted drug delivery in tissues such as the intestinal tract. Considering the operational
requirements and issues identified in this study, our next step will be to further reduce
the size of the robot, e.g., by preparing a magnetic microrobot body using an optical 3D
printing system based on digital micromirror devices (DMD). Ferromagnetic compound
particles are used instead of N52 magnetic particles, resulting in more flexible setting of the
magnetization direction as well as shrinking the volume of the magnetic response layer. In
addition, the structure design is further optimized to enhance the motion characteristics.
Finally, according to the operational requirements, we try to increase the operational
module child to optimize the operational process and enhance the application potential.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomimetics9090559/s1, Video S1: The robot crawling and tumbling through an obstacle.
Video S2: The robot transporting and releasing cargo using tumbling and swinging motions.
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Abstract: This paper presents an adaptive line-of-sight (LOS) guidance method, incorporating a
finite-time sideslip angle observer to achieve precise planar path tracking of a bionic robotic fish
driven by LOS. First, an adaptive LOS guidance method based on real-time cross-track error is
presented. To mitigate the adverse effects of the sideslip angle on tracking performance, a finite-time
observer (FTO) based on finite-time convergence theory is employed to observe the time-varying
sideslip angle and correct the target yaw. Subsequently, classical proportional-integral-derivative
(PID) controllers are utilized to achieve yaw tracking, followed by static and dynamic yaw angle
experiments for evaluation. Finally, the yaw-tracking-based path-tracking control strategy is applied
to the robotic fish, whose motion is generated by an improved central pattern generator (CPG) and
equipped with a six-axis inertial measurement unit for real-time swimming direction. Quantitative

comparisons in tank experiments validate the effectiveness of the proposed method.

Keywords: biomimetic robotic fish; path following; line-of-sight guidance law; directional tracking

1. Introduction

As the demand for marine exploration and development continues to grow, underwa-
ter robots have emerged as the preferred choice to replace human intervention to ensure
safer and more stable underwater operations. Traditionally, underwater robots have relied
primarily on propellers for propulsion. However, propeller-based propulsion systems have
several limitations, such as high noise, low efficiency, poor yaw stability [1], and limited ma-
neuverability, which make them unsuitable for certain mission areas. Fish, having evolved
over millions of years, demonstrate remarkable underwater locomotion capabilities [2].
Leveraging advances in disciplines such as biology and robotics, researchers have devel-
oped bio-inspired robotic fish that mimic the propulsion mechanisms of real fish. Chen
et al. introduce a tensioning integral robotic fish and provide a detailed description of its
overall structure, stiffness, and mechatronics. The results indicate that the use of tensioning
integral nodes can improve swimming performance [3]. A bionic robotic fish driven by
ionic polymer—metal composite (IPMC) actuators is presented, and the effect of passive fins
on swimming performance is investigated [4]. Michael S et al. [5] were the first to mimic
the propulsion mechanism of fish in the presentation of an efficient bionic robotic fish.
Du et al. [6] designed a novel tuna-inspired robot with rapid swimming and exceptional
maneuverability. Dong et al. designed an innovative bionic gliding robotic fish, which has
excellent gliding performance [7]. Liao et al. [8] propose a robotic fish consisting of multiple
pulling wires to simulate muscles, as well as an elastic element to simulate the spine of
the fish, achieving a swimming speed of 0.54 m/s. Zhong et al. presented a robotic fish
featuring an active line-driven body combined with a soft compliant tail for efficient wave
swimming, closely resembling real fish behavior, reaching a maximum speed of 2.15 body
length/s [9]. These advancements in robotic fish technology demonstrate the potential to
overcome limitations associated with traditional underwater propulsion methods.
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Early research in the field of robotic fish has primarily focused on the structural de-
sign and implementation of locomotion. To further advance the practical applications of
bio-inspired robotic fish, current efforts are directed toward enhancing their autonomy
and intelligence, with the ultimate goal of improving their operational capabilities and
cognitive functions. These endeavors encompass a range of tasks, including water explo-
ration [10], autonomous obstacle avoidance [11,12], kinematic optimization [13], target
tracking [14], path planning [15], and path following [16]. These studies are dedicated
to developing control strategies that empower robotic fish to effectively handle diverse
tasks in underwater environments. In practical applications, robotic fish can be applied to
ocean monitoring, undersea operations, aquatic life observation, pollution search, etc. [17],
showcasing its immense potential value. Among the various features, path following plays
a critical role in enhancing the autonomy and intelligence of bio-inspired robotic fish. It
enables them to efficiently perform tasks, such as patrolling and sampling, in underwater
environments.

According to existing research, a typical path-following controller consists of two main
components, namely a guidance subsystem and an inner-loop controller. The guidance
subsystem commonly employs a line-of-sight (LOS) guidance law that aligns the fish’s
heading with the line of sight to achieve the desired position. This approach is straightfor-
ward and practical and has been widely applied in the control of unmanned surface vessels.
Conversely, the inner-loop controller employs various control methods for angle control,
such as sliding mode control, PID control, and model predictive control. For example,
Liu et al. [18] used a fixed-radius LOS and an improved deep deterministic policy gradients
(DDPG) algorithm to control a bio-inspired dolphin to follow a three-dimensional path.
Chen et al. [16] employed traditional LOS to achieve real-time desired yaw and pitch angles
and used a fuzzy PID controller for tail-joint control and a PID controller for pectoral
fin attack-angle control to achieve bio-inspired three-dimensional spiral path tracking.
However, the simulation results showed less than ideal tracking performance.

In practical applications, LOS, which relies solely on position error as feedback, may
demonstrate reduced tracking performance in the presence of external disturbances. Fur-
thermore, when the lateral tracking error of the robotic fish is zero, regardless of any errors
along the path, the desired angle provided by the guidance system will align with the
path angle, resulting in deviation from the intended path and consequent degradation of
tracking performance. Fossen et al. [19] introduced an integral LOS (ILOS) to compensate
for the sideslip angle caused by ocean currents. They utilized an adaptive approach to
estimate and compensate for the sideslip angle and demonstrated the effectiveness of the
proposed ILOS using the Lyapunov stability theory. In order to overcome the mutual con-
straint between lateral tracking error and along-track error in traditional LOS, Qu et al. [20]
introduced an iterative mechanism to find the optimal path point within a single control
cycle to ensure zero along-track error. Through theoretical analysis, an extended-state
LOS (ELOS) was derived based on the variable distance to adaptively compensate for the
current yaw-tracking error and sideslip angle. Experimental results demonstrated that
ELOS surpasses traditional LOS and ILOS in terms of tracking performance. However,
its convergence rate is slow, and its observer is complex. Dai et al. [21] proposed a novel
path factor update law utilizing a logarithmic-type boundary-layer function (BLF) to limit
the along-track error within a constrained range during a single control cycle, effectively
addressing the issue of along-track error impeding the convergence of lateral tracking
error. These innovative approaches are aimed at enhancing the tracking performance of
bio-inspired robotic fish by compensating for the limitations of traditional LOS and miti-
gating the effects of external disturbances as well as mutual constraints between different
tracking errors. However, it should be noted that, in certain cases, automatic compensation
for errors was not achieved.

In summary, LOS shows great potential for path-tracking applications. However,
traditional LOS methods for path tracking are limited by slow convergence, inadequate
tracking accuracy, and significant interference from the sideslip angle of robotic fish. We
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work on solving the problems of traditional LOS for robotic fish path-tracking applications
and the perturbation problems caused by the side-slip angle of robotic fish. Therefore, this
study introduces an adaptive LOS (ALOS) control strategy that incorporates a compensa-
tion mechanism for the sideslip angle using a finite-time observer (FTO). The results of
experiments conducted in a water tank validate the effectiveness of the proposed guidance
strategy, showing faster convergence speed and lower steady-state error when compared
to traditional guidance methods. The bio-inspired robotic fish achieves precise and stable
path tracking, thus confirming the effectiveness of this closed-loop control strategy.
The paper makes two significant contributions:

(1) A dynamic look-ahead distance adjustment mechanism was adopted to improve the
convergence speed and reduce the overshoot of the traditional LOS;

(2) AnFTO is proposed to estimate and correct the sideslip angle, effectively solving the
path deviation problem.

The remainder of this paper is organized as follows. Section 2 describes the mechanical
structure and electrical system of the wire-driven robotic fish. Section 3 presents the
kinematic model based on the CPG model, as well as the proposed FTO-based ALOS
(FTALOS) as a path-following control guidance subsystem for the robotic fish and stability
analysis. Pool experimental validation and result analysis are performed in Section 4.
Finally, conclusions and future work are summarized in Section 5.

2. Design of Robotic Fish
2.1. Mechanical Design

Fish in their natural environment exhibit a remarkable level of body flexibility. During
locomotion, the fish’s body adopts a sinusoidal pattern, forming an “S” shape, which has
been scientifically proven to optimize the transmission of swimming waves and enhance
movement stability [2]. Biologists have utilized electromyography to confirm that the
majority of the fish’s swimming energy is produced by the muscles in the anterior and
middle sections of the body, with the muscles in the caudal fin serving as transmitters.
In other words, the anterior and middle sections act as an engine for oscillatory motion,
propelling the posterior half like a propeller [22,23]. During tail swinging, the fish exhibits
lateral deviation of its posterior body to one side, while the tail and caudal fin bend towards
the opposite side as a result of fluid resistance in the water, leading to a distinctive “S”
shape. This observation implies that fish do not exert intentional control over their caudal
fin to counter water resistance. Instead, the fin flexes autonomously in response to inertia,
contributing to increased efficiency.

Drawing inspiration from the physiological structure and propulsion mechanism of
real fish, we have proposed a segmented robotic fish design (Figure 1a,b) consisting of
a rigid head, a movable driving component, and a flexible tail fin. The active driving
component includes a primary servo motor located in the head, along with a movable body
section. In contrast, as shown in Figure 1c, the flexible component constitutes a passive
flexible tail fin. The amalgamation of two components gives rise to an active compliant
propulsion mechanism that closely mimics the physiological structure of actual fish.

2.2. Electronics

The electronic components used in the robotic fish are shown in Figure 1a and Table 1.
We utilize the STM32F103 as the microcontroller for the robotic fish, and the E62-433T20D
as the communication module, which operates at a frequency of 433 MHz with a data
transmission baud rate of 115,200 bits/s, facilitating effective underwater communication.
Additionally, the power source driving the caudal fin’s movement is the SAVOX SW-12105G
servo, which is capable of providing an ultra-high torque of 3.2 N-m and oscillating at a
frequency of 2 Hz under load, meeting the requirements for the normal swimming behavior
of the robotic fish. The robotic fish is also equipped with a six-axis sensor MPU6050,
primarily used to measure the real-time yaw angle of the fish. All electronics are powered
by a 7.4 V DC lithium battery.
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Figure 1. Developed wire-driven active body and compliant tail biomimetic robotic fish. (a) Overall
CAD structure; (b) prototype; and (c) illustration of the swinging motion of the robotic fish.

Table 1. The electronic components used in the robotic fish.

Items Characteristics
Microcontroller STM32F103
Servo motor SAVOX SW-12105G
Communication module E62-433T20D
Inertial Measurement Unit (IMU) MPU6050
Power Supply DC74V

3. CPG-Based Path Following Control Design
3.1. CPG-Base Model
3.1.1. CPG Model

The rhythmic tail-swinging motion observed in natural fish is driven by a CPG and
dynamically modulated by sensory inputs, such as water flow, temperature, pressure,
and olfactory and visual information. This movement aids fish in adapting to changes in
water flow and aquatic environments. Based on meticulous observations of actual fish
movement, we propose an enhanced CPG model that is suitable for the proposed wire-
driven biomimetic robotic fish. The model is derived from Ijspeert’s successful CPG model
applied to gait generation control in biomimetic salamanders [24,25]. Manduca et al. [26]
used a CPG model to control the torque on the caudal fin. Korkmaz et al. [27] employed the
CPG model, fuzzy logic, and a sensory feedback mechanism to achieve three-dimensional
motion. Given that our robotic fish has only one motor drive, we simplify the CPG model
by removing complex coupling and introducing the concept of temporal ratio to describe
varying durations in recovery and flapping phases during turning. The final expression of
the CPG model is as follows:
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where, b, m, and ¢ represent the real-time values of the caudal fin beating bias, amplitude,
and phase, while (M, B, w, R) represent the beating amplitude, bias, frequency, and time
ratio taken for one complete cycle in the CPG high-level control commands. Additionally,
ky and k;;, are design parameters used to control the sensitivity of the CPG commands. The
time ratio is defined as the ratio between the restore phase (f,) and the beat phase (t;). This
parameter can be utilized to control the turning rates. By adjusting the parameters in the
high-level control commands of CPG, different swimming modes can be generated, and
smooth transitions between different modes can be achieved without sudden changes in
the control variables.

The first and second differential equations represent second-order linear differential
equations, indicating that the current amplitude m converges to the CPG input M. The
rate of convergence is contingent upon the coefficient k;;,, while the offset b exhibits similar
behavior. When given inputs M > 0 and w > 0, an oscillatory gait is initiated, at which
point a non-zero input b begins to polarize.

3.1.2. Kinematic Model

The kinematic model diagram is shown in Figure 2. Due to the fact that robotic fish
typically do not engage in long-term depth adjustments, and adjustments to weight distri-
bution are made during design to ensure stability in the roll direction during swimming,
depth variations can be disregarded, and the roll angle and pitch angle can be set to zero,
resulting in the simplified two-dimensional planar kinematic equation as follows:

Xf = ucosyp — vsinp
Y = usiny + vcostp 2)
p=r

where Xy Oy Yy stands for the world coordinate system which is stationary, and Xy and
Y represent the position of the robotic fish in the world coordinate system. xoy denotes
the coordinate system bound to the motion of the robotic fish, whose direction is shown in
Figure 2, and the velocity of the robotic fish in the x-axis and y-axis are u and v, respectively.
Meanwhile, r denotes the angular velocity of rotation around the z-axis. ¢ represents the
yaw angle of the robotic fish, i.e., the angle between the x-axis of the robotic fish’s motion
coordinate system and the Xyy-axis of the world coordinate system.

3.1.3. Combined Motion

This subsection describes how the CPG model drives the robotic fish to perform
motion. The CPG model, as presented in Equation 1, is capable of generating stable
swimming vibration gaits of the caudal fin. Theoretically, the swinging caudal fin will
generate the force to be applied to the dynamics model, and the generalized acceleration
generated by the dynamics model will be integrated to get the generalized velocity, which
will be applied to the kinematic model, thus driving the robotic fish to move. However, due
to the complex structure of the highly propulsive robotic fish designed in this paper and the
complexity of fluid mechanics, it is difficult to establish an accurate dynamics model. So,
this paper does not establish a dynamics model but assumes that the acceleration process
of the robotic fish is very short and that the robotic fish can soon reach equilibrium. That is,
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the total propulsive force is equal to the drag force. Therefore, the dynamics model can be
ignored, and the mapping relationship from the CPG input to the motion state of the robot
fish, i.e., the kinematic model, can be established. When the CPG input parameters are
M,w >0, b =0,and R = 1, the caudal fin of the robotic fish oscillates symmetrically along
the central axis, which produces forward thrust, i.e., # > 0 in Equation 2, and the average
angular velocity 7 is zero. Therefore, the robotic fish swims forward, as shown in Figure 3a.
While the inputis b # 0, the caudal fin of the robotic fish is polarized, thus generating a
lateral force, and the angular velocity r # 0, as shown in (b) and (c) of Figure 3. It can be
seen that the purpose of controlling the motion of the robotic fish is thereby achieved by
changing the input of the CPG.

50
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x(m) “ 5
43
42
S0 %2 54 s6 S8 60 62 6a
To 52 %4 e se 60 &2
x(m) x(m)
(a) (b) (c)

Figure 3. Motion curves of robotic fish under different CPG inputs. (a) Straight swimming:
M =107, w =628, b =0, R =1; (b) turn rightt M = 1.07, w = 628, b = 0.1, R = 1; and
(c) turn left: M =1.07, w=6.28, b= —-0.1, R=1.

3.2. Outer-Loop Controller Design

To facilitate description, let us establish a coordinate system as shown in Figure 4.
The desired path is defined as P; = (x;3(®), y4(®)), where @ is a coefficient related to the
path. Taking a point on the desired path as the origin and its tangential direction as the
X-axis, we establish the framegr coordinate system. Based on the geometric relationships
in Figure 4, the tracking error of the robotic fish can be expressed in the framesr coordinate
system as follows:
e= [ =R weP - ) ®
Ye
where R(1p) represents the rotation matrix between the world coordinate system and the
framegp coordinate system, and it is defined as:

_ [cos(pr) —sin(pp)
R = |Sniar) conton @

156



Biomimetics 2024, 9, 556

where 1p is the tangent angle or path angle at the current path point, which can be defined
as follows. Assuming that x;(@) and y;(@) are twice differentiable with respect to @

yp(@) = atan2(y,(@), x4(@)) )

Figure 4. Line-of-sight guidance principle for curved path.

To achieve path following for the robotic fish, a certain guidance method is required
to steer the fish towards the desired path and ensure it swims along that path. In the
traditional LOS, the desired heading angle is defined as:

lpd = IPP + Bbr

_ Y (6)

= Yp +atan| — -

By causing the controlled object to move according to the desired heading angle men-
tioned above, the controlled object can eventually converge to the desired path. However,
the traditional line-of-sight guidance law has three drawbacks:

(1) coupling and mutual constraint exist between the convergence of along-track and
cross-track errors;

(2) when the cross-track error is zero, the desired heading angle is outputted by the
guidance subsystem equals the path angle;

(3) the constant and relatively large lookahead distance results in a slow convergence speed.

Due to drawback 1, the along-track tracking error of the robotic fish may not be
zero throughout the entire motion process, and it can be comparable to the cross-track
error [20]. When the desired path is a straight line, only a zero cross-track error is required
for the robotic fish to follow the intended path. However, when the desired path is a
curved path, both components in two directions must be zero simultaneously for successful
path following. Therefore, the fish may have difficulty in accurately implementing path
following. In fact, T. Fossen et al. have shown that, for a non-closed path, there exists an
optimal path point P (") where the along-track tracking error x, is zero [19]. For a closed
path, multiple optimal path points may exist at the same time, and in this case, the one
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closest to the previous optimal path point is selected. Therefore, the optimal path point
within a single control cycle can be obtained using the following equation:

@* = argmin (c@)
@>0

st y—ya(@) = —m(x —x4(@))

@)

For drawback 2, when the cross-track error reaches zero, regardless of the magnitude
of the along-track error, the desired yaw-angle output from the guidance subsystem will be
strictly equal to the path angle. In this case, if the along-track error is non-zero, the angle
will guide the robotic fish toward the desired path. However, when the along-track error is
zero, indicating that the robotic fish is already on the desired path, it will cause the robotic
fish to deviate from the desired path, thus affecting the path-following performance. In
the traditional LOS approaches, the derivation process commonly disregards the influence
of the sideslip angle. Despite its typically small magnitude, it becomes significant when
the cross-track tracking error of the robotic fish nears zero and cannot be overlooked.
Moreover, the sideslip angle can provide a certain heading angle compensation to mitigate
the deviation phenomenon in the traditional law. Therefore, we proposed a side-slip angle
observer to correct the output of the guidance system and improve the path-following
performance of the robotic fish.

By differentiating Equation (3), the tracking-error kinematics can be obtained as follows:

{m=—¢b+uwﬂ¢—¢ﬂw%un+ywp @)
Yo = Usin(p — pp(@) + ) — xetpp

where Up represents the velocity of the path point, U is the real-time synthesized motion
velocity of the robotic fish; and B is the sideslip angle which is defined as the angle between
U and u, i.e., atan(v/u). By calculating the optimal path point P(®@*) that minimizes x,
according to Equation (7) and assuming that sin ~ p and cosf ~ 1, based on the fact
that beta is generally <10°. At the same time, it is assumed that the side-slip angle of the
robotic fish changes slowly during the movement, i.e., there exists § = 0. The equation can
be reduced to:
Yo = Usin(p —pp+p)
= Usin(y — ¢p)cosp + Ucos(p — ¢p)sinf )
~ Usin(yp — ¢p) + Ucos(yp — pp)B

The side-slip angle observer can be designed as below:

{ 3:96 = Usin(yp — pp) + Ucos(p — Pp) B — Asig @e) 10)

B = —Ucos(y — ¢p)y,

where , is the estimated value of y,, and y . = eV, represents the estimation error of y,.
B is the estimated value of the side-slip angle B, and sig?5(x) = |x|*?sign(x) denotes the
square root sign function. With the action of this observer, the estimation errors ? .and p
will converge to zero, i.e., o — Y. and p — B.

Proof. Subtract Equation (9) from Equation (10), and we can get:

~

5. = Ueos(y— )p g3, a
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2 2
Choosing the Lyapunov function as V; = % (y .+ B ) and taking the derivative of Vj:

Vl = ?e?e + :Bﬁ
= 7. (uCos(l/J ~ p)p — Asig® (%)) — Ucos(y — $p)7p
= _AyeSigO.S (ye (12)
~ |15
= — ye
L ~|15 ~(15
=-My.| —AB| +AB
With Lemma 1 in [28], let (a1, 43,43, -+ , a,) € R" and 0 < p < 2. Then, the following
inequality holds:
0 2
(a%+a§+u§--~+a%) S(aﬁ+a§+a§+-~-+aﬁ) (13)
So that:
. o (15 |15
Vy ——A(ye +1|B )—l—)\ﬁ
15
2 ~2\ T |15 1
S—)\(]/e-i-ﬁ) +A|B (14
5. 18 <15
=-27)AV;* +A|B
It is noted that there should exist a constant ¢y satisfying 0 < 6y < 1, such that
15 15 ~2 2 k3 ~|15 ~|15 15 15
272 A0V = Aby (ye + B ) = A|B| ,whichimpliesA|f| —22A0pV 2 = 0. There-

fore, we can derive the following equation:

15

: 15 B 18
Vi <9p—2%A6V,7 —27A(1—-6p)V;

15 15 (15)

=-27A(1-6p)V;?

According to Lemma 2 in [28], for the nonlinear autonomous system x = f(x), f(0) =

0, if there exists a positive definite continuously differentiable scalar function V(x), R" — R
satisfies the following conditions:

V(x) < —aVP(x) (16)
where & > 0, 0 < p < 1. Then, the system is finite time stable at the origin, i.e., there exists
atime T: i

T< —V'P(x (17)
ai-p’ "W

such that V(x(t)) =0, Vt > T.
The estimation error JG,E will converge to (0,0) within a finite time, and the

convergence time T; satisfies the following condition:

I

1

V1(0)

T < —3
27/\(1 — 90)

/| N

1-12)
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Therefore, under the action of the observer, we can approximate 7, to y, and j3 to B.
Based on the estimated value of the sideslip angle obtained from the observer, the yaw
control law of the guidance subsystem is given by:

Ya =P+

= atan(—y—L — ) + ¢y (18)

Under the influence of this desired yaw angle, the robotic fish’s lateral error can
converge to zero. [

Proof. Assuming that the robotic fish can perfectly track the desired yaw angle, when the
desired yaw angle is substituted into the observer, the following can be obtained:

:'V _ u(y9+ﬁAh) + u,BAh
‘ ¢A§+(g3+mh)2 83+ (e +By) (19)
— Ye

A+ (et i)
Taking the Lyapunov function as Vp = % y? and differentiating it, it can be derived that:
V2 = Ye y e
Uy
A2+ (et ) (20)
—kV,
0

ININA

where k = U/ \/ A2+ (Ve + Ay ,3)2 According to the Lyapunov stability theory, it can be
concluded that y, will eventually converge to zero.

To address drawback 3, the selection of the lookahead distance plays a crucial role.
Thus, an adaptive LOS strategy is proposed. When encountering a large lateral tracking
error Y., indicating that the fish is significantly deviating from the desired path, it is advan-
tageous for the fish to swiftly approach the desired path. In this case, opting for a smaller
lookahead distance would result in the desired yaw angle being nearly perpendicular to
the path angle, thereby enabling faster convergence with the desired path. On the other
hand, conversely, when facing a small lateral tracking error, it is preferable to utilize a
larger lookahead distance in order to minimize overshooting during convergence. In this
scenario, emphasis should be placed on aligning the desired yaw angle with the path angle.
It is important to note that, while a smaller lookahead distance facilitates convergence
speedily, an excessive focus on convergence can lead to oscillations. Therefore, employing
a time-varying formula for calculating lookahead distance can mitigate these issues:

Ah = (Ahmax - Ahmin) (_tanh2 (kyf) + 1) + Ahmin (21)

where Ay max represents the upper limit of the time-varying lookahead distance, while Ayin
represents the lower limit. The parameter k serves as a positive design parameter that
controls the sensitivity of the lookahead distance to the lateral tracking error. By modifying
the value of k, the sensitivity of the lookahead distance to variations in the lateral tracking
error can be regulated, which facilitates the trade-off of convergence speed and oscillations
during the tracking process. The flowchart of ALOS is shown in Figure 5.

Figure 6 illustrates the overall framework of the FTALOS control method for path tracking.

{ fh = fhan(xy (k) — o(k), x2(k), 7, h)
x1(k+1) = x1(k) + hxa (k) (22)
xp(k+1) = xp(k) + hfhan
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where v(k) is the real-time position of the robotic fish, x; (k) is the tracking signal of v(k),
xp(k) is the tracking signal of v(k), and fhan is the optimal control synthesis function,

which is defined as [28]:

d=rh

do =dh
a():h)Q
Yy =x1+4ap

a1 = /d(d + 8[y])

ay = ag +sign(y)(a; —d)/2

Py(xa,yq) A ! Y
ALOS

*4

Getting the current robotie fish
position and calculating the
LOS position

}

Calculate path angle 1, and
lateral error y,

l

Adjustment of lookahead distance
Ay, according to lateral error y,.

]

Calculate the desired heading
angle 14 and update CPG input

Completion of tasks or
not?

Figure 5. Flowchart of the working of ALOS.
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Py

Output

(23)
a=(ao+y)fsg(y,d) +ax(1— fsg(y,d))
fhan = —r(%) fsg(a,d) — rsign(a)(1 — fsg(a,d))
fsg(x,d) = (sign(x +d) —sign(x —d))/2
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Figure 6. Control diagram of path-following control for the wire-driven robotic fish. [
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3.3. Inner-Loop Controller Design

In the previous section, the primary function of the outer-loop controller is to sim-
plify the path-tracking control problem by transforming it into a lateral tracking-error
stabilization control problem. This is further enhanced through the implementation of
an improved LOS, which subsequently converts it into a yaw-tracking control problem.
Therefore, an effective yaw-tracking controller is necessary, involving the utilization of
LOS as the outer-loop controller for deriving the desired yaw-angle signal. Subsequently,
the inner-loop yaw-tracking controller generates the corresponding motor control signal,
thereby driving the robotic fish to accurately follow the intended path.

The compliant and flexible design of the tail in the proposed biomimetic robotic fish
structure in Section 2 enhances energy efficiency while achieving natural fish-like swim-
ming. However, accurately establishing the dynamic model of the robotic fish presents
challenges, making the application of model-based control methods impractical. Con-
versely, PID controllers have been widely employed in various control tasks due to their
simplicity, robustness, and ability to achieve satisfactory control performance without
requiring a precise model of the controlled system. Therefore, we utilize a PID controller as
the inner-loop yaw-tracking controller, with its specific control output defined as follows:

B(k) = Kpe(k) + KiTsile(i) PR Ea)

= Kpe(k) + Kl.ée(i) + Kp(e(k) —e(k—1))

(24)

where B is bias, one of the inputs of the CPG model. ¢(i) = (i) — 4(i) represents the
tracking error at the i-th time instant, where (i) is the current yaw angle and ¢;(i) is
the desired yaw angle. The parameters K, K;, and K are the proportional, integral, and
derivative gains of the controller, respectively. T represents the sampling period.

To improve the robustness of the controller, an incremental PID approach is employed.
By taking the difference of Equation (24), we obtain:

AB = Kp(e(k) —e(k—1))+ Kre(k) (25)
+Kp(e(k) —2e(k —1) +e(k—2))

The inclusion of the integral term introduces the potential for integral windup. As a
result, it is essential to evaluate whether the control signal has reached saturation when
calculating the adjustment to the control signal. If saturation is identified, the integral
component is disregarded, and only the proportional and derivative terms are retained.
This approach, commonly known as an anti-windup mechanism, effectively mitigates the
negative impacts of integral saturation.

It is important to note that the MPU6050 obtains the current orientation angles through
velocity integration, where the Z-axis angle represents a relative angle rather than an
absolute angle. Upon power-up, the Z-axis angle is initialized to 0°, indicating that the
fish’s head direction at power-on is considered the 0° direction. Typically, the range of
variation for the Z-axis angle is [-180°, 180°]. Therefore, significant angle jumps may occur
when the fish’s yaw direction is opposite to the initial direction at power-up, such as a
jump from 180° to —180° or from —180° to 180°. In order to mitigate abrupt changes in the
yaw-tracking error and prevent erroneous control commands due to angle discontinuities,
it is essential to preprocess the yaw angle obtained from the fish’s attitude sensor before
updating the control signal. The specific preprocessing steps are as follows:

e—2m ,ife>mn

e= e Jif—m<e< (26)
e+2m ,ife<-—m
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Note that the Z-axis angle sampled by the MPU6050 is not the actual yaw angle but
the direction in which the fish head is pointing because the fish head will oscillate during
the swimming process. In order to get the actual yaw angle, we need to approximate the
yaw angle by first-order filtering:

lpact(k) = Dﬂpact(k - 1) + (1 - a)lPIMU(k) (27)

where « is the filtering factor, P4t (k) is the yaw angle corresponding to the current sampling
cycle, gt (k — 1) is the yaw angle of the previous cycle, and {p17(k) is the pointing of the
head of the fish captured by the MPU6050 in the current cycle, with a sampling period of
0.02s.

4. Experiment

The size of the experimental pool is 2.5 m x 1.6 m, and the water depth is 0.6 m. The
experimental parameter settings are shown in Table 2.

Table 2. Parameters setting for experiment.

Ahypax dhy,;, k r Kp K;
150 30 60 20 0.6 0.0001
Kp A M B w R

0.0003 1.5 10 - 15 1

4.1. Yaw Control

In Section 3, the path-tracking problem is theoretically derived to be transformed
into a yaw-tracking control problem. The internal control system is tasked with guiding
the robotic fish to follow the real-time desired yaw-angle output by the outer guidance
subsystem, thereby achieving effective path-following control. Consequently, it is impera-
tive to conduct tests on the efficacy of the internal control system in order to validate the
feasibility of the proposed control scheme. During the path-following process, the desired
yaw angle provided by the guidance subsystem continuously changes, it becomes essential
to assess and test both constant and dynamically changing yaw angles for their trackability
by our proposed controller. As a result, the yaw-tracking control experiment is divided
into two parts, namely tracking of static yaw angles and tracking of dynamic yaw angles.

In the static yaw-angle tracking experiment, we conducted tracking for angles of
30°, 45°, and 60°. The trajectory of the robotic fish during the experiment is illustrated in
Figure 7. A careful examination of the angle diagram in the bottom right corner of the figure
reveals a close alignment between the fish’s movement direction and the desired angles.
To provide a more intuitive representation of the relationship between actual and desired
values, Figure 8 displays the real-time yaw angle of the fish compared to the desired yaw
angle. Remarkably, the implementation of the proposed incremental PID yaw tracking
controller results in effective tracking performance for static yaw angles in robotic fish.
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(¢) Results of yaw control with a desired angle of 60°

Figure 7. Results of directional tracking experiment.

In the experiment of dynamic yaw-angle tracking, we designated the desired yaw
angle as a linear time-varying variable, with incremental changes set at 1°/0.2's,4°/0.2 s,
and 6°/0.2 s, respectively. The comparison between the actual yaw angle of the robotic fish
and the time-varying desired yaw angle during the experiment is illustrated in Figure 9.
It is evident that the proposed PID incremental controller demonstrates commendable
tracking performance for dynamic yaw angles with varying angular growth rates.
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Figure 8. Variation of actual yaw angle with different desired angles.
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Figure 9. Variation of actual yaw angle for desired angles with different rates of change.

Due to the inherent limitations of the fish’s bias, there is a slight delay in tracking
the dynamic yaw angle with an angular growth rate of 6°/0.2 s, which represents the
maximum limit that the fish can effectively track. However, during the path-tracking stage,
the desired yaw-angle changes typically do not exceed 3°/0.2 s. Consequently, adopting
the incremental PID controller as the inner-loop controller for path following presents a
practical and viable solution.

4.2. Path-Following Control

The control block diagram for the path following is shown in Figure 6, where the
real-time position of the robotic fish serves as feedback. However, traditional positioning
modules are not suitable due to the physical dimensions of the fish and constraints imposed
by the operating environment. Therefore, this study utilizes real-time experimental images
captured using a global camera, with image-processing techniques employed to extract the
fish’s position. Considering both the image-processing stage and the characteristics of the
robotic fish, increasing the control frequency does not significantly improve performance.
Due to limitations in the fish’s actuators, instantaneous mode transitions cannot be achieved.
As a result, the control period is set to 200 ms in this study, taking into consideration the
requirements of the image-processing stage and the fish’s actuation capabilities. Unlike
trajectory tracking, path-following control is not constrained by time but rather focuses
on ensuring that the robotic fish can move along a predetermined path. Therefore, to
simplify the control implementation, in this study, the parameters M, w, and R in the CPG
high-level control commands (M, B, w, R) are set as constants for each experiment. The fish
only adjusts the bias of the caudal fin (B) during the tracking process to achieve turning.
Specifically, the beating frequency (w) is set to 1.5 Hz, the time ratio (R) is set to 1, and the
oscillation amplitude (M) is set to 10.
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The initial position of the robotic fish is set to (250,150), and the target path is set as
xp(@) = 1000 + 300cos(27t@), yp(@) = 500 + 300sin(27t@) with @(0) = 0.

Figure 10 depicts a series of snapshots demonstrating the path-following process
guided by the proposed strategy (Video S1). The anticipated path is denoted by a yellow
dotted line, while the actual swimming trajectory of the robotic fish during the experimental
trial is represented by a red solid line. It can be observed from Figure 10 that the robotic
fish enters the tracking phase at T = 14.33 s. At this point, the controller initiates the turning
motion because there is a significant difference between the heading angle of the robotic
fish and the path angle. However, due to the inherent control lag, the robotic fish deviates
from the desired path between 14.33 s and 20.53 s. Subsequently, under the guidance of
our proposed strategy, at T = 20.53 s, the robotic fish successfully returns to the proximity
of its intended path and maintains stability with minimal deviations from it thereafter.

Figure 10. Snapshot sequence for circle path following. The yellow dashed line represents the
expected trajectory, while the red implementation represents the actual trajectory of the robotic fish.

A comparison was made between the traditional fixed lookahead distance LOS, en-
closed circular lookahead distance (CLOS), and the proposed ALOS in this study. Figure 11
shows the comparison of the path-following experiments using different strategies, de-
picting the actual swimming trajectories of the robotic fish under each navigation method.
It can be seen that the traditional LOS is slow to converge and prone to oscillation in the
process of path following, which is caused by the inherent limitations of the traditional LOS,
i.e., drawback 3 of the traditional LOS, as mentioned in this paper. Too large a lookahead
distance will result in slow convergence, while too small a lookahead distance will result
in oscillation in the vicinity of the trajectory, making it difficult to obtain the appropriate
lookahead distance. Similarly, CLOS has significant overshooting but performs a little
better than LOS at sharp corners. In contrast, the ALOS proposed in this paper significantly
outperforms the previous two in both sharp corners and the amount of overshooting and
tracks the desired path more smoothly, which is due to the fact that the ALOS can adap-
tively adjust the lookahead distance. But, the path-tracking accuracy is still insufficient,
due to the interference from the sideslip angle of the robotic fish. However, the FTALOS
strategy proposed in this paper not only adaptively adjusts the lookahead distance but also
takes into account the interference of the sideslip angle of the robotic fish, estimates the
side-slip angle, and obtains a more realistic line-of-sight angle, and the final experimental
results are satisfactory and significantly better than the first three.
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(c) ALOS (d) FTALOS

Figure 11. Comparison of the actual trajectories and desired paths under different guidance strategies.
The yellow dashed line represents the expected trajectory, while the red implementation represents
the actual trajectory of the robotic fish.

Figure 12a depicts the real-time variation of the yaw angle during the experimental
process, demonstrating that the FTALOS continuously updates the desired yaw angle. The
robotic fish achieves accurate tracking of this signal under the influence of the incremental
yaw-tracking PID controller, thereby accomplishing the path-tracking task. Figure 12b
presents the tail-fin deflection signal in the CPG high-level control command throughout
the experiment. When combined with Figure 10, it becomes apparent that, during the
initial stage, slight turns are executed by the robotic fish to reach the starting tracking point,
resulting in a small positive deflection value. However, at T = 14.33 s, a substantial turn
is undergone by the robotic fish, leading to a rapid transition of the deflection value to
a larger negative magnitude. At T = 20.53 s, the robotic fish successfully returns to the
desired path and, thereafter, swims along the desired trajectory, gradually stabilizing the
subsequent deflection value, which consistently hovers around —10.

To quantitatively assess the advantages of the proposed FTALOS, we measured the
experimental tracking errors, as presented in Table 3 and Figure 13. The results demonstrate
that the FTALOS exhibits superior tracking performance across all three error dimensions,
including RMSE, MSE, and MAE. Specifically, it achieves the lowest RMSE value of 0.0544,
the lowest MSE value of 0.0425, and the lowest MAE value of 0.0030. Meanwhile, Figure 13
clearly shows that FTALOS has the smallest average tracking error and standard deviation.
This indicates that the FTALOS outperforms both the CLOS and traditional LOS methods.
The ALOS guidance strategy, incorporated in the FTALOS, enables faster convergence
to the desired path compared to the traditional LOS, which exhibits slower convergence
speed. Additionally, the inclusion of FTO enhances the performance of the ALOS, further
improving its tracking capabilities.

167



Biomimetics 2024, 9, 556

Yaw Angle(®)
(=]

& o

S 2
==
=

20

40

60

Time(s)

(a)

=== Target Yaw
w=Yaw Angle '
=——MA Yaw Angle

80 100

0 20 40 . 60 80 100
Time(s)

(b)

Figure 12. Experiment results. (a) Comparison of target yaw angle and actual yaw angle; (b) real-time
bias of CPG high-level command, it represents the swinging center of the caudal fin of robotic fish.

Table 3. Quantitative analysis of circle path-following error for experiments.

Quantitative Analysis(m)

It

ems RMSE. MAE MSE
Traditional LOS 0.0986 0.0880 0.0097
CLOS 0.0980 0.0831 0.0096
ALOS 0.0706 0.0550 0.0050
FTALOS 0.0544 0.0425 0.0030
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Figure 13. Tracking-error comparison of different control methods.
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However, our proposed FTALOS path-tracking method has certain limitations as
it relies on the assumption that the path is expected to be second-order differentiable.
Consequently, the tracking results may not meet expectations for paths with folded lines.

5. Conclusions

In this paper, an FTALOS guidance subsystem is proposed to achieve a planar path
following a bio-inspired robotic fish equipped with a compliant and flexible tail fin driven
by a cable mechanism. Initially, the kinematic model of the underwater bio-inspired robotic
fish is introduced based on coordinate transformations. Subsequently, an ALOS guidance
strategy is proposed, which incorporates compensation for the sideslip angle. Moreover,
an incremental PID controller for yaw-tracking control is introduced and experimentally
validated to evaluate its ability to track the yaw angle. The integration of the guidance
subsystem and the PID heading controller is synergistically implemented, and the effi-
cacy of the proposed tracking strategy is verified through experiments. The experimental
results demonstrate that the robotic fish guided by the proposed FTALOS exhibits mini-
mal overshoot and achieves a lower steady-state error compared to the traditional LOS
and CLOS.

In the future, we will develop advanced mechanical structures to enhance the swim-
ming efficiency and experimental reproducibility of robotic fish. Moreover, our focus will
remain on refining control algorithms, including model-free control based on reinforcement
learning, to enable robotic fish to autonomously learn and improve controller robustness.
Furthermore, we will conduct outdoor experiments with random perturbations to track
more complex paths.
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Abstract: This paper reviews the research progress of bionic soft robot technology learned
from octopuses. The number of related research papers increased from 760 in 2021 to 1170
in 2024 (Google Scholar query), with a growth rate of 53.95% in the past five years. These
studies mainly explore how humans can learn from the physiological characteristics of
octopuses for sensor design, actuator development, processor architecture optimization,
and intelligent optimization algorithms. The tentacle structure and nervous system of
octopus have high flexibility and distributed control capabilities, which is an important
reference for the design of soft robots. In terms of sensor technology, flexible strain sensors
and suction cup sensors inspired by octopuses achieve accurate environmental perception
and interaction. Actuator design uses octopus muscle fibers and movement patterns to
develop various driving methods, including pneumatic, hydraulic and electric systems,
which greatly improves the robot’s motion performance. In addition, the distributed ner-
vous system of octopuses inspires multi-processor architecture and intelligent optimization
algorithms. This paper also introduces the concept of expected functional safety for the first
time to explore the safe design of soft robots in failure or unknown situations. Currently,
there are more and more bionic soft robot technologies that draw on octopuses, and their
application areas are constantly expanding. In the future, with further research on the
physiological characteristics of octopuses and the integration of artificial intelligence and
materials science, octopus soft robots are expected to show greater potential in adapting to
complex environments, human-computer interaction, and medical applications.

Keywords: octopus; sensor; actuator; processor

1. Introduction

In recent years, the field of robotics has undergone a revolutionary transformation,
with soft robotics emerging as a pioneering technology. Soft robots demonstrate remarkable
potential across a variety of applications due to their unique characteristics, including flexi-
bility and adaptability. Their durability, deformability, and ability to perform complex tasks
in unstructured environments have attracted considerable attention from researchers [1-3].

Soft robotics is an interdisciplinary field that integrates concepts from biology, engi-
neering, materials science, and computer science. By examining natural organisms—particularly
soft-bodied creatures, such as octopuses, worms, and jellyfish—scientists have drawn sig-
nificant inspiration for innovative robot designs [4,5]. These organisms exhibit exceptional

Biomimetics 2025, 10, 224 https://doi.org/10.3390 /biomimetics10040224
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movement, manipulation, and adaptability, providing a wealth of ideas for the develop-
ment of advanced soft robotic systems [6,7].

Marine animals have evolved to thrive in fluid environments, developing highly
adaptable movement and body structures over time [8]. The wave-like swimming of fish,
the flexible tentacle movements of octopuses, and the pulsatile propulsion of jellyfish are
all remarkable examples of nature’s ingenuity in achieving efficient locomotion within
complex environments [9]. The octopus, a quintessential invertebrate, is particularly
notable for its highly flexible tentacles that possess multi-degree-of-freedom movement
capabilities. Composed of both muscular and gelatinous tissues, the tentacles of octopuses
can perform a range of complex actions, including grasping, coiling, and propulsion. This
unique structure and functionality serve as valuable inspiration for the design of soft
robots [10,11].

Interestingly, the neural architecture of octopuses is decentralized; approximately 40%
of their neurons reside in the brain, while the remaining 60% are distributed throughout
their tentacles [12]. This distributed processing significantly enhances the octopus’s re-
sponsiveness and ability to execute multiple tasks simultaneously, offering insights for the
development of distributed processing systems in robotics, as well as strategies for task al-
location between primary and auxiliary processors [13-15]. The development of soft robots
inspired by octopuses primarily manifests in the implementation of flexible strain sensors,
the design of sensor arrays on suction cups, and the innovative creation of bionic sensor ma-
terials [16,17]. Soft robots can be classified based on their actuators” power sources into three
main categories: pneumatic actuators, electric actuators, and hydraulic actuators [18-20].
Additionally, control algorithms, such as proportional-integral-derivative (PID) and linear
quadratic regulator (LQR), significantly enhance the motion accuracy of these actuators
when integrated with traditional systems. Research into the neural network systems of
octopuses has led to the development of distributed control methods, which improve the
overall control efficiency of robotic systems. This work also provides crucial insights for
the exploration of asynchronous parallel optimization algorithms [21-23]. The significance
of these studies is particularly pronounced in the context of the era characterized by big
data and advanced computational power.

In recent years, significant advancements have emerged from bionic research focused
on octopuses, particularly in the areas of perception, control, actuator design, and pro-
cessing systems. Further investigation into the physiological characteristics of octopuses
holds substantial importance for the ongoing development of soft robots. This review
systematically presents the bionic inspiration derived from octopuses and outlines the
related research progress in soft robotics, specifically in the domains of sensing, actuation,
and distributed processing (Figure 1). Furthermore, this paper introduces the concept of
expected functional safety into the realm of soft robot research for the first time [24].

The primary function of sensors is to facilitate accurate data interaction between
robots and their environments, while actuators are responsible for enabling movement
and task execution. Processors play a crucial role in data processing and movement con-
trol [25]. Accordingly, this review begins with a succinct exploration of the physiological
characteristics of octopuses, specifically examining the functions of their sensory organs,
motor systems, and nervous systems. Subsequently, the discussion extends to the devel-
opment of multi-processor systems modeled after the octopus nervous system. It also
addresses advancements in flexible robotic sensing technologies and multi-sensor fusion
algorithms inspired by the sensory organs of octopuses. Additionally, the evolution of
various movement modalities and control technologies in flexible robots, influenced by
the motor capabilities of octopuses, is introduced. The coordination between the main
processor and co-processor is also examined.
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Finally, the review concludes by outlining prospective future research directions in
the field of bionics that can be applied to the development of flexible robots.

Figure 1. Schematic diagram of the relationship between the octopus’s body structure and the bionic
soft robot.

2. Octopus and Soft Robot Sensor Technology

Perception technology serves as the foundation for soft robots to achieve autonomous
operation and intelligent behavior, and it is a crucial factor for their successful deployment
in complex environments. The sensing technology of soft robots is central to their abil-
ity to perceive and interact with their surroundings. To enable these robots to respond
intelligently to external stimuli, it is essential to integrate soft sensing components and
flexible strain sensors into their structural design, allowing them to perceive a variety of
environmental signals as feedback [26,27].

Currently, the availability of suitable strain sensors is vital for the perception and
autonomy of soft robots; however, the variable shape and dynamic actuation of these
robots present challenges for sensor manufacturing and long-term durability [6,7,28,29]. To
address these challenges, a deterministic crack propagation mechanism has been proposed,
characterized by a programmed crack array utilizing a micro-wrinkle strategy. A com-
putational design of strain sensors has been developed to enhance both sensor modeling
and stability. As illustrated in Figure 2a, environmentally stable single-walled carbon
nanotubes (SWNTs) are employed to fabricate piezoresistive strain sensors. This design
features a two-stage process that integrates the function of “programmed crack arrays in
micro-wrinkles”, resulting in what is referred to as the PCAM sensor.

To validate the effectiveness of this mechanism, an origami robot was designed, as
depicted in Figure 2d. Innovatively, this study also incorporated deep learning technology
by employing an artificial neural network (ANN) to predict the motion trajectory of the
origami robot based on data collected from the strain sensors [30,31]. The test results are
presented in Figure 2e. This technology holds potential for applications in automated
navigation and terrain mapping for robotic systems in future endeavors [26].
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Figure 2. New sensor materials and their applications. (a) SWNT material characterization diagram,

computationally guided PCAM sensor design during origami robot design, examples of different p
and ¢ values. (b) E-SOAM integrates bending sensing (through strain sensors) and suction, embeds
metal electronic components into the terminal holder, processes all signals at the terminal, and then
transmits them wirelessly. (c) Schematic diagram of the charge distribution of piezoelectric materials
that can be measured and grasped [32]. (d) Schematic diagram of the sensor-integrated origami robot.
(e) ANN predicts the motion trajectory of the origami robot. (f) The three internal suction cups on the
ventral inner surface of the E-SOAM haptic device transmit the sensory feedback of the end gripper
suction to the human finger. The suction force applied to the finger to establish the tactile interaction
between the end gripper and the finger is described in detail.

The perception of soft continuum robots presents a significant challenge in the field of
robotics. The inherent high degree of freedom and redundancy in soft continuum structures
complicates the simultaneous attainment of speed and accuracy in numerical approximate
solutions to their nonlinear partial differential equation models [33,34]. Environmental
perception in soft continuum robots faces several issues, including difficulties in aligning
the sensor circuitry with the Young’s modulus of the robot’s body and challenges in
designing a functional distribution of structures [5,26,35,36].

Observing how octopuses capture prey reveals an effective strategy: their slender
tentacles utilize a unique mode of “bending wave transmission” to approach targets. This
process begins with bending at the base, propagating along the arm toward the prey [37,38]
Once a suction cup attaches to the target, the highly sensitive nerves within the tentacles
and suckers quickly detect and secure the object. Inspired by this remarkable predatory
behavior, the electronic integrated soft octopus arm (E-SOAM), illustrated in Figure 2b, is
designed to enable extensive sensing and interaction capabilities. The E-SOAM features
a wearable finger glove equipped with three internal suction cups on its ventral surface.
When the suction cup attaches to an object, it generates a vacuum that pulls the skin
of the glove, effectively translating the robot’s sensory feedback into a tangible human
sensation. Consequently, the operator can discern the softness of the object through the
tactile feedback provided by the terminal fixture and the wearable glove [39]. The E-SOAM
offers a valuable design reference for enhancing the perception and interaction capabilities
of soft continuum robots with their environments. By leveraging the bending transmission
motion mode characteristic of octopus tentacles, along with wearable flexible tactile devices,
we propose a sensor-integrated octopus arm robot prototype. This prototype successfully
realizes an operation mode akin to that of octopuses, encompassing sensing, motion, and
environmental interaction functionalities.
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In terms of materials, the design of the bionic octopus sensor incorporates the func-
tionality of a sensor into a conventional soft robot sucker, drawing inspiration from the
octopus sucker. When a voltage is applied across the sucker material, the capacitance
increases proportionally. Notably, when the sucker makes contact with an object, the capac-
itance experiences a significant increase, eliminating the need to lift the object to confirm a
successful grasp [40-42]. The material structure of the sensor is illustrated in Figure 2c.

The bionic octopus sensor utilizes a CNT/Ecoflex conductive elastomer as its primary
material, enabling the collection of the normal vector of the three-dimensional (3D) spatial
force. Additionally, a laser-induced graphene sensing film is integrated into the Ecoflex to
serve as the tactile wrist of the sensor, allowing for the discernment of both the magnitude
and direction of the tangential component of the force. This integration endows the sensor
with perceptual capabilities. Various shapes and scanning electron microscopy (SEM)
images of the sensor are presented in Figure 3a [43].

Common sensors operating underwater face significant challenges in complex envi-
ronments due to issues such as signal attenuation, biological fouling, and interference from
water flow [44,45]. Drawing inspiration from the tactile system of the octopus sucker, a
novel sucker tactile system has been developed that employs triboelectric tactile receptors
to simulate the cephalopod-specific chemical sensor (CR) mechanism. The application of
superhydrophobic treatment enhances the microstructure of the sensor’s surface, result-
ing in substantial improvements in output voltage, sensitivity, and response time. The
constructed underwater material identification system (UMIS), based on the OI-TENG
(Octopus-Inspired Triboelectric Nanogenerator), is illustrated in Figure 3b [46].
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Figure 3. Sensor material design and detection performance optimization. (a) CNT/Ecoflex material
diagram and SEM characterization [43]. (b) OI-TENG underwater material recognition system [46].
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In addition to the continuous expansion of sensor types and technical applications,
significant progress has been made in the development of sensor post-processing algorithms
for soft robot perception technology. To achieve a comprehensive understanding of their
environment, soft robots must integrate multiple sensors that can detect various parameters,
including force, temperature, and shape [47]. This multimodal sensing capability enables
soft robots to better comprehend and adapt to their operational environments [26,47,48].
Among the various techniques employed in multi-sensor fusion technology, the Kalman
filter and its variants hold a prominent position. The Kalman filter, along with its extended
versions—such as the extended Kalman filter (EKF) and the unscented Kalman filter
(UKF)—are widely utilized for multi-sensor data fusion [49]. These methods are particularly
effective in addressing sensor noise and uncertainty in both linear and nonlinear systems. In
recent years, deep learning technologies, including convolutional neural networks (CNNs)
and recurrent neural networks (RNNs), have gained traction in the realm of multi-sensor
fusion. These advanced techniques can automatically extract and learn features from sensor
data, enhancing the overall performance of perception systems [50-52].

The rapid development of multi-sensor fusion technology has made it a revolutionary
enabler for soft robotic systems, especially for robust environmental interaction through
adaptive sensor-actuator coupling. As shown in Table 1, a comparative analysis of Kalman
filters, CNNs, and RNNs reveals the advantages, disadvantages, and application scenarios
of several common sensor processing methods. This synergistic integration of model-based
estimation and data-driven learning paradigms is driving the development of embodied
intelligence in soft robots, enabling autonomous operation with sub-millimeter precision in
unstructured environments.

Table 1. Comparison of the advantages and disadvantages of Kalman filters, CNNs, and RNNs in
the sensor fusion of soft robots.

Method Advantages Disadvantages Applicable Scenarios

Real-time performance

Kalman Efficient calculation Dependent linear models ~ Soft tentacle pose estimation

Multidimensional data fusion Noise sensitivity Dynamic environment position
Spatial feature extraction Highly data-dependent . o .
CNN High-dimensional data processing Limited real-time Object recognition (grasping)

End-to-end learning performance Tactile texture perception

Temporal modeling capabilities
RNN/LSTM  Dynamic adaptation
Multi-modal fusion

High training complexity =~ Continuous motion planning
Computational delay Abnormal state detection

3. Octopus and Soft Robotic Actuators

The actuator is a critical component of a soft robot, enabling movement and function-
ality. Table 2 shown the differences between octopus-inspired soft robot actuators and
other biomimetic soft robot actuators. Given the inherent characteristics of soft robots,
actuators must possess flexibility, deformability, and the ability to adapt to complex environ-
ments. Common modes of actuation in soft robots are primarily powered by various energy
sources, including gas, liquid, electricity, heat, magnetism, and chemical reactions [6,53-55].

The octopus serves as an ideal animal model for studying slender, flexible appendages.
As illustrated in Figure 4a, the muscle system of the octopus arm consists of a dense
three-dimensional array of muscle fibers and connective tissue, which extends along the
entire length of the arm and encases the axial nerve cord [55-57]. Similar to the tentacles of
the octopus, the movement of a soft robot is primarily facilitated by soft actuators. These
actuators are crucial for enabling the movement of the soft robot, making their design and
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functionality vital to the overall composition of the robotic system. Depending on the
specific application scenarios, the design, manufacturing, and control of soft actuators may
vary significantly.

Table 2. Comparison between octopus-inspired soft robot actuators and other biomimetic soft
robot actuators.

Technical
Bionic Objects Design Features Drive Mode Application Scenarios Challenges and
Limitations

(1) Highly flexible Pneumatic/ Flexible gripping Nonlinear
Octopus (2) Dynamic grasping  hydraulic drive Underwater detection ~ deformation

(3) Stable attachment ~ SMA Medical endoscope control is complex

(1) Flexible and rigid, .

. . . . Insufficient

can carry heavy objects Pneumatic/ Industrial handling . .
Elephant Trunk N dynamic stability

(2) Layered muscle hydraulic drive Rescue robots .

under high loads

structure

(1) Segmented . Underground

structure Pneumatic . Slower movement
Earthworm ) exploration

(2) Low energy Electroactive polymers .0 .. . speed

. Pipeline inspection
consumption
Marine ecological

Fish (1) Streamlined body Motor monitoring Limited steering

(2) Low noise Electroactive polymers ~Underwater military flexibility

reconnaissance

Pneumatic actuators are among the most prevalent types of actuators used in soft
robots, utilizing compressed air to facilitate movement. By adjusting the air pressure and
flow, pneumatic actuators can expand or contract, generating a range of movements. These
actuators offer high flexibility and rapid response times, enabling complex deformation
and movement patterns. They are widely employed in tasks such as grasping, walking,
and crawling. However, the implementation of pneumatic actuators necessitates complex
pneumatic systems and control devices, which may be constrained by the availability of air
sources and the configuration of pipelines [20,58-60].

Inspired by the muscle structure of the octopus arm, researchers have designed a
soft robotic arm constructed from soft silicone, as depicted in Figure 4d. This robotic
arm comprises three slender segments arranged in series, with each segment containing
multiple pneumatic chambers embedded within its silicone body. The solenoid valves
illustrated in Figure 4e are employed to regulate the flow of compressed air into these
pneumatic chambers. The control logic for the system is presented in Figure 4b. By
selectively inflating the corresponding chambers, the arm can achieve bending, extension,
and twisting movements, thereby facilitating the deformation of the current segment of the
robotic arm. The overall control framework is depicted in Figure 4c.

By integrating segment deformation and simulating the function of the antagonistic
muscles found in octopuses, this robotic arm can bend in multiple directions, adjust its
length, and even twist around its central axis, thereby achieving movement capabilities
akin to those of an octopus arm [60-62].

Hydraulic actuators utilize liquid pressure to facilitate movement and are particularly
well-suited for applications that require substantial force. By controlling the flow of liquid
through hydraulic pumps and valves, these actuators can generate significant thrust and
torque, providing both high output force and precise control. They are ideal for tasks that
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demand high loads and meticulous regulation. However, hydraulic systems tend to be
complex, incur high maintenance costs, and carry a risk of leakage [18,63,64].

R —
air — = L,_- i % = X
intake L intake T'_ﬁl——'—

chamber chamber

Figure 4. Pneumatic actuator working example reference [60]. (a) Octopus vulgaris arm muscle
system [57]. (b) Pneumatic actuator control logic. (c) Diagram of the soft arm pneumatic actuation
and control system, including an air source, 28 controllable solenoid valves, a 32-bit microcontroller,
a visual tracking system, a host computer, and a three-segment octopus bionic soft arm. (d) An actual
picture of the three-segment octopus bionic soft arm, comparing its size with a coin. (e) Pneumatic
actuator control component solenoid valve.

Inspired by the morphology of octopus movement, novel actuators can be designed
based on the principles of fluid drive. The actuator model developed for this purpose is
illustrated in Figure 5c. This design employs silicone material for the drive chamber, with
the driving fluid supplied to the robot through a flexible pipe that channels it to each arm
via internal conduits within the robot’s body. As depicted in Figure 5d, the arm features a
conical shape, and the drive chamber is constructed from silicone reinforced with multiple
layers of polyester wire. The polyester wire is arranged in a spiral configuration along the
conical clamping wall, ensuring that the actuator can bend and stretch effectively.

Testing has demonstrated that the bionic actuator shown in Figure 5e can achieve
movement with minimal drive pressure when the drive is controllable. This actuator is
capable of forward movement, rotation, and twisting around its main axis [60,65].

Electric actuators typically achieve motion tasks through direct motor control or meth-
ods such as electromagnetism and electrothermal effects. Among these, motor control
provides high-precision angle and position regulation, enabling the actuator to perform
complex grasping and manipulation tasks. The motor drive system is characterized by
its rapid response, allowing for quick starts and stops. Additionally, motors exhibit high-
energy conversion efficiency and can deliver substantial output torque within a compact
volume. Their ease of integration with other sensors facilitates the creation of comprehen-
sive intelligent control systems. Given the maturity of motor control technology, dynamic
modeling is relatively straightforward, allowing for improved design of the entire sys-
tem [66-70].

Figure 5a illustrates a novel bionic robotic swimming platform inspired by octopus
locomotion. This platform achieves efficient swimming using only two standard motors.
It combines asymmetric passive deformation arms with umbrella-shaped rapid return
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structures, effectively mimicking the arm movements and stroke timing of octopuses to
enhance swimming efficiency. This actuator design significantly reduces the complexity of
the drive system while maintaining excellent swimming performance, offering valuable
insights for the development of low-cost underwater vehicles. The motion posture of the
modified bionic soft robot is depicted in Figure 5b [71].

Figure 5. References to other power source actuator working examples. (a) Electric actuator complete
machine example [71]. (b) Electric actuator motion posture [71]. (c¢) Hydraulic actuator modeling [65].
(d) Hydraulic actuator tentacle structure design [65]. (e) Hydraulic actuator motion posture [65].

In addition to the novel actuators previously discussed, the control algorithm govern-
ing the actuator is also of paramount importance. The flexible deformation of the robotic
arm structure complicates accurate control. Figure 6b illustrates a proportional-integral (PI)
control algorithm based on self-inductance resistance feedback from shape memory alloys
(SMAs), which enhances the control accuracy of the bionic robotic arm. The soft robotic arm
designed using SMA in conjunction with the PI control algorithm can be flexibly bent and
precisely controlled. The overall system control block diagram is presented in Figure 6a.

In this design, SMA wire is selected as the actuator, while silicone material serves as
the foundation for the flexible robotic arm, resulting in a bionic flexible arm. The SMA
wire acts as an actuator that simulates the longitudinal muscle fibers found in octopus
arms, embedded parallel to the central axis of the robot arm, as shown in Figure 6¢c. Three
groups of SMA wires are symmetrically arranged around the axis of the flexible robot arm
interface. By constructing a constitutive model for the SMA, the changes in parameters
such as stress, strain, and martensite percentage due to temperature variations during the
SMA phase transition can be effectively described.

The SMA is driven by pulse-width modulation (PWM) for electric heating. By adjust-
ing the PWM duty cycle, the temperature of the SMA can be controlled, thereby regulating
the movement of the flexible robotic arm. This logical relationship allows for the construc-
tion of a thermodynamic model for the SMA. Together, these two models elucidate the
relationship between variations in the PWM pulse signal’s duty cycle and the resulting de-
formation of the SMA. It is well-known that flexible actuators exhibit significant inertia and
hysteresis, leading to slow changes in motion error during operation. Consequently, the
differentiating component of the PID algorithm is less effective. Therefore, a PI controller is
employed to accurately manage the movement of the bionic flexible robot arm. Control
angle measurements were conducted using the device depicted in Figure 6d. Experimental
results confirmed that varying driving voltages produced different bending angles and
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response speeds of the robot arm. Furthermore, it was observed that higher voltages
corresponded to faster angle changes, as illustrated in Figure 6e [72-76].
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Figure 6. Actuator control algorithm and actuator materials [76]. (a) PI control logic suitable for SMA.
(b) Actual picture of actuator designed with SMA. (c) Schematic diagram of actuator power based on
SMA material. (d) SMA + PI control experimental device diagram. (e) Experimental data of SMA
motion performance under different voltages.

By studying the movement and associated organ characteristics of the octopus,
we have significantly broadened our perspectives on actuator design. This represents
a crucial milestone in the optimization of soft robot design and the development of
enhanced functionalities.

4. Octopus and Processor Architecture and Intelligent
Optimization Algorithms

Octopuses are regarded as the most intelligent of all invertebrates. Research has
shown that only 40% of the neurons in octopuses are located in the brain, while the
remaining 60% are distributed throughout their eight tentacles. The distribution of these
structural functions is illustrated in Figure 7a. A significant portion of the octopus’s
nervous system resides within its arms. Each arm contains a nerve cord, known as the
arm or axial nerve cord, which runs parallel to the suckers. Along the ventral side of each
arm, 200 to 300 suckers are staggered, and the nerve cord comprises a dense, continuous
network of neuropil that extends from the surrounding layer of monopolar neuronal cell
bodies [77-80].

The nerve fibers at the base of each sucker are enlarged, forming structures commonly
referred to as ganglia, while the segments between these ganglia are termed interganglionic
regions. Notably, the octopus brain does not issue commands for every minor movement
of the arms; instead, many decisions are made autonomously by the arms themselves.
This distributed arrangement of neurons enables the octopus’s arms to solve problems
independently. For instance, when an octopus explores a cave and discovers edible items,
its arm can simultaneously open shellfish. This distributed control architecture facilitates
effective and computationally efficient control of the arms [79,81].

The structure of the octopus’s nervous system and the manner in which the brain
communicates with the arms can inform the design of system architectures. A multi-
processor distributed processing system allocates control between a main processor and
a coprocessor, allowing the coprocessor to share workload tasks and thereby reducing
the burden on the main processor. This distributed control approach is often referred
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to as hybrid control, which describes a hierarchically organized system where a discrete
control mode is selected at a higher level, while different continuous controllers operate
at a lower level for each mode. The control strategy employed by octopuses exhibits
several characteristics that align with hybrid control principles. The evolution of the
distributed processing architecture inspired by the octopus nervous system is illustrated in
Figure 7b [22,82-85].
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Figure 7. Octopus neural network explaining distributed processing. (a) Schematic diagram of
octopus neural network and neuron distribution [83]. (b) Evolution diagram of distributed processing
architecture inspired by octopus [82].

In addition, an intelligent optimization algorithm inspired by the characteristics of
the octopus neural network has been developed. The Octopus-Inspired Optimization
Algorithm (OIO) is an advanced optimization technique that leverages the unique fea-
tures of the octopus’s neural system. It employs a multi-level hierarchical strategy to
achieve global search and local optimization through asynchronous parallelism. This
effective combination of search methodologies significantly enhances both search efficiency
and adaptability.

The multi-level structure of the OIO consists of four levels: tentacles, suction cups,
individuals, and groups, simulating the octopus’s nervous system to facilitate information
transfer and interaction. As illustrated in Figure 8a, the suction cups are responsible for
the perception and processing of local information. At the beginning of each iteration,
information is collected through an evaluation function and relayed to the tentacles. The
tentacles then adjust the parameters and update the performance indicators based on the
feedback received from the suction cups. As shown in Figure 8b, the tentacles are tasked
with distributed search and autonomous decision making. They integrate information
from the suction cups, evaluate the environment, and adjust their movements accordingly,
providing feedback to the individual and influencing subsequent movement instructions.
Figure 8c depicts the role of individuals as macro decision makers, who make decisions
by synthesizing information from the tentacles and environmental characteristics. They
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also implement a reward and punishment mechanism to adjust the group optimization
algorithm, preventing prolonged stagnation in inefficient areas.

Environmental information

Figure 8. Intelligent optimization algorithms inspired by octopuses [22]. (a) Suction cups and
perception. (b) Tentacles and distributed processing. (c) Octopuses and individual decision making.
(d) Octopus swarms and group optimization algorithms.

Figure 8d illustrates how the group achieves collaborative optimization by aggregating
information to comprehensively describe the solution process, enabling all individuals
to work in concert. The OIO utilizes an asynchronous parallel mechanism to allocate
computing resources efficiently, thereby improving execution efficiency. Different tentacles
and suction cups can search and process information in parallel, significantly reducing the
algorithm run time. Moreover, the OIO possesses the capability for adaptive parameter
control, allowing it to adjust search step sizes, exploration-exploitation balance factors, and
other parameters based on real-time feedback. This adaptability enhances the robustness
and convergence speed of the algorithm. A regional regeneration mechanism is employed
to prevent the tentacles from remaining in local optimal areas for extended periods, thereby
enhancing global search capabilities. The OIO not only emphasizes individual intelligence
simulation but also highlights the emergence of group intelligence. The exchange of infor-
mation between individuals improves the algorithm’s adaptability. In terms of design, the
OIO rationally implements parallel and asynchronous iteration strategies, fully utilizing
multi-core processor resources to avoid inefficiencies associated with synchronous up-
dates, thus further enhancing execution efficiency. The adaptive and dynamic adjustment
mechanisms enable the algorithm to modify strategies in real time according to varying
optimization problems, improving its versatility. Additionally, the OIO employs various
mechanisms, such as tentacle extension and contraction and regional regeneration, to avoid
local optima and continuously explore new areas in search of global optimal solutions.
This flexible design, combined with diverse mechanisms, equips the OIO with superior
search capabilities and optimization performance when addressing complex optimization
problems, offering novel ideas and methodologies for applications in related fields [22,86].

The octopus’s high-performance distributed control layer is notably distinct compared
to that of other organisms. Its intricate distributed local control system enables the octopus
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to manage thousands of actuated degrees of freedom, specifically in its suction cups and
arm musculature [80]. While it is currently unfeasible to create a robot with as many local
control degrees of freedom as an octopus possesses, the architectural principles of the
octopus can be effectively applied to robots with a reduced number of local control degrees
of freedom.

In the era of big data, studying the nervous system of octopuses holds great signif-
icance. For example, distributed processing can allocate data across multiple nodes for
parallel computing, enabling large-scale data integration. As the volume of data increases,
the number of computing nodes can also be expanded, thereby enhancing the processing
capacity of the entire system. In the field of deep learning, these insights have important
implications for the development of edge computing, federated learning, and multimodal
data processing [87-89]. In the future, a better understanding of octopus-distributed control
could help humans develop innovative methods for robot planning and control, as well
as provide new inspiration for computational optimization. Distributed processing can
integrate data from various sensors in real time. Through parallel computing, perception
and control tasks are distributed across multiple computing nodes, allowing robots to
process complex computational tasks more quickly and enhancing the overall intelligence
and flexibility of the system [90,91].

5. Octopus Inspires Other Aspects of Robotics

In addition to inspiring the design of robotic components, octopuses also influence the
development of various application fields. As shown in Figure 9b, the numerous suction
cups on octopus tentacles can expel air through muscle contractions, generating a pressure
difference. When the muscle tension is relaxed, the suction cups firmly adhere to objects.
This phenomenon has inspired numerous research directions, including the integration of
electrophysiological signal acquisition equipment with measurement targets, the develop-
ment of wearable hydrogels, wound-healing methods, and high-performance robotic arm
suction cups. Given the strong adhesion capabilities of octopus suction cups, incorporating
this structure into the probes of electrophysiological signal acquisition equipment can
ensure a secure connection to measurement targets, such as rough skin, thereby enabling
the continuous monitoring of vital signs in living organisms [92,93].
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Figure 9. Octopus-inspired drug-releasing robot [94]. (a) Bionic structure. (b) Schematic diagram
of the characteristics of the octopus suction cup. (c) Schematic diagram of the working of the
drug-releasing robot.
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Figure 9a illustrates a drug-release soft robot designed based on the structural charac-
teristics of octopus suction cups, capable of slow drug release in the body for therapeutic
purposes. The overall design of the robot is magnetic; under the influence of an external
magnetic field, as depicted in Figure 9c, the soft robot can be positioned at lesion sites in the
stomach and securely attach via instantaneous suction generated by the magnetic gradient
force. The drug contained within the suction cup is gradually released at the lesion site,
achieving targeted and sustained drug delivery [94].

In addition, the development of Safety of the Intended Functionality (SOTIF) continues
in the industry. The concept of SOTIF originated in the automotive industry and is defined
by the 15021448 standard [95]. It aims to address the risk of harm caused by functional
limitations or reasonably foreseeable misuse under non-system failures. Its core goal is
to minimize the proportion of known and unknown hazardous scenarios and improve
the boundaries of the system in complex environments through design optimization and
verification. We believe that this concept is also applicable to bionic robots. This paper
introduces the concept of SOTIF into the study of soft robots for the first time. Research
on SOTIF primarily focuses on countermeasures in the event of soft robot failures or
situations outside the scope of system modeling, ensuring that the soft robot actuator does
not cause harm to itself or the external environment. Similar to how an octopus protects
itself in unknown situations through means such as camouflage and ink spraying, the
design of predictive functional safety can guarantee the safe operation of the soft robot’s
actuator during the control process. In response to these challenges, some researchers have
proposed feedback strategies to ensure the safe operation of soft actuators when controlling
soft robots. The supervisory controller monitors the actuator’s state and dynamically
adjusts the control input to prevent conditions that could lead to physical damage. As
shown in Figure 10b, relevant researchers utilized shape memory alloys as actuators along
with thermal sensors. The temperature of the soft limb robot is maintained in a stable
state to prevent overheating during contact scenarios, such as environmental restrictions,
human interaction, or unreasonable control inputs. Figure 10a presents experimental
results demonstrating that when the robot is touched, the system automatically lowers the
temperature to prevent burns. The experiment confirms that the expected functional safety
monitor is effective, demonstrating the stability and verifiable safety of the supervisory
controller under specific conditions [96].
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6. Conclusions

In the realm of soft robotics, the octopus serves as an excellent teacher. From it, we
can derive insights into sensor design and fusion, innovative actuator design, optimization
of processing systems, and application ideas across various fields. This paper discusses the
application of advanced materials inspired by octopuses in the design of soft robot sensors,
including new combinations of classic sensor materials to achieve novel sensor functions
and improved sensor performance driven by octopus designs.

In the area of actuator design, we have presented the latest research progress from
perspectives including pneumatic, hydraulic, electric, and energy-derived actuation, along
with the development of new actuator materials, drive structures, and control algorithms
that enhance control accuracy, inspired by the movement and locomotion of octopuses.

Regarding processing systems, we explored the design and optimization of distributed
systems inspired by octopuses and introduced intelligent optimization algorithms based
on octopus behavior. Finally, we integrated the concept of expected functional safety into
soft robot design and outlined its practical applications.

Human exploration of the ocean is deepening, biotechnology is advancing rapidly,
and research on mollusks, such as octopuses, is becoming increasingly sophisticated.
Through bionic research on octopuses, combined with the continuous progress in artificial
intelligence and materials science, breakthrough developments are expected in many
fields [4,97]. The tentacles of octopuses exhibit exceptional freedom of movement and
flexibility, while their unique nervous system and learning capabilities provide a rich source
of inspiration for artificial intelligence and robotics. In the realm of intelligent soft robots,
future bionic octopus robots will be able to simulate octopus movements more accurately,
optimize grasping paths and strengths using artificial intelligence algorithms, and enhance
their adaptability in complex environments [98,99].

In the realms of human—computer interaction and medical applications, octopus-
like flexible robotic arms are expected to see widespread use in surgical procedures and
rehabilitation treatments [17,76,100]. Their softness and high degree of freedom enable more
precise operation of surgical instruments, thereby reducing trauma to patients. Additionally,
when combined with artificial intelligence and flexible materials, smart wearable devices
resembling octopus tentacles may be developed in the future for rehabilitation training or
assisted movement [101].

In the context of integrating artificial intelligence and neuroscience, the nervous sys-
tem and learning capabilities of the octopus offer a new research direction for artificial
intelligence. By simulating the octopus’s neural network, more efficient decision-making al-
gorithms can be developed in the future, enabling robots to autonomously learn and adapt
to complex environments [22,102-108]. Additionally, further research into the learning
and memory mechanisms of octopuses may lead to breakthroughs in artificial intelli-
gence within the fields of cognitive and emotional computing. Regarding multifunctional
integrated bionic systems, robots that can monitor environmental changes in real time
and autonomously adjust their behavior will be developed by combining the octopus’s
perceptual abilities with the responsiveness of smart materials [32,101-106].
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