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ABSTRACT 

 

Traditional rigid robots, while effective in many applications, present 

significant challenges in environments involving human interaction or delicate 

objects due to their inflexible structure, which can cause damage or accidents 

upon collision. Additionally, rigid robots require precise control mechanisms, 

limiting their adaptability to unpredictable conditions. In contrast, soft robots 

offer a safer, more versatile alternative. Their inherent elasticity reduces the 

risk of injury or damage during collisions and allows them to adapt to complex 

environments more effectively. This study investigates the application of 

biological locomotion mechanisms in a soft robot designed for underwater 

swimming. By utilizing flexible materials like Ecoflex, PVC sheets, and 

plastic films, the study successfully developed a soft robot capable of actuating 

in water. Key findings indicate that the robot was able to swim in a straight 

path, with optimal performance observed at an actuation frequency of 1.33 Hz 

and a pump voltage of 11 V. A second prototype validated directional control, 

allowing the robot to turn and manoeuvre precisely. This directional control, 

along with linear swimming, was incorporated into a swimming algorithm 

controlled by three push buttons. These advances contribute to the potential for 

soft robots in applications such as search-and-rescue operations, underwater 

exploration, and water quality monitoring. 
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CHAPTER 1 

 

1 INTRODUCTION 

 

1.1 General Introduction 

Soft robotics is a growing field that involves applying the locomotion 

mechanisms of animals in nature to achieve smooth and complex motion. 

Animals are classified as soft bodies due to their soft tendon, flesh, and 

muscles. Some sources of inspiration for the locomotion mechanism of soft 

robots are earthworms, snakes, octopuses, eels, jellyfish, and the human hand. 

By applying locomotion mechanisms developed in nature over a long time 

onto robots, robots can move in complex environments. The term “soft robot” 

first emerged in the field referring to a mechanical gripper that utilizes soft, 

elastic materials at the interface with the object of interest (Tondu and Lopez, 

2000). The term “soft robot” later refers to a robot with its structure entirely 

made up of elastic and deformable materials. These soft robots offer unique 

advantages in applications in constrained environments such as tight space 

manoeuvring and underwater exploration. By mimicking the locomotion and 

behaviour of aquatic creatures, swimming soft robots have great potential and 

reliability in transforming underwater robotics (Rus & Sitti, 2014). 

 

1.2 Importance of the Study 

Traditional rigid robots often have the problem of operating in unfamiliar 

environments, where they are generally hard-programmed to work in familiar 

environments. Besides, rigid robots also have the risk of causing harm and 

injuries to humans and other living creatures. However, this is hardly a 

challenge to soft robots as their ability to deform provides them with higher 

flexibility to adapt to different settings. Depending on the design, a soft robot 

can be programmed to produce both simple and complex movements. Soft 

robots are widely applied in the medical field due to their nonrigid mechanical 

structure and adaptivity to wearable medical devices. In underwater 

exploration, their ability to navigate complex underwater terrain, interact 

delicately with marine life, and execute tasks with precision makes them 

invaluable in fields such as marine biology, oceanography, underwater 
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archaeology, and environmental monitoring (Calisti et al., 2018). Nonetheless, 

despite recent developments, optimization of efficiency, manoeuvrability, and 

endurance of swimming soft robots remains a barrier on the path of 

advancement.  

 

1.3 Problem Statement 

Traditional rigid robots, while effective in controlled environments, face 

significant challenges when deployed in delicate ecosystems such as coral 

reefs and other marine habitats. The rigid structures of these robots can 

inadvertently cause damage to marine life and the surrounding environment. 

For example, the sharp edges and hard surfaces of rigid robots may 

accidentally harm coral reefs, disrupt fragile ecosystems, or injure marine 

organisms due to their lack of flexibility and adaptability (Smith & Jones, 

2018). In response to these limitations, the emerging field of soft robotics 

offers a promising alternative. Soft robots, inspired by the natural movements 

and characteristics of organisms, possess inherent flexibility and compliance 

that enable them to navigate complex and dynamic environments with minimal 

impact. By leveraging soft materials and innovative design principles, soft 

robots can mitigate the risks associated with rigid robots and provide more 

sustainable solutions for underwater exploration and intervention tasks (Park 

et al., 2020). 

In the underwater realm, the benefits of soft robotics become 

particularly pronounced. Soft robots excel in tasks such as underwater 

inspection, maintenance of underwater infrastructure, and marine research, 

where precision, manoeuvrability, and non-intrusiveness are paramount. Their 

ability to conform to irregular surfaces and interact gently with marine life 

makes them ideal for studying fragile ecosystems, conducting non-destructive 

sampling, and performing underwater interventions with minimal disturbance 

(Brown & Smith, 2019). 

 

1.4 Aim and Objectives 

This project aims to develop a small swimming soft robot to operate around 

the water surface. The objectives of this project are as shown below: 
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1. To review soft robots in terms of design, materials, and 

locomotion algorithm. 

2. To design a soft robot using soft materials. 

3. To develop an algorithm of robot swimming locomotion using 

suitable actuating mechanism. 

 

1.5 Scope and Limitation of the Study 

The direction of this study is to focus on the designation of a swimming soft 

robot that can be implemented in underwater exploration, surveillance, and 

intervention tasks. The actuation mechanism, soft robot structure design, and 

control circuit are the main focus of this research. However, there exist several 

hurdles that might affect the research outcome. 

To achieve different ranges and speeds of motion, the actuating 

frequency and force should be experimented with, and the soft robot structure 

can be redesigned to different thicknesses, lengths, and so on. While the 

alteration of actuating mechanism can be achieved in a relatively easy manner, 

refabricating the robot can increase the cost of research due to the increased 

amount of elastic material used for structure fabrication. Besides, due to the 

requirement to interact with water, the control circuit should be located away 

from the robot and water for safety reasons. Therefore, a tubing connection in 

the form of pneumatic tubing for pneumatic actuation, or wire for heating 

shape memory alloy or polymer. Furthermore, as there is a size constraint in 

the aquarium used for the experiment, the soft robot is preferred to be small, 

yet there exists a minimum size limit. 

 

1.6 Contribution of the Study 

This study contributes to the field of soft robotics by exploring new materials, 

design principles, and control algorithms that enhance the performance, 

adaptability, and safety of soft robots in underwater applications. The 

development of a novel swimming soft robot showcases how bio-inspired 

designs and soft actuators can address the challenges of operating in complex, 

unstructured environments. One significant contribution is the robot's potential 

use in water quality monitoring, where its flexibility and gentle interaction 
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with delicate ecosystems can aid in gathering data without causing disruption. 

Additionally, the robot’s adaptability makes it suitable for responding to 

environmental disasters, such as oil spills or marine habitat degradation, and 

performing essential tasks in confined or hazardous underwater areas. This 

research not only advances the design of soft robots but also highlights their 

growing relevance in environmental monitoring and disaster response. 

 

1.7 Outline of the Report 

The report is structured into five chapters, each addressing a specific 

aspect of the study. Chapter 1 introduces the project, offering a background on 

soft robotics, including its working principles, materials, and advantages. This 

chapter also presents the problem statement, research objectives, significance 

of the study, and its limitations. 

Chapter 2 provides an in-depth literature review, exploring recent 

advancements in soft robotics, such as material innovations, actuation methods, 

actuator structures, and various locomotion strategies. 

Chapter 3 outlines the study’s methodology, depicted through a 

detailed flowchart, and lists the necessary simulation software, materials, and 

equipment. It thoroughly explains the design process, fabrication techniques, 

characterisation methods, and the testing procedures for evaluating the robot’s 

swimming performance. 

Chapter 4 presents the experimental results, highlighting the robot’s 

ability to float, swim in a straight line, and the identification of optimal 

actuation parameters. Additionally, it validates the directional control 

capabilities of the robot. 

Chapter 5 concludes the report by summarising the key findings and 

offering recommendations for future research directions to further enhance 

soft robotics technology. 

 

 

 

 



5 

CHAPTER 2 

 

2 LITERATURE REVIEW 

 

2.1 Introduction 

Soft robotics is a rapidly advancing field that draws inspiration from biological 

systems, utilizing soft materials and various types of actuators for design, 

fabrication, and control. Soft robots are designed to perform tasks that are 

challenging or impossible for traditional rigid robots, such as manipulating 

delicate items and adapting to unstructured environments. They find 

applications across diverse fields including healthcare, manufacturing, 

research, and rescue missions. 

Soft robots exhibit flexibility and are capable of performing tasks that 

are typically challenging for rigid robots. Their design primarily incorporates 

soft and flexible materials that can deform under specific conditions, such as 

silicone elastomers, polymers, or hydrogels. Actuators play a crucial role in 

controlling the movement of soft robots, with options including hydraulic, 

pneumatic, or shape-memory alloy actuators. Additionally, soft robots rely on 

control systems to manage their movements and responses, often employing 

computer-based or feedback loop control systems. 

 

2.2 Materials 

Soft robotics relies heavily on the selection of appropriate materials to achieve 

desired mechanical properties, flexibility, and biocompatibility. Various 

materials have been explored for soft robot fabrication, with silicone 

elastomers, and hydrogels being among the most prominent. 

 

2.2.1 Silicone Elastomer 

Silicone elastomer is a flexible and stretchable material composed of silicone 

and various other molecules, including carbon, hydrogen, and oxygen. Known 

for its durability, it exhibits high resistance to both chemical and temperature 

extremes, withstanding temperatures ranging from approximately -50°C to 

350°C. The structure of silicone elastomer consists of a siloxane backbone 

with organic moieties bound to the silicone, as illustrated in Figure 2.1. 
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Figure 2.1: Chemical structure of silicone elastomer. 

 

2.2.1.1 Polydimethylsiloxane (PDMS) 

Polydimethylsiloxane (PDMS) falls under the umbrella of silicone elastomers 

and is extensively utilized in microfluidic applications for creating micro-

devices, owing to its exceptional attributes such as flexibility, cost-

effectiveness, and user-friendliness. The typical formulations of PDMS like 

Sylgard 184, the Young's modulus is usually around 0.5 to 3 MPa.While 

PDMS can be integrated into the design of soft robots due to its elasticity, it 

does have a downside where its mechanical properties are limited. To address 

this challenge, strategies such as blending pure PDMS with other polymers or 

incorporating particles have been employed to bolster its strength (Ariati et al., 

2021). 

 

2.2.1.2 Ecoflex 

Ecoflex stands out as a widely used silicone elastomer, particularly favored for 

fabrication purposes. Produced by Smooth-On, Inc., it serves various 

applications including mold-making, casting, and artistic endeavors, as well as 

in industrial contexts such as the development of soft robots. The Young's 

modulus of Ecoflex, a widely used silicone elastomer, typically ranges from 

50 kPa to 250 kPa depending on the specific grade and formulation. The 

Young’s modulus of Ecoflex 00-30 and 00-50 are generally 125 kPa and 200 

kPa. Referring to Figure 2.2, Ecoflex is typically mixed in a 1A : 1B ratio by 

weight and cured at room temperature. Renowned for its soft and stretchy 

properties, it is highly regarded as an excellent material choice for constructing 

soft robots. 
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Figure 2.2: Ecoflex. 

 

2.2.2 Hydrogel 

Hydrogels consist primarily of a network structure comprising water and 

hydrophilic polymer chains (Lee et al., 2018; Yang and Suo, 2018; Yuk et al., 

2019). This polymer network can be tailored, enabling the hydrogel to 

withstand strains of up to 1000% (Sun et al., 2012). With a significant water 

volume fraction, hydrogels typically exhibit an elastic modulus ranging from 1 

to 100 kPa. They find application in soft robotics due to their unique properties. 

The presence of dissolved ions in water imparts a conductivity of 10 S/m to 

hydrogels. Figure 2.3 provides a clear illustration of the chemical structure of 

hydrogels. 

 

 

Figure 2.3: Chemical structure of hydrogel.  
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2.3 Types of Actuation 

Actuation involves the conversion of electrical energy into mechanical force, 

enabling the movement of a machine. Actuators serve as essential components 

in both soft robots and traditional rigid robots, facilitating various movements. 

Several categories of actuation including electrically-responsive, magnetically-

responsive, thermally-responsive, phot-responsive, pressure-driven, and 

explosive are discussed. 

 

2.3.1 Electrically Responsive 

2.3.1.1 Dielectric Elastomer Actuators  

Dielectric elastomer actuators (DEAs) exploit the electromechanical properties 

of elastomeric materials. These actuators deform in response to an applied 

electric field, as the electrostatic forces between oppositely charged electrodes 

cause the elastomer to contract or expand (Pelrine et al., 2000). Figure 2.4 

shows the deformation of DEAs with voltage application and Figure 2.5 shows 

various types of DEAs. DEAs offer remarkable actuation strains, fast response 

times, and low power consumption. They find applications in soft robotics, 

haptic interfaces, and biomimetic systems due to their high compliance and 

ability to generate large forces with minimal energy input (Polygerinos et al., 

2015). DEAs are characterized by their ability to produce large deformations, 

making them suitable for applications requiring soft, human-like movements. 

These actuators have been used in the development of artificial muscles, soft 

grippers, and wearable devices for rehabilitation and assistance. DEAs can 

also be integrated into complex systems such as soft exoskeletons and 

prosthetic limbs, where their lightweight and energy-efficient nature offers 

significant advantages. 

 

 

Figure 2.4: Deformation of DEAs. Reprinted with permission from copyright 

2017 Springer Nature. 
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Figure 2.5:  Types of DEAs. (a) Layer by layer stacked actuator; (b) folded 

actuator; (c) helical actuator. Reprinted with permission from 

copyright 2017 Springer Nature. 

 

2.3.1.2 Mechanical/Servomotor 

Mechanical or servomotor actuators rely on mechanical principles to generate 

motion or force. These actuators typically involve the conversion of electrical 

energy into mechanical motion through gears, cams, or other mechanical 

components (Trivedi et al., 2008). While not inherently soft, they can be 

integrated into soft robotic systems for specific applications requiring high 

force or precision, such as grippers, manipulators, and prosthetic limbs. 

Servomotor actuators offer robustness, reliability, and precise control, making 

them suitable for various industrial and research applications. Servomotor 

actuators are characterized by their high torque output and precise position 

control, making them suitable for applications requiring high force or accurate 

positioning. These actuators have been used in robotics, automation, and 

mechatronics for tasks such as manipulation, assembly, and machining. 

Servomotor systems often include feedback mechanisms such as encoders or 

sensors to ensure accurate positioning and control. 

 

2.3.2 Magnetically Responsive 

Magnetically responsive actuators utilize magnetic fields to induce motion or 

deformation in soft materials. These actuators may employ ferromagnetic or 

magnetorheological materials that change shape or stiffness in response to 

magnetic fields. By controlling the intensity and direction of magnetic fields, 
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these actuators can achieve precise and reversible actuation (Kim et al., 2013). 

They find applications in soft robotics, adaptive structures, and biomedical 

devices for tasks such as drug delivery, tissue engineering, and soft grippers. 

Figure 2.6 shows the several shapes of deformation for magnetically 

responsive actuators. 

 

 

Figure 2.6: Shapes of deformation for the magnetically responsive actuator. 

Reprinted with permission from copyright 2016 IEEE. 

 

Magnetically responsive actuators offer several advantages, including 

remote actuation without physical contact, tunable actuation through magnetic 

field modulation, and compatibility with non-magnetic environments. They are 

particularly useful in applications where direct mechanical contact is 

undesirable or impractical, such as minimally invasive surgery, targeted drug 

delivery, and microscale manipulation (Baechle et al., 2013). Additionally, 

magnetically responsive actuators can operate in harsh environments, 

including underwater or inside the human body, where other actuation 

methods may be ineffective or hazardous. Overall, these actuators provide a 

versatile and robust solution for a wide range of engineering and biomedical 

applications, making them an area of active research and development. 

 

2.3.3 Thermally Responsive 

2.3.3.1 Shape Memory Polymer 

Shape memory polymer (SMP) actuators exhibit shape memory behaviour due 

to reversible phase transitions in polymer chains. Upon heating or cooling, 



11 

SMP actuators undergo a transition between temporary and permanent shapes, 

enabling controlled actuation (Lendlein & Langer, 2002). Figure 2.7 shows the 

state of SMP under different temperatures. SMP actuators offer advantages 

such as lightweight, low-cost, and tunable activation temperatures. They are 

used in soft robotics, biomedical devices, and smart materials for applications 

such as grippers, stents, and adaptive structures. 

 

 

Figure 2.7: State of SMP under different temperatures. Reprinted with 

permission from copyright 2023 Springer Nature. 

 

Shape memory polymer actuators provide a versatile and customizable 

solution for actuation in various engineering and biomedical applications 

(Wurth et al., 2017). Their ability to undergo large deformations while 

recovering their original shape upon stimulus removal makes them suitable for 

applications requiring reversible and programmable motion. Additionally, 

SMP actuators can be tailored to exhibit specific activation temperatures and 

mechanical properties, allowing for precise control and optimization for 

specific tasks. Ongoing research in SMP materials and processing techniques 

is expected to further enhance their performance and expand their applicability 

in areas such as soft robotics, wearable devices, and minimally invasive 

medical procedures. 

 

2.3.3.2 Liquid Crystal Elastomer 

Liquid crystal elastomer (LCE) actuators undergo reversible shape changes in 

response to thermal stimuli. These materials combine the properties of liquid 
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crystals and elastomers, enabling precise control over actuation behaviour 

through temperature modulation (White et al., 2015). Figure 2.8 shows the 

deformation of LCE at low and high temperatures. LCE actuators exhibit large 

deformations, fast response times, and programmable anisotropy, making them 

suitable for applications requiring complex and reversible shape changes. They 

find applications in soft robotics, optics, and adaptive structures for tasks such 

as tunable lenses, soft actuators, and morphing surfaces. 

 

 

Figure 2.8: Deformation of LCE at low and high temperatures. Reprinted with 

permission from copyright 2017 Springer Nature. 

 

Liquid crystal elastomer actuators offer unique capabilities for dynamic 

and reversible actuation in soft robotic systems and adaptive materials 

(Marchese et al., 2015). Their ability to respond to thermal stimuli with large 

and controllable deformations makes them suitable for applications requiring 

programmable and multifunctional motion. Additionally, LCE actuators can be 

engineered to exhibit specific mechanical properties and actuation behaviours, 

allowing for tailored performance in various applications. Ongoing research in 

LCE materials design and processing techniques is expected to further advance 

their capabilities and enable new functionalities, such as shape-changing 

surfaces, tunable optics, and responsive materials for biomedical applications. 
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2.3.3.3 Synthetic Hydrogel 

Synthetic hydrogel actuators respond to changes in temperature by swelling or 

shrinking, resulting in mechanical deformation. These actuators are composed 

of crosslinked polymer networks capable of absorbing and releasing water in 

response to temperature variations (Li & Mooney, 2016). Synthetic hydrogel 

actuators offer advantages such as biocompatibility, tunable responsiveness, 

and stimuli-responsive behaviour. They are used in soft robotics, drug delivery 

systems, and tissue engineering for applications such as actuators, sensors, and 

scaffolds. 

Synthetic hydrogel actuators provide a versatile and biocompatible 

platform for actuation and sensing in biomedical and soft robotic applications 

(Pelrine et al., 2000). Their ability to respond to environmental stimuli, such as 

temperature, pH, or solvent composition, enables dynamic and reversible 

motion in response to physiological cues. Additionally, synthetic hydrogels 

can be engineered to exhibit specific mechanical properties, such as stiffness, 

elasticity, and swelling behaviour, allowing for tailored performance in 

different applications. Ongoing research in hydrogel design and 

functionalization is expected to further enhance their capabilities and enable 

new applications in areas such as drug delivery, tissue engineering, and 

wearable devices. 

 

2.3.4 Photo Responsive 

2.3.4.1 NIR Light Driven 

Near-infrared (NIR) light-driven actuators exploit the ability of certain 

materials to absorb NIR light and convert it into thermal energy, leading to 

actuation (Kim et al., 2018). NIR light-driven actuators enable precise and 

localized control over motion in response to light stimuli. Figure 2.9 shows the 

deformation of the NIR light-driven actuator. These actuators find applications 

in biomedical devices, optical systems, and soft robotics for tasks such as drug 

release, tissue manipulation, and optical switching. 
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Figure 2.9:  Deformation of NIR light-driven actuator. Reprinted with 

permission from copyright 2023 IEEE. 

 

Near-infrared light-driven actuators provide a promising solution for 

actuation in biomedical and optical applications where precise control and 

compatibility with biological tissues are required (Kim et al., 2018). Their 

ability to respond to NIR light with rapid and reversible motion enables 

targeted and non-invasive manipulation in vivo. Additionally, NIR light-driven 

actuators offer the advantage of deep tissue penetration and minimal 

phototoxicity, making them suitable for applications in deep-brain stimulation, 

optogenetics, and photothermal therapy. Ongoing research in NIR-responsive 

materials and device integration is expected to further advance the capabilities 

and enable new applications of these actuators in biomedical imaging, 

diagnostics, and therapeutics. 

 

2.3.5 Pressure Driven 

2.3.5.1 Pneumatic 

Soft pneumatic actuators (SPAs) harness compressed air or gas to induce 

motion or deformation in soft materials (Mosadegh et al., 2015). By regulating 

the flow of pressurized air through pneumatic networks or chambers integrated 

within soft structures, these actuators generate mechanical forces. Figure 2.10 

shows the soft pneumatic actuator at its unpressurised state and pressurised 

state. One key advantage of SPAs is their inherent compliance, which allows 

for safe interaction with humans and delicate objects. Unlike traditional rigid 

actuators, SPAs can deform and conform to their environment, reducing the 
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risk of injury or damage during interaction. This compliance enables SPAs to 

perform tasks near humans or within confined spaces, making them ideal for 

applications such as assistive devices, wearable robotics, and human-robot 

collaboration (Rus and Tolley, 2015).  

Additionally, SPAs offer tunable stiffness and controllable motion, 

allowing for precise and adaptive actuation. By adjusting parameters such as 

air pressure, chamber geometry, or material properties, the behaviour of SPAs 

can be tailored to suit specific tasks and environments. This flexibility makes 

SPAs suitable for a wide range of applications, from soft grippers and 

manipulators to locomotion systems and rehabilitation devices (Polygerinos et 

al., 2015). Another advantage of SPAs is their simplicity and ease of 

fabrication. Compared to traditional rigid actuators, which often require 

complex mechanisms and manufacturing processes, SPAs can be fabricated 

using relatively simple techniques such as 3D printing or molding. This 

simplicity not only reduces costs but also facilitates rapid prototyping and 

customization, allowing researchers and engineers to iterate designs quickly 

and efficiently (Martinez et al., 2013). Despite these advantages, SPAs also 

face some limitations. One common challenge is achieving precise control and 

coordination of multiple actuators within a soft robotic system. As SPAs rely 

on pneumatic pressure for actuation, coordinating the timing and sequencing 

of multiple actuators can be complex, especially in highly dynamic or 

unstructured environments. 

 



16 

 

Figure 2.10:  Unpressurised state and pressurised state of soft pneumatic 

actuator. Reprinted with permission from copyright 2016 IEEE. 

 

2.3.5.2 Hydraulic 

Hydraulic actuators transmit force through the circulation of a liquid, 

commonly water or oil, to induce motion in soft materials (Wang et al., 2018). 

They utilize hydraulic pressure to pressurised the cavities within soft structures, 

producing actuation. Figure 2.11 shows the pressurisation of a soft hydraulic 

actuator. Hydraulic actuators offer high power density and are capable of 

generating substantial forces, rendering them suitable for applications 

demanding heavy load capacities (Gorissen et al., 2017). In soft robotics, 

aerospace, and industrial automation, hydraulic actuators play pivotal roles in 

tasks such as manipulation, locomotion, and load lifting. Their robustness, 

efficiency, and adaptability make them indispensable in scenarios requiring 

reliable and high-performance actuation. 
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Figure 2.11: Pressurisation of a soft hydraulic actuator. Reprinted with 

permission from copyright 2016 IEEE. 

 

2.4 Soft Actuator Structure 

The design and structure of soft actuators play a crucial role in their 

functionality, performance, and versatility. Several types of structures have 

been explored in soft robotics, including ribbed, cylindrical, and pleated 

designs, each offering unique advantages and applications. 

 

2.4.1 Ribbed Structures 

Ribbed structures in soft actuators consist of a series of parallel ribs or ridges 

arranged along the length of the actuator. These ribs provide structural support 

and prevent buckling or collapse during deformation. Ribbed structures offer 

enhanced bending stiffness and directional control, making them suitable for 

applications requiring precise manipulation and force transmission (Marchese 

et al., 2015). They find applications in soft grippers, manipulators, and robotic 

arms for tasks such as grasping, lifting, and object manipulation. The discrete 

ribs allow for localized reinforcement and tailored mechanical properties, 

enabling efficient energy transfer and motion amplification in soft robotic 

systems. The ribbed segment comprises three layers, as depicted in Figure 2.12. 

In its un-actuated state (A), the segment remains unaffected. However, upon 

actuation (B), the segment undergoes pressurization of the channel group. The 
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segment delineates into distinct components, including the soft elastomer (a), 

embedded fluidic channels (b), inextensible yet flexible constraint (c), 

embedded fluid transmission lines (d), and ribbed structures (e) (Marchese et 

al., 2014). 

 

 

Figure 2.12:  Concept of a ribbed segment. (a) Before the air chambers are 

pressurized (b) After the air chambers are pressurized. 

Reprinted with permission from copyright 2012 John Wiley 

and Sons. 

 

2.4.2 Cylindrical Structures 

Cylindrical structures are characterized by their tubular or cylindrical shape, 

offering uniform deformation and omnidirectional actuation. These structures 

are typically composed of elastomeric materials with varying degrees of 

compliance and stiffness. Cylindrical soft actuators can undergo axial 

elongation, radial expansion, or twisting motion, depending on their design 

and actuation mechanism. The cylindrical segment consists of two fluid-filled 

channels interconnected and positioned at the outermost layer, as illustrated in 

Figure 2.13. Upon pressurizing one of the channels, the embedded channel 

bends, curving and extending. The inner layer, depicted in Figure 2.13, 

comprises stiff rubber, serving as an inextensible constraint. This segment is 

segmented into six components: crush-resistant silicone inlets (a), soft silicone 

rubber outer layer (b), expanding embedded fluidic channels (c), stiffer 

silicone inner layer (d), soft endplates (e), and internal tubing bundle (f) 

(Martinez et al., 2013). They find applications in soft actuators, pneumatic 

muscles, and wearable devices for tasks such as locomotion, gripping, and 
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sensing (Ilievski et al., 2011). Cylindrical structures provide simplicity, 

scalability, and versatility in soft robotic design, allowing for easy integration 

into complex systems and environments. 

 

 

Figure 2.13:  Concept of cylindrical segment. (a) Before the channels are 

pressurized (b)  After the channels are pressurized. Reprinted 

with permission from copyright 2012 John Wiley and Sons. 

 

2.4.3 Pleated Structures 

Pleated structures feature a series of accordion-like folds or pleats arranged 

along the length or circumference of the actuator. These pleats enable 

reversible expansion and contraction of the actuator, resulting in bending or 

twisting motion. Pleated structures offer high flexibility, compliance, and 

adaptability to various bending radii and curvatures (Gorissen et al., 2017). As 

depicted in Figure 2.14, the hollow channels are interconnected with a central 

channel accessible through a front inlet. Upon pressurization, one of the pleats 

undergoes balloon-like expansion of the thin exterior skin. The collective 

expansion of all the pleats induces bending in the soft robots. The design of 

the pleated segment is categorized into four components: channel inlet (a), 

inextensible constraint layer (b), evenly divided gaps (c), and equal pleats (d) 

(Martinez et al., 2013). They find applications in soft robotics, biomedical 

devices, and morphing structures for tasks such as locomotion, manipulation, 

and shape-changing. Pleated structures can achieve complex motion profiles 

with minimal energy input, making them suitable for applications requiring 

agile and dexterous manipulation in confined spaces or irregular environments. 
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Figure 2.14:  Concept of a pleated segment. (a) The cross-sectional area of 

the hollow channels before being pressurized (b) The cross-

sectional area of hollow channels after being pressurized. 

Reprinted with permission from copyright 2012 John Wiley 

and Sons. 

 

2.5 Locomotion Inspiration 

This subchapter explores a diverse range of locomotion strategies inspired by 

animal movement. By drawing from nature's designs, researchers have sought 

to emulate the unique locomotive abilities observed in various species. These 

bio-inspired locomotion techniques encompass a spectrum of forms, from the 

slithering motion of snakes to the agile flight of birds. By studying and 

replicating these natural movement patterns, scientists aim to develop 

innovative robotics capable of navigating different environments with 

efficiency and adaptability. The exploration of animal-inspired locomotion 

represents a rich source of inspiration for advancing robotics technology 

towards more sophisticated and versatile designs. 

 

2.5.1 Eel-Inspired 

Nguyen & Ho (2022) experimented to study the anguilliform swimming 

performance of an eel-inspired soft robot. The soft pneumatic actuators in the 

eel robot mimic eel muscles by providing undulatory movement through pulse 

control signals with a suitable shifting phase. In the design of the soft eel robot, 

four pairs of soft actuators are used to construct the robot body. These 

actuators are controlled using pulse signals with appropriate shifting phases to 

deliver compressed air in sequence, creating a sinusoidal wave motion from 
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the head to the tail of the robot body. This design shown in Figure 2.15 allows 

the soft actuators to replicate the shape and motion characteristics of eel 

muscles, enabling the robot to achieve anguilliform swimming performance 

similar to that of natural eels. 

 

 

Figure 2.15:  Eel-inspired design. Reprinted with permission from copyright 

2017 Mary Ann Liebert, Inc. 

 

 The generated thrust force of the robot is positively correlated with 

the beat frequency. The suitable frequency range for the soft robot eel to swim 

efficiently was found to be between 0.83 to 1.67 Hz. The optimum frequency 

is 1.25 Hz and the robot was able to achieve a cost of transport (COT) of 10.72 

and velocity at 0.36 body length per second (BL/s). The air pressure applied to 

the actuators at different segments from the head to the tail of the robot body 

also influences swimming efficiency. Varying the air pressure can affect the 

propulsion and overall performance of the robot. The shifting phase of the 

control signal strongly affects the swimming speed and the COT of the robot. 

Optimal control signal shifting phases can lead to higher velocities and lower 

energy consumption, thus improving swimming efficiency. The design of the 

soft robot eel, including the materials used for construction, can impact its 

swimming efficiency. Optimizing the design and selecting suitable materials 

can enhance the robot's performance in water. 
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2.5.2 Frog-Inspired 

A frog-inspired robot, shown in Figure 2.16, was designed by Fan et al. (2020), 

based on the idea of modular design, with the forelimb consisting of a 

connecting piece, shoulder joint, and flipper, and the hind limb composed of 

various components including a connecting piece, hip, knee, ankle joint, thigh, 

lower leg, and flipper. Different air pressures inside the articulated pneumatic 

soft actuators enabled coordinated movement of the limbs, mimicking the 

flexibility and adaptability of frog movements. Soft actuators were identified 

as key components in achieving motion in soft robots. By analysing the 

structure of natural organisms like frogs, researchers proposed new ways to 

design and analyse soft robots. The use of soft actuators contributed to the 

compactness, miniaturization, and lightweight properties of the robot, aligning 

with the characteristics of frog movements. The layout of each joint coordinate 

system in the robot was designed to mimic the hind limb and forelimb 

coordinate systems of frogs, enhancing the biomimetic nature of the robot's 

movement. The design of the flippers in the robot was inspired by the flexible 

flippers of frogs, allowing for one-way drainage mechanisms during 

propulsion and recovery phases. The flippers were structured to ensure 

sufficient contact area with the medium for generating driving force, similar to 

how frogs propel themselves in water.  

 

 

Figure 2.16:  Frog-inspired design. Reprinted with permission from copyright 

2020  Mary Ann Liebert, Inc. 

 

 The average propulsion speed during linear motion was measured to 

be 0.075 m/s. This speed indicates how fast the robot could move forward in a 

straight line, showcasing its ability to propel itself efficiently in a controlled 

manner. The average turning speed of the robot was recorded at 15°/s. This 
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speed represents the rate at which the robot could turn or change direction 

while swimming, demonstrating its agility and manoeuvrability in navigating 

through water environments. 

 

2.5.3 Butterfly-Inspired 

The butterfly-inspired swimming robot mimics the wing movements of 

butterflies for efficient underwater motion. These robots are designed with 

flexible wings to generate propulsion by mimicking the oscillatory motion of 

butterfly wings, offering a balance between manoeuvrability and energy 

efficiency. Zhu et al. (2018) developed a robot that minimized drag and 

enhanced manoeuvrability by using large, flexible wings to propel through low 

Reynolds number environments. 

Soft materials like silicone and Ecoflex are commonly used to 

replicate the flexibility of butterfly wings. Advances in 3D printing enable 

lightweight, flexible wing designs that vary in stiffness for better propulsion 

and control (Liu et al., 2021). Materials such as shape memory alloys (SMAs) 

enhance performance by allowing controlled deformation during movement 

(Wang et al., 2019). 

Effective actuation mechanisms, including pneumatic actuators and 

electroactive polymers (EAPs), replicate butterfly wing flapping. Pneumatic 

actuators enable precise control of flapping frequency and amplitude, creating 

smooth, energy-efficient propulsion (Wang et al., 2019). These robots rely on 

flapping and undulatory motion, offering flexibility and manoeuvrability in 

complex environments (Shen et al., 2020). Adjusting flapping parameters in 

real time helps them adapt to different swimming conditions, ideal for 

navigating coral reefs or underwater structures. 

 

2.6 Hardware 

Microcontrollers serve as the brains behind countless electronic devices, 

providing computation, control, and connectivity capabilities. Among the 

popular microcontrollers in the maker and IoT communities are the Arduino 

UNO and ESP32, each offering unique features and applications. 
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2.6.1 Arduino UNO 

The Arduino UNO is a widely used open-source microcontroller board based 

on the ATmega328P chip. It features digital and analogue input/output pins, 

onboard memory, and a USB interface for programming and communication. 

The Arduino UNO is renowned for its simplicity, ease of use, and extensive 

community support. It is ideal for beginners and hobbyists interested in 

electronics, robotics, and automation projects (Banzi & Shiloh, 2014). The 

Arduino IDE (Integrated Development Environment) simplifies programming 

with a user-friendly interface and a vast library of pre-written code and 

examples. Arduino UNO's versatility makes it suitable for a wide range of 

applications, including home automation, sensor networks, and interactive art 

installations. 

 

2.6.2 ESP32 

The ESP32 is a powerful Wi-Fi and Bluetooth-enabled microcontroller 

developed by Espressif Systems. It features dual-core processing, low-power 

modes, and a rich set of peripherals, making it ideal for IoT (Internet of Things) 

applications. The ESP32 offers integrated Wi-Fi and Bluetooth connectivity, 

allowing seamless communication with other devices and the internet. It 

supports a range of wireless protocols and network configurations, enabling 

IoT devices to connect to local networks or cloud services (Srivastava & Singh, 

2020). The ESP32 is commonly used in smart home devices, wearable 

technology, and industrial monitoring systems. Its advanced features, such as 

secure boot and encryption, make it suitable for applications requiring data 

privacy and security. 

 

2.6.3 Micro Vacuum Air Pump and Micro Solenoid Valve 

Micro vacuum air pumps and micro solenoid valves play crucial roles in 

various microfluidic and pneumatic systems, offering precise control and 

manipulation of fluids and gases at small scales. Micro vacuum air pumps are 

miniature devices designed to generate vacuum or negative pressure at 

microscale levels. These pumps utilize various mechanisms such as 

diaphragms, piezoelectric actuators, or electrostatic forces to create suction. 

They find applications in microfluidic devices for sample aspiration, cell 
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manipulation, and lab-on-a-chip systems (Mukhopadhyay et al., 2019). A 

study by Smith et al. (2017) investigated the design and fabrication of a micro 

vacuum air pump based on a piezoelectric actuator. The pump demonstrated 

efficient vacuum generation suitable for biomedical applications, such as 

microfluidic drug delivery and tissue engineering. Micro solenoid valves are 

miniature electromechanical devices used to control the flow of fluids or gases 

in microfluidic and pneumatic systems. These valves consist of a solenoid coil 

that, when energized, generates a magnetic field to actuate a plunger or 

diaphragm, thereby opening or closing the valve port. Micro solenoid valves 

offer fast response times, low power consumption, and precise flow control, 

making them ideal for lab-on-a-chip devices, analytical instrumentation, and 

medical diagnostics (Soper et al., 2016). In a study by Wang et al. (2018), a 

micro solenoid valve was integrated into a microfluidic platform for high-

throughput cell sorting. The valve demonstrated rapid switching capabilities 

and compatibility with a wide range of biological samples, showcasing its 

potential for biomedical applications. Figure 2.17 shows a micro vacuum air 

pump with solenoid. 

 

 

Figure 2.17: Micro vacuum air pump with solenoid. 

 

2.7 Summary 

This section explores recent advancements in soft robot design, focusing on 

innovations in materials, actuation methods, actuator structures, and 

locomotion strategies. In particular, butterfly-inspired locomotion was selected 
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for its advantages in lightweight design and compact size, making it ideal for 

underwater applications where manoeuvrability and agility are essential. The 

ribbed actuator structure was chosen for its smooth surface and reduced water 

resistance, which enhances the robot's efficiency by minimizing drag. A 

combination of pneumatic actuation and Ecoflex, a highly elastic silicone 

material, was selected for its capacity to achieve high-frequency actuation, 

enabling the generation of sufficient propulsion force to navigate through 

aquatic environments effectively. These design choices illustrate how bio-

inspired approaches and material innovations are shaping the next generation 

of soft robotic systems, particularly in underwater settings. 
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CHAPTER 3 

 

3 METHODOLOGY AND WORK PLAN 

 

3.1 Introduction 

This chapter outlines the components, materials, and methods used in the 

project. It covers the actuation mechanism applied to the soft robot, detailing 

the preparation, fabrication process, and structure design. Additionally, the 

chapter describes the assembly of the soft robot body and its actuator, 

providing a comprehensive overview of the steps taken to build and integrate 

these elements. 

 

3.2 Soft Robot Design  

The requirements for the soft robot in this project are small, soft, and able to 

swim. It takes the shape of a butterfly and produces thrust from the flapping of 

its wings. Figure 3.1 shows the 3D CAD drawing of the swimming soft robot 

proposed. It consists of a soft body and two attached bistable flexible ribbon 

frame-based wings. The H-shaped soft body consists of two soft bending 

actuators (45 mm (L) × 20 mm (W) × 10 mm (T)) with two spine-shaped 

pneumatic channels embedded within the top and bottom layer, combined by 

an elastic bridge in the middle. Figure 3.2 shows the pneumatic channels 

embedded within one soft-bending actuator. The soft bending actuator consists 

of three layers: upper, middle, and lower layers which are both elastic and 

stretchable. One end of the four parallel elastic strips (width, 3 mm) is joined 

to the sides of the soft body, then the other end of the strips are bonded 

together using adhesive, creating the bistable characteristic. The swimming 

mechanism is inspired by the fin or limbs of animals that push water backward 

and gain thrust from the drag exerted in the opposite direction, creating 

forward locomotion. The general equation of drag force is shown in Equation 

3.1 as follows:  

 

 
𝐹𝐷 =

1

2
𝐶𝜌𝐴𝑣2 (3.1) 
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where 𝜌 is the density of fluid, 𝑣 is the speed of the object relative to the fluid, 

𝐶𝐷  is the drag coefficient, and 𝐴  is the cross-sectional area. Therefore, the 

hollow part of the wings is wrapped using thin elastic film to increase the 

surface area to produce a greater propelling force. 

 

 

Figure 3.1: 3D CAD drawing of the soft robot. 

 

 

Figure 3.2: Pneumatic channels in one soft bending actuator. 

 

Propelling motion with directional control can be achieved by 

pressurising the pneumatic channels, changing the state of the bistable flexible 

ribbon wings, hence creating propelling force. Alternatingly pressurising two 

of the upper channels followed by two of the lower channels can produce a 

straight propelling motion. Sequentially pressurising only one of the channels 

at a time will allow the soft body to change direction. 
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3.2.1 Materials 

Ecoflex is chosen as the material for the three layers of the soft-bending 

actuator due to its distinct advantages. Ecoflex is a type of soft silicone rubber 

that offers exceptional flexibility, elasticity, and tear resistance. Table 3.1 

shows that the Ecoflex 00-30 has lower Young’s modulus value as compared 

to other elastic materials. One of the key advantages of Ecoflex is its similarity 

to human skin in terms of softness and texture, making it ideal for applications 

requiring close interaction with the environment or human users. Another 

advantage of Ecoflex is its ease of processing and customization. It can be 

easily poured, molded, or cast into complex shapes and geometries, allowing 

for the fabrication of intricate soft robotic structures. Ecoflex also enables the 

incorporation of additives or fillers to modify its mechanical properties, such 

as stiffness or damping characteristics, to suit specific application 

requirements. Furthermore, Ecoflex is durable and resistant to environmental 

factors such as moisture, heat, and chemicals, ensuring the longevity and 

reliability of the soft robot. Its resistance to wear and tear makes it suitable for 

outdoor or rugged environments where the robot may encounter rough terrain 

or harsh conditions. Figure 3.3 shows part A and part B of Ecoflex which are 

to be mixed with a ratio of 1:1. 

 

Table 3.1: Comparison of Young’s modulus of different materials. 

Material Young’s Modulus 

Ecoflex 00-30 125 kPa 

PDMS (Polydimethylsiloxane) 500 kPa – 3MPa 

Natural Rubber 1 – 2 MPa 

Silicone Rubber 1 – 3 MPa 

Polyurethane 10 – 50 MPa 

Hydrogels 10 – 100 kPa 
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Figure 3.3: Part A and Part B of Ecoflex. 

 

The mold for casting the soft bending actuator made of Ecoflex will be 

3D printed using polylactic acid (PLA) filament. PLA offers several 

advantages such as ease of use, biodegradability, wide availability, nontoxicity, 

and good surface finish.  

The material for the bistable flexible ribbon wings is a polyester sheet 

as shown in Figure 3.4. The polyester sheet is chosen because it has high 

strength, is resistant to chemicals, is easy to fabricate, and is recyclable. The 

high tensile strength allows the wing to stay in shape after bending and 

twisting after the two tips of the ribbons joined together. 

 

 

Figure 3.4: Polyester sheets. 

 

3.2.2 Structure 

The soft-bending actuator is designed to have a ribbed structure. This is 

because the ribbed structure has advantages that are crucial to a swimming 

robot. Firstly, the smooth outer surface allows the robot to swim efficiently 
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with minimum influence from water resistance and turbulence. Besides, unlike 

the pleated structure, the ribbed structure has reduced the risk of pneumatic 

channel kinking and improved durability. Another advantage of the ribbed 

structure is that the rib spacing, height, and geometry can be adjusted to 

achieve the optimum swimming performance.  

 

3.2.3 Actuation  

The actuation method used in the proposed design of the swimming soft robot 

is pneumatic actuation. Firstly, the lightweight air allows the soft robot to float 

on the water surface easily. Besides, pneumatic actuation is clean as compared 

to other methods such as hydraulic actuation which is susceptible to leakage. 

As the swimming soft robot is to be deployed in water, the possibility of 

leakage should be avoided to prevent pollution. Figure 3.5 and Figure 3.6 

show the 12 V DC electric micro vacuum air pumps, and micro solenoid 

valves to be used in this project. The dimensions of the pneumatic tube to be 

used are 4 mm × 2.5 mm (outer diameter × inner diameter) to match the small 

pneumatic channels in the small swimming robot. 

 

 

Figure 3.5: 12 V DC micro vacuum air pump. 

 

 

Figure 3.6: Micro solenoid valves. 

 



32 

The micro vacuum air pumps will stay powered and the micro solenoid 

valves will be switched on and off to control the pressurisation of pneumatic 

channels in the soft bending actuator. 

 

3.2.4 Control and Electronics 

Arduino UNO board, as shown in Figure 3.7,  is selected to be the controller of 

the small swimming soft robot. It is responsible for controlling the sequence of 

pressurisation and depressurisation of the robot through logic signals sent to 

the solenoid valve. A 4-channel 12 V Active Low shown in Figure 3.8 will be 

used to isolate the low-current circuit such as the Arduino, from the high-

current circuit such as the DC power supply and solenoid valves. On the input 

side of the relay, the "GND" terminal should be linked to the "Ground (GND)" 

of the Arduino UNO, while the "VCC" terminal needs to be connected to the 

"Vin" of the Arduino UNO board. Subsequently, the inputs labelled "IN1" and 

"IN2" should be connected to the analogue pins, specifically "A1" and "A2" of 

the Arduino UNO. The relay can function as either Normally Opened (NO) or 

Normally Closed (NC) depending on how the device is connected in the output 

section of the relay. Figure 3.9 shows the pneumatic schematic diagram 

proposed. 

 

 

Figure 3.7: Arduino UNO board. 
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Figure 3.8: 4-channel relay. 

 

 

Figure 3.9: Pneumatic schematic diagram. 

 

3.3 Fabrication 

The fabrication plan for the swimming soft robot is summarised in a flowchart 

as shown in Figure 3.10. Two prototypes were fabricated in this project, each 

serving distinct purposes in the development and validation of the soft robot's 

swimming capabilities. The first prototype, as shown in Figure 3.11, was 

specifically designed to swim in a straight line and was instrumental in 

determining the optimum parameters for efficient swimming, such as actuation 

frequency and air pressure. By experimenting with various settings, this 

prototype allowed for fine-tuning of the soft robot’s swimming performance. 
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The second prototype, as shown in Figure 3.12, was built to validate 

directional control. It was equipped with additional features to facilitate turns 

and manoeuvrability, enabling the robot to change its swimming direction with 

precision. This prototype was essential in proving the feasibility of the robot’s 

ability to alter its path in water, providing critical insights for improving the 

overall design and control algorithm. 

 

 

Figure 3.10: Flowchart of fabrication plan. 

 

 

Figure 3.11: First prototype with single actuation body. 
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Figure 3.12: Second prototype with two actuation bodies. 

 

3.3.1 Preparation of Mold  

A mold for casting the Ecoflex is designed using SOLIDWORKS software. 

The cavity part in the designed actuator corresponds to the extruded part in the 

mold and vice versa. The mold is to be printed by a 3D printer using PLA 

filaments. The mold designs are shown in Figure 3.13. 

 

 

Figure 3.13: Mold for (a) side layers and (b) middle layer. 

 

3.3.2 Ecoflex Casting and Assembly Process 

Several pieces of equipment and materials were carefully prepared to ensure a 

smooth casting process. Essential items included Ecoflex Part A and Part B, a 

mold, a spatula, gloves, and an analytical balance. The required volume of 

Ecoflex Parts A and B was measured using the analytical balance, with the 

components mixed at a precise 1:1 ratio. Continuous stirring was performed 

during the mixing process to eliminate air bubbles, ensuring a smooth, even 

consistency. 

The mixed Ecoflex was then evenly poured into both the top and base 

molds and left to cure at room temperature. The curing process was expected 

to take approximately three hours, after which the Ecoflex could be carefully 

peeled away from the mold. This process resulted in five distinct parts: two 
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upper layers, two lower layers, and one middle or bridge layer. Due to the 

symmetrical design, the upper and lower layers were identical, collectively 

referred to as the side layers. 

As shown in Figure 3.14, the assembly process began by slotting two 

PVC ribbons into the middle layer. The middle and side layers were then 

bonded together using uncured Ecoflex, ensuring a secure and flexible 

connection. Silicone tubes were inserted into the soft body to enable 

pneumatic actuation. To finalize the structure, the tips of the ribbons were 

bonded with superglue for added reinforcement, and plastic films were 

attached to the ribbon frame, completing the construction of the soft robot 

body. This method provided a strong, durable structure while maintaining 

flexibility for optimal actuation performance. 

 

 

Figure 3.14: Assembly process. 

 

3.3.3 Constructing the Electrical and Pneumatic Circuit 

The power supply provides energy to the Arduino UNO development board 

and other electrical components within the circuit. A buck converter is used to 

step down the 12V input from the power supply to 5V, ensuring compatibility 

with the various electrical components. A hardware switch is integrated to 

regulate the power supplied to the DC pumps, enabling manual control over 

their operation. The system's relays manage the activation and deactivation of 
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micro solenoid valves, which in turn direct the flow of pressurized air into and 

out of the soft actuator. Depending on the pneumatic tubing configuration, the 

micro DC pumps are capable of either inflating the soft actuator by pumping 

pressurized air or generating a vacuum to create a low pressure, offering 

precise control over the actuation of the soft robot. The physical setup of the 

circuit is shown in Figure 3.15. 

 

 

Figure 3.15: Electrical and pneumatic circuit. 

 

3.4 Experiment Procedures 

Firstly, the ability of the soft actuator to float on water surface was validated 

as shown in Figure 3.16. However, the actuator could not effectively maintain 

its orientation due to unsymmetrical deformation. Therefore, a pair of bistable 

wing constructed using PVC ribbons and plastic films was added to the soft 

actuator to form the first prototype. 
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(a) 

 

(b) 

Figure 3.16:  Soft actuator floating on water surface from (a) side view  and  

(b) isometric view. 

 

As shown in Figure 3.17, the first soft robot prototype was tested for 

its swimming capabilities in a 22-litre storage box. Initially, its ability to swim 

in a straight line was validated. Following this, the experiment was repeated 

under varying actuation frequencies and pump voltages to determine the 

optimal frequency and voltage for performance. Finally, directional control 

was tested on the second prototype and validated using a second prototype 

equipped with four pneumatic chambers, demonstrating its manoeuvrability 

and enhanced control as shown in the setup in Figure 3.18. 

 

 

 

Figure 3.17: Setup for first prototype swimming straight. 
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Figure 3.18: Setup for second prototype turning right. 

 

3.5 Gantt Chart  

The project activities carried out for FYP1 and FYP2 are shown in Table 3.1 

and Table 3.2. All activities and milestones were able to be completed within 

schedule. 

 

Table 3.2: Gantt Chart for FYP 1. 

Gantt Chart Part-1 

No. 
Project 

Activities 
W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 W12 W13 W14 

M1 
Problem 
formulation & 
project planning 

              

M2 
Literature 
review & data 
gathering 

              

M3 

Simulation of 
soft robot model 
in COMSOL 
Multiphysics 

              

M4 

Preliminary 
prototype 
building and 
testing  

              

M5 

Finalise results, 
report writing, 
and 
presentation 
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Table 3.3: Gantt Chart for FYP 2. 

Gantt Chart Part-2 

No. 
Project 

Activities 
W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 W12 W13 W14 

M1 
Learning 
Experiment 
Setup 

              

M2 
Prototype 
Fabrication and 
Testing 

              

M3 
Data Analysis 
and Report 
Writing 

              

M4 
Presentation 
and Report 
Submission 

              

 

 

3.6 Summary 

This chapter discusses the design of the soft robot, the fabrication work plan, 

the electrical and pneumatic circuits, as well as the experimental setup and 

procedures. Each section outlines the key steps and considerations involved in 

constructing the robot, integrating its electrical and pneumatic systems, and 

conducting tests to evaluate its performance. 
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CHAPTER 4 

 

4 RESULTS AND DISCUSSION 

 

4.1 Introduction 

This chapter begins by presenting the results from the simulation, which 

visualizes the deformation of the soft actuator when the upper chamber is 

inflated with pressurized air. Following the simulation analysis, the 

deformation characteristics of the actual prototype are examined and compared. 

The chapter then moves on to validate the soft robot prototype's ability to 

swim in a linear path on water surface. A comprehensive analysis of the 

robot's swimming performance under various parameters, such as different 

inflation frequencies and air pressure levels, is conducted and discussed. The 

robot’s ability to alter its direction during swimming is then evaluated and 

confirmed. Finally, the chapter concludes by validating the control algorithm 

designed to change the swimming direction of the soft robot using three push 

buttons, ensuring precise manoeuvrability in different conditions. 

 

4.2 Simulation 

Figure 4.1 illustrates the deformation of the soft bending actuator under 

varying pressures applied to the upper pneumatic channels. The simulation 

results reveal a direct correlation between the pressure levels and the extent of 

displacement and bending in the actuator. As pressure increases, the actuator 

experiences greater deformation due to the force exerted on the inner boundary 

of the channels, governed by the equation F = PA, where F is the force, P is 

the pressure, and A is the area. The force exerted by the pressurized air creates 

a bending moment, leading to bending stress on the soft actuator. In this 

scenario, the upper section of the actuator is subjected to tensile stress, while 

the lower section experiences compressive stress. The bending stress (σ) can 

be calculated using Equation 4.1: 

 

 
σ =

My

I
=

Ey

R
 (4.1) 
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Where:  

σ  =  Bending stress (Pa or N/m²) 

M =  Bending moment applied to the beam (N·m) 

y  =  The perpendicular distance of a specific point on the beam's cross-  

section from its neutral axis (m) 

I  =  The area moment of inertia of the beam (m⁴) 

E =  Modulus of Elasticity (Pa or N/m²) 

R =  Radius of Curvature (m) 

 Ideally, the bending of the soft actuator would be symmetrical, given 

its symmetric design along both the x and y axes. However, in the simulation, 

an asymmetrical bending was observed. This was due to the requirement in the 

COMSOL Multiphysics software to define a fixed constraint at one surface of 

the actuator, with the left surface being selected as the fixed point in this case. 

Consequently, the parameter “y” used in the bending stress calculation is 

affected, as the neutral axis is shifted to the leftmost fixed surface instead of 

the centreline of the actual prototype. 

 When the lower chamber is pressurized, the actuator will exhibit a 

similar bending pattern, but in the opposite direction due to the actuator's 

symmetric structure. These simulation results confirm the effectiveness of the 

proposed actuation mechanism and the associated locomotion algorithm. For 

the physical prototype, four pneumatic chambers within the soft actuators can 

be pressurized in sequence and in combination to execute specific movements, 

such as swimming in a straight line or changing direction. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.1: Deformation of the soft bending actuator under pressure (a) P = 1 

MPa (b) P = 2 MPa (c) P = 3 MPa (d) P = 4 MPa. 

 

4.3 Characterisation 

Figure shows a soft actuator undergoing deformation due to pressurization in 

its upper pneumatic chamber. The soft actuator has a segmented, flexible 

design, made of a silicone-based material such as Ecoflex, which allows for 

controlled movement when inflated. When the upper pneumatic channel is 

pressurized, the air fills the chambers, causing them to expand and exert force 

on the actuator's inner walls. Due to the asymmetrical placement of the 

pneumatic channels, the actuator bends downward as the upper side of the 

structure extends, while the lower side contracts. This differential in pressure 

causes a curvature, as shown in Figure 4.2, where the actuator bends in the 

direction opposite to the pressurized side. The degree of bending depends on 

factors such as the pressure applied to the upper chamber, the material 

properties of the soft actuator, and the chamber’s design, such as wall 

thickness and flexibility. Referring to Figure 4.3, the graph of soft actuator 

bending angle versus voltage reveals a nonlinear relationship where the 
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actuator bends more as voltage increases, but the rate of bending diminishes at 

higher voltages. Initially, small increases in voltage lead to more substantial 

gains in bending angle, but as the voltage approaches higher values, the 

incremental increase in bending angle becomes less pronounced, indicating a 

saturation effect. This behaviour is typical of soft actuators, where the material 

and design characteristics cause the bending angle to approach a maximum 

limit as voltage continues to rise. 

 

 

Figure 4.2: Deformation of the soft actuator. 

 

 

Figure 4.3: Graph of bending angle vs pump voltage. 

 

In short, the deformation observed in the actual soft actuator closely 

aligns with the results obtained from the simulation. Both the simulation and 

the physical prototype exhibit similar bending behaviour when the upper 

pneumatic chamber is pressurized, confirming the accuracy and reliability of 

the simulation model in predicting the actuator's real-world performance.  
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4.4 Swimming Performance 

4.4.1 Linear Swimming Motion 

The experiment to validate the first soft robot prototype's ability to swim in a 

straight line was conducted using a 22-liter tank. As depicted in Figure 4.4 and 

Figure 4.5, the soft robot started at the designated point at time t = 0 s and 

successfully reached the finish point at t = 10 s, covering a 25 cm distance in a 

linear path at voltage of 12 V and frequency of 2.5 Hz. The robot’s ability to 

maintain a straight trajectory was primarily due to the synchronized actuation 

of its pneumatic chambers. By alternately inflating the upper and lower 

chambers, the robot was able to create a steady propulsion force that drove it 

forward in a straight line. 

 

 

Figure 4.4: Soft robot position at t = 0 s. 

 

 

Figure 4.5: Soft robot position at t = 10 s. 
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4.4.2 Parameters for Optimum Swimming Performance in Linear Path 

The first prototype’s swimming performance was analysed at varying 

actuation frequencies and pump voltages. The pressure levels inside the top 

and bottom pneumatic chamber at high and low actuation frequencies were 

shown in Figure 4.6. Referring to Figure 4.7, the time taken to swim 25 cm 

was evaluated under different actuation frequencies. The results indicated that 

the robot’s optimum swimming performance was achieved at an actuation 

frequency of 1.33 Hz at a constant pump voltage of 12 V, where the time taken 

to swim was minimized to 7 s. Higher frequencies resulted in diminished 

performance, due to insufficient inflation-deflation cycles, while lower 

frequencies could not generate enough propulsion force (Yang et al., 2019; Li 

et al., 2020). Referring to Figure 4.8, the optimum swimming performance was 

achieved using 11 V and 12 V pump voltage at a constant frequency of 1.33Hz. 

Besides, increasing pump voltage beyond 11 V did not improve the swimming 

speed significantly, indicating an upper threshold for efficient performance 

(Wang, 2018; Zhang and Liu, 2021). 

 

  

Figure 4.6: Pressure level in upper and lower pneumatic chamber at (a) 5 Hz 

and (b) 1 Hz. 
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Figure 4.7: Time taken to swim in linear path for different actuation 

frequencies with optimum actuation frequency circled. 

 

 

Figure 4.8: Time taken to swim in linear path for different pump voltages with 

optimum pump voltages circled. 

 

4.4.3 Directional Control 

The second prototype's ability to change direction was validated through 

experiments where the robot successfully demonstrated turning manoeuvres. 

As shown in Figure 4.9 (a), the robot, when at rest, could alter its direction by 

selectively inflating either the left or right chambers of its actuators. This 

controlled bending mechanism allowed the robot to pivot and make right or 

left turns as shown in Figure 4.9 (b). By pressurizing the right-side chambers, 

the robot turned left, and by inflating the left-side chambers, it turned right. 

The degree of turning was directly proportional to the inflation level and 

duration, enabling precise control of direction. 
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(a) 

 

(b) 

Figure 4.9: Robot (a) before turning right and (b) after turning right. 

 

4.4.4 Swimming Algorithm 

To achieve complete swimming control of enabling the robot to swim straight, 

turn left, or turn right, a custom algorithm was developed and implemented on 

an Arduino-based control system. Three push buttons were used to control the 

swimming direction: one for swimming straight, one for turning left, and one 

for turning right. When the "swim straight" button is pressed, the algorithm 

alternates the inflation between the upper and lower chambers of both 

actuators in a coordinated manner, ensuring forward propulsion. When the 

"turn left" button is pressed, only the right-side chambers are inflated, causing 

the robot to bend and turn left. Similarly, pressing the "turn right" button 

inflates the left-side chambers, resulting in a rightward turn. This algorithm, 

executed in real-time, ensures that the robot can navigate through water with 

high precision, mimicking biological swimming behavior. 

The Arduino code, as attached in Appendix A, integrates the control 

of the pneumatic pumps and solenoid valves, executing the desired action 

based on the button pressed. The result is a simple, yet highly effective, 

control mechanism that allows the robot to autonomously swim in different 

directions in response to user inputs. 

 

4.5 Biomechanics of Butterfly Stroke  

The butterfly stroke is one of the most distinct and energy-intensive swimming 

styles, known for its unique undulating motion and symmetrical arm 

movements (Toussaint et al., 2006). As shown in Figure 4.10, it involves a 

coordinated sequence of movements, including simultaneous arm pulls, 

powerful leg kicks, and a body wave that propels the swimmer forward (Veiga 
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et al., 2014). This natural swimming mechanism can serve as an inspiration for 

the design and locomotion of a soft robot aimed at underwater applications. By 

replicating these motions, soft robots can benefit from efficient propulsion and 

manoeuvrability, while maintaining a fluid and graceful movement in water. 

Below is a detailed breakdown of the key biomechanics of butterfly 

locomotion and how they can be translated into soft robot design and 

swimming capabilities. 

 

 

Figure 4.10: Butterfly stroke swimming style. 

 

 In human swimming, the butterfly stroke relies heavily on a wave-

like motion that begins at the chest and travels down the body to the legs. This 

motion helps maximize propulsion and reduce drag in the water (Sanders et al., 

1995). The soft robot prototype can replicate this wave-like movement by 

incorporating pneumatic or hydraulic actuators in different sections of its body, 

with alternating inflation and deflation patterns simulating the undulating 

motion. The wave motion will help generate forward thrust in water, 

improving speed and energy efficiency (Marchese et al., 2014). The body of 

the robot was designed with segmented soft actuators or bending muscles that 

are controlled in a sequential manner to create the smooth, flowing body 

movement seen in butterfly swimmers. 

 The arms in the butterfly stroke move symmetrically. Both arms 

reach forward in a sweeping arc, then simultaneously pull back in a powerful, 

coordinated manner. This pulling motion generates most of the propulsion 
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force, allowing the swimmer to surge forward (Chollet et al., 2006). The 

robot’s body could feature dual soft actuator wings or fins on either side. 

When actuated simultaneously, they could mimic the sweeping arm motion, 

propelling the robot forward. The soft actuators was designed to bend and 

straighten in coordination to replicate the powerful "pull" phase. This enables 

efficient water displacement and propulsion (Kim et al., 2021). Pneumatic 

chambers or soft muscle segments can serve as the primary driving mechanism 

for these “arms,” achieving high force output and rapid swimming when 

required. 

The butterfly stroke employs a unique leg motion called the dolphin 

kick, where both legs move together in an undulating, wave-like pattern 

(Arellano et al., 2006). This kick starts from the hips and travels through the 

legs, helping to maintain forward propulsion between arm strokes. In a soft 

robot, the dolphin kick motion could be mimicked through flexible tail 

actuators or a compliant, wave-like rear section that moves in coordination 

with the front fins (Hu et al., 2020). A design with actuated tail fins or a 

flexible, undulating body similar to marine animals (like fish or dolphins) 

could generate the necessary thrust to keep the robot swimming efficiently, 

especially between strokes. The smooth, fluid motion would help the robot 

conserve energy while maintaining consistent movement in water. 

Butterfly stroke swimmers rely on a highly synchronized rhythm 

between their arm strokes, body undulation, and leg kicks. This coordination is 

crucial for maintaining the right balance of propulsion and body positioning in 

the water (Sanders et al., 1995). A central control system was designed to 

synchronize the movements of various soft actuators (fins, body, and tail) for a 

smooth, rhythmic swimming action. The robot’s control algorithm could be 

designed to mimic the timing and sequence of human butterfly stroke, 

ensuring that the robot maintains balance and stability while moving forward. 

By programming the actuators to inflate and deflate in a sequence similar to 

the butterfly swimming cycle, the robot could achieve coordinated swimming 

that conserves energy and optimizes propulsion. 

The butterfly stroke involves reducing drag and maximizing thrust. 

The arms enter the water at a shallow angle, reducing water resistance, while 

the streamlined body position minimizes drag forces. A streamlined design for 
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the robot, with smooth surfaces and minimal sharp edges, could reduce 

hydrodynamic drag and allow it to glide efficiently through water. Flexible 

materials like silicone or Ecoflex used in the robot’s body will naturally 

conform to water currents, further reducing resistance. The propulsion 

mechanism must strike a balance between power and efficiency, with soft 

actuators optimized for minimal drag while still generating sufficient thrust 

(Kim et al., 2021). 

In butterfly stroke, swimmers adjust their body position and angle 

slightly to steer or maintain direction (Sanders et al., 1995). This is a subtle yet 

crucial aspect of the technique. Directional control in a soft robot could be 

achieved by independently actuating the left and right fins or segments, 

allowing for precision turns and adjustments in the water. Similar to how a 

butterfly swimmer adjusts direction with slight body tweaks, a soft robot could 

have pressure sensors or feedback mechanisms that control the inflation levels 

of its actuators to alter swimming direction. Utilizing a feedback system can 

help ensure that the robot remains on course while performing complex 

swimming manoeuvres. 

 

4.6 Summary 

In summary, the soft robot demonstrated the ability to swim in a linear path. 

The optimal swimming performance for this linear motion was achieved at an 

actuation frequency of 1.33 Hz and a pump voltage of 11 V. The directional 

control feature was successfully validated, allowing the robot to change 

direction as needed. Finally, the linear swimming mode and directional control 

were integrated into a swimming algorithm, controlled via three push buttons, 

to manage left, right, and straight movement. 
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CHAPTER 5 

 

5 CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

In conclusion, the objectives of this project were successfully achieved. The 

small swimming soft robot demonstrated the ability to swim on water surface 

and effectively control its yaw. The design of the soft robot was carefully 

developed after reviewing existing designs, followed by fabrication and 

performance testing. The robot's buoyancy and straight-line swimming 

capabilities were evaluated, after which optimal parameters for actuation were 

determined. Directional control was then validated to ensure manoeuvrability. 

Given the presence of water near electronic components, safety measures, such 

as isolating the control circuit with an insulator, were implemented to prevent 

any electrical hazards. Furthermore, this Final Year Project (FYP) was 

recognized in the FYP poster competition, earning a bronze award. Supporting 

documentation for this achievement can be found in Appendix B and 

Appendix C. 

 

5.2 Recommendations for Future Work 

Several challenges were encountered during the project, with 

recommendations provided for future improvements. One major issue arose 

from the fabrication process, which involved bonding three layers, and silicone 

tubes to form the soft actuator. The actuator tended to burst along the bonding 

edges. In this project, the issue was addressed by reinforcing the joints with 

additional Ecoflex. For future work, it is recommended to cure the soft 

actuator as a single unit. A possible approach could involve using solidified 

wax to form a mold for the pneumatic chambers, then pouring uncured 

Ecoflex into its own mold and inserting the wax structure into the center of the 

Ecoflex before curing, ensuring more robust and uniform chamber formation, 

on top of bonding the silicone tube together instead of afterward. 
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Additionally, there was significant wastage of Ecoflex during 

fabrication, as the precise quantity required was not known at the outset. 

Measuring and remeasuring Ecoflex proved inefficient, often leading to an 

excess being poured. To resolve this issue, it is suggested that the amount of 

Ecoflex needed be determined through software analysis, using a tool like the 

volume analysis function in SOLIDWORKS to calculate the required quantity 

more accurately. This would reduce material waste and streamline the 

fabrication process. 
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Appendix B: Supporting attachment for FYP Competition Shortlisting 
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Appendix C: Supporting attachment for FYP Competition Bronze Award 
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Appendix D: Open Access to Image Rights 

 

 

Figure D- 1: Shape memory polymer with programmable recovery onset. 

 

 

Figure D- 2: Second-Generation Soft Actuators Driven by NIR Light Based on 

Croconaine Dye-Doped Vitrimers. 
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Figure D- 3: Cyclic hydraulic actuation for soft robotic devices. 

 

 

Figure D- 4: Robotic Tentacles with Three‐Dimensional Mobility Based on 

Flexible Elastomers 
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Figure D- 5: Swimming Performance of the Frog-Inspired Soft Robot. 
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Figure D- 6: Flexible and stretchable electrodes for dielectric elastomer 

actuators 
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Figure D- 7: Anguilliform Swimming Performance of an Eel-Inspired 

Soft Robot 
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Figure D- 8: Advances in dielectric elastomer actuation technology 

 


