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Abstract 

Soft Artificial Muscles (SAMs) are a type of soft actuator designed to contract and 

expand in a manner similar to natural muscles. These actuators play a crucial role in 

enabling flexible and adaptable movement in soft robots, which are often inspired by 

biological organisms. SAMs consist of a soft inflatable component that generates 

expansion when pressurized, and a braided sleeve that acts as a strain-limiting 

component, directing the contraction motion of the actuator. SAMs have a wide range of 

applications, including healthcare, wearable technology, and robotics. However, a key 

challenge lies in optimizing the performance of SAMs, as there has been limited 

progress in improving the design of the soft components. Specifically, advancements in 

the geometry and structures used could lead to improve strength and responsiveness 

during actuation. 

This research addresses these challenges by introducing a novel approach to SAM 

development, inspired by the biomechanical efficiency of human muscles. A multi-

filament SAM design (Model-1), along with two comparative models, was developed 

and evaluated through rigorous experimental testing. Model-1 introduces a circular 

bundle comprised of multiple soft filaments, representing the innovative soft actuator 

proposed in this research. Model-2 features a single cylindrical soft body containing an 

equivalent number of small cylindrical cavities as Model-1. Lastly, Model-3 features a 

single cylindrical soft body with a simple lone cavity, resembling the traditional structure 

found in McKibben muscles. The methodology involved the implementation of 

fabrication techniques to produce consistent and reliable SAM models. These models 

were subjected to detailed block force and displacement tests. Model-2 consistently 

generated the highest force output, with an 8% higher force than Model-1 and 35% 

higher force than Model-3. However, displacement tests did not reveal a significant 

effect of changing the SAM model on displacement performance. In terms of response 

to pressure, Model-1 demonstrated higher actuation speed, outperforming Model-2 by 

25% and Model-3 by 35%. These results highlight the significant impact that 

improvements in the design of the soft components can have on enhancing the force 

generation and response to pressure performance of SAMs. 

A case study confirmed the real-world potential of SAMs in dynamic systems, aligning 

with the results from main tests. Finally, preliminary Finite Element (FE) simulations 

were used to predict the behaviour of SAM models, providing an initial framework for 

future improvement. 
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Chapter 1 : Introduction 

This chapter serves as the introduction to the research, aiming to present the general 

concept of soft robotics and muscle-like actuators. It provides an overview of the PhD 

research topic and details how this work will contribute to the field. The chapter outlines 

the significance of the study, presents the research questions, and defines the scope 

and objectives of the research. Additionally, it offers an overview of the forthcoming 

chapters and sections to guide the reader through the thesis. 

 

1.1 Soft Robotics and Muscle-like Actuators 

Soft robotics is a developing field that uses soft elastomers to enhance robotic 

capabilities by constructing actuators or sensors from deformable, compliant materials. 

These materials display nonlinear hyperelastic behaviours, making soft robots more 

adaptable and safer for interaction, especially in environments where conventional rigid 

robots are impractical. 

The flexibility and compliance of soft robots enable them to endure collisions, absorb 

shocks, and interact delicately, making them well-suited for unpredictable environments 

and close human-robot collaborations. This shift towards more adaptable robotics is 

relevant in healthcare and collaborative settings. Additionally, the use of biomimicry in 

soft robotics, replicating biological movement patterns, highlights its potential for 

innovative functionality. 

Soft robotics also focuses on developing muscle-like actuators, termed "Soft Artificial 

Muscles" (SAM), designed to mimic natural muscles. These actuators, resembling 

models such as the McKibben muscle or Pneumatic Artificial Muscles (PAM), made of 

specific components to enable more natural movements. The study of these SAMs is 

crucial due to their lightness and efficiency, and optimizing their performance is 

essential to fully realize their potential across various applications. Additionally, the 

application of biomimicry in soft robotics, replicating biological movement patterns, 

underscores its potential for enhancing robot functionality. 
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1.2 Scope of the Research 

This thesis is considered to discover critical aspects of SAM. The research aims to get 

inspiration from biology and the way muscles are formed in the body and enhance the 

performance of SAMs by using multi filaments instead of a large single soft component. 

This involves proposing conceptual designs to study and compare different 

configurations of SAMs, developing SAMs based on these designs, and implementing a 

robust testing methodology to evaluate and compare the performance of these 

configurations. SAM, as a soft actuator, comprises two main components: the soft 

component and the strain limiting component, termed ñbraidò. The soft component is the 

soft part in SAM that inflates and expands when pressurized with air, while the braid 

restricts the soft component's motion and translates its expansion into linear contraction. 

Designing the structure of SAM involves considering the configuration of soft 

components and overall geometry. Recent advancements in soft robotics have led to 

various designs of SAMs. However, to our knowledge, despite these actuators are 

inspired by human muscles none have considered the biological mechanism of human 

muscles. Observing that human muscles gain strength from the repetition of muscle 

fibers, we hypothesize that a similar principle can enhance SAM performance. 

Specifically, bundling multiple filaments within the soft component, similar to the 

repeating sections in muscleôs fibers, is expected to improve SAM's capabilities 

compared to a single tube design. 

To evaluate the validity of creating bundle of soft filament, it is essential to compare this 

conceptual design with other SAM counterparts. Three different conceptual designs 

(referred to in this thesis as Model-1, Model-2, and Model-3) are designed, fabricated, 

and evaluated to compare their performance and determine the effectiveness of using 

multi-filaments to enhance SAM performance. The processes of designing, fabricating, 

and evaluating the SAM models involve several refining and improvement trials to 

ensure high methodological quality. The research focuses on evaluating SAM's 

performance primarily through two key metrics: the generated force by SAM and its 

range of contraction. Each metric is assessed separately through single-variable tests 

and presented in a separate chapter in order to allow for a focused examination of 

specific metric.   

Despite the main focus of this research being on the development evaluation of new 

concept of SAM, it also addresses other relevant key concepts in the field of soft 

robotics. For instance, soft material characterization is covered as part of this research. 
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Understanding the properties of soft materials is essential for customizing them to meet 

the specific needs of SAM. Properties like ultimate tensile strength, stiffness, and shore-

hardness impact how effective the actuators are at a desired function. These materials 

should match the needed characteristics to enable the required deformations and 

movements.  

Furthermore, the thesis investigates the capability of Finite Element (FE) simulation 

methods in evaluating and predicting the performance of SAMs. This involves an 

exploration of the accuracy of FE simulation methods in modelling SAM behaviour, with 

a focus on providing detailed information on processes, parameters, and results. The 

FE simulation of SAM includes the generation of a CAD model that accurately 

represents the complex geometry of the braid within SAM, along with the modelling of 

various configurations of SAM's models. 

 

1.3 Aim and Objectives 

1.3.1 Aim 

Despite recent advancements in the design of Soft Artificial Muscles (SAMs), current 

approaches have yet to fully incorporate the biological mechanisms found in human 

muscles. Notably, while human muscles derive their strength from being composed of a 

multitude of muscle fibres, this principle has not been widely applied in SAM design.  

This research aims to draw inspiration from biology, specifically the structure of muscles 

in the body, to enhance the performance of SAMs by using multiple filaments instead of 

a single large tube. 

 

1.3.2 Objectives 

To accomplish the research aim, the following objectives are set: 

1. To identify existing SAM designs to address the research gap.  

o Provide a comprehensive literature review about SAM. 

o Analyse the findings from the literature review to identify gaps and critical 

aspects related to SAM in soft robotics field.  

 
2. To characterize various soft materials suitable for SAM fabrication.  
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o Develop methodology and procedures for fabricating test specimens from 

soft materials. 

o Conduct standardized tensile and compression tests on several soft 

materials. 

o Generate hyperelastic models by using the collected data from the 

experiments. 

 

 
3. To design and fabricate a SAM. 

o Develop and propose conceptual designs for various models of SAMôs.  

o Design and fabricate soft component that can be effectively assembled to 

create SAM.     

o Establish an optimal protocol for fabricating the SAM. 

 

4. To investigate the performance of various models of SAM through experimental 

studies to enhance our understanding of their behaviour.  

o Develop a testing methodology for determining specific metrics. 

o Implement experiments to measure SAM range of capabilities under 

particular testing conditions. 

o Collect and analyse data from experimental tests to assess and compare 

the performance of various SAM models. 

 

5. To investigate a case study of SAM by designing a robust real-world application. 

o Create a dynamic system that effectively showcases the application of 

SAM in real-world scenarios. 

o Develop testing methodology specifically suitable to assess SAM's 

capabilities within the designed case study. 

o Measure specific metrics within SAM and the case study systems to 

gather meaningful data for analysis. 

o Conduct a thorough assessment, analysis, and comparison of the 

performance of various SAM models within the designed case study. 

 

6. To employ FE modelling and simulation techniques to enhance the 

understanding of SAM. 

o Develop and simulate a FE model for a single soft component to analyse 

its hyperelastic behaviour. 

o Create a CAD model to represent the complex geometry of the braided 

sleeve that serve as the strain limiting component within SAM.  
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o Conduct FE simulation on the assembled model of SAM, integrating the 

soft component with the braid, to analyse and predict the complex 

behaviour of the complete SAM actuator. 

o Validate the reliability of the FE simulations of SAM against experimental 

findings. 

 

1.4 Thesis Structure 

Chapter 1: Introduction 

The chapter of introduction provides an overview of the field of Soft Robotics and Soft 

Artificial Muscle (SAM) with emphasizing the scope of the research, research key 

concepts, and gap identification. The aim and objectives of the study and the structure 

of the thesis are presented. 

 

Chapter 2: Literature Review 

In the Literature Review chapter, the existing current knowledge on Soft Robotics and 

muscle-like actuator is explored. It covers fundamental concepts such as Soft Material 

Characterization, the conceptual design of SAM, and soft material fabrication. The 

chapter also explores the experimental examination and simulation of SAM that offer a 

comprehensive understanding of the literature ground. 

 

Chapter 3: Soft Material Characterization 

This chapter focuses on characterizing soft materials by detailing the fabrication of 

tensile and compression specimens. It provides standardized experiments that 

determine hyperelastic material properties, employing hyperelastic models for precise 

data fitting. Additionally, validation is performed using the Finite Element Method (FEM), 

and the results and discussions contribute to a deeper understanding of the soft 

material characteristics utilized in soft robotics applications. 

 

Chapter 4: Design and Fabrication of SAM 
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This chapter introduces SAM with detailing its conceptual design and fabrication 

techniques. It sets the foundation for the subsequent chapters by providing a 

comprehensive understanding of SAM's structure and development. 

 

Chapter 5: Experimental Evaluation of SAM 

This chapter presents a comprehensive experimental evaluation of SAM through both 

block force and displacement tests. The block force test aims to assess SAM's ability to 

generate force through cyclic and static tests. These tests provide insights into SAM's 

performance under a range of conditions, contributing to a better understanding of how 

different SAM models respond to these conditions. The displacement test evaluates the 

range of motion and displacement characteristics of SAM. This section details the 

development of the test setup, the experimental procedures, and the methods used for 

data processing. The findings from these tests provide a significant contribution to 

understanding SAM performance in terms of movement and actuation efficiency. 

 

Chapter 6: Case Study: SAM in Practical Application 

This chapter explores a case study to investigate how SAM is practically applied in real-

world situations. SAM's capabilities are tested and evaluated using specific metrics 

within a dynamic system. The results provide insights into the performance of different 

SAM models in the designed case study. 

 

Chapter 7: FE Simulation of SAM 

The simulation chapter introduces Finite Element (FE) modelling and simulation for 

SAM using hyperelastic material. Procedures for FE modelling and simulation are 

detailed, followed by the evaluation of SAM models (Model-1, Model-2, and Model-3). 

The chapter concludes with a summary of the FE simulation findings and validating 

simulations against experimental findings. 

 

Chapter 8: Discussion and Conclusions 

This chapter provides a comprehensive discussion of the key findings of the research, 

focusing on the critical analysis of the literature, material characterization, SAM 
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development, experimental evaluations, the case study, and FE simulations. It critically 

assesses the implications of these findings for the advancement of SAMs. The chapter 

concludes by summarising the main contributions of the research and offers 

recommendations for future work, highlighting potential areas for further development in 

this field.
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1.5 Flowchart of Methodologies Employed Across the Thesis 

The flowchart below illustrates the methodologies employed throughout this research to fulfil its aim and objectives:  

 

Figure 1-1: Flowchart illustrating the methodologies employed throughout the thesis.
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Chapter 2 : Literature Review 

2.1 Introduction 

In this chapter, a study of the current knowledge surrounding soft robotics and muscle-

like actuators is carried out. The focus is on presenting the basic concepts, methods, 

and advancements within this field. The literature review aims to provide a wide 

overview of soft material characterization, the basic design principles of SAM, and the 

techniques involved in fabricating soft materials. Additionally, the review covers an 

exploration of testing and simulating SAM, aiming to give a full understanding of the 

related literature. 

Introducing Soft Pneumatic Actuators (SPAs) is important in the literature review about 

SAM development because SAMs are a type of SPA. By discussing SPAs, including 

their designs, fabrication techniques, and examples, we provide context and 

background information relevant to understanding SAMs. This allows readers to 

comprehend the broader category of SPAs, of which SAMs are a specific subset.  

The structure of the chapter is organized to guide readers through the various aspects 

of soft robotics. A thorough look at current research and developments about SAM is 

provided, showing the findings and identifying the challenges within the field. It also 

identifies research gaps and compares different methods in the design, fabrication, and 

characterization of soft actuators, particularly muscle-like actuators, showing the 

diversity in research practices.  

 

2.2 Objectives 

The aim of this chapter is to present the essential related aspects of soft robotics with 

an emphasis on SAM. To achieve this, the following objectives are set: 

Objective 1: To introduce the field of Soft Robotics, focusing on SAM and discuss the 

importance of material characterization in developing these actuators. 

Objective 2: Explore various designs and fabrication methods of SAM, aiming to 

highlight innovation within the field and identify gaps in current research that could lead 

to advancements in soft robotics technologies. 



10 

 

Objective 3: Examine the role of Finite Element Analysis (FEA) in simulating SPAs and 

SAM, assessing how these simulations contribute to the optimization and practical 

application of soft robotics technologies. 

 

2.3 Soft Robotics 

Conventional robots, typically constructed from rigid materials like plastic and metal and 

powered by regular motors, contrast with the soft and flexible nature of the human body 

and biological creatures. This difference has encouraged the rise of soft robotics, a 

growing field focused on designing robots from elastic materials and actuated by soft 

actuators [1][2]. The concept of soft robotics beginnings its origins back to the early 

2000s, with foundational research exploring the potential of soft structures to produce 

complex motions [3]. Using inspiration from living organisms, researchers have 

developed soft actuators and sensors, leading to significant advancements in bio-

inspired robotics [4]. By leveraging elastomeric materials, soft robotics offers the 

potential to mimic the behaviours of various biological organisms, such as fish [5], 

jellyfish [6], squid [7], octopus, and earthworms [8]. These advancements hold promise 

for developing robots capable of navigating diverse environments and performing tasks 

with enhanced flexibility and adaptability. Additionally, compliant materials offer the 

flexibility to perform functions similar to traditional robotics while having properties that 

allow them to absorb hard impacts without damage, making them suitable for some 

harsh environments. 

Soft actuators have unique capabilities that make them ideal for interacting with humans 

and navigating unstructured environments. The key capability is their inherent 

compliance, which allows them to deform to the shape of objects they interact with. This 

compliance reduces the risk of damage or injury when handling fragile objects, making 

soft actuators safer for human interaction compared to traditional rigid actuators [9].  

Soft robotics is a multidisciplinary field that merge different areas like biomedical 

engineering, biomechanics, chemistry, programming, and tissue engineering [10]. This 

multidisciplinary approach is important for the development and innovation within soft 

robotics. The applications of soft robotics are diverse. In healthcare, soft robotic devices 

assist in surgeries and rehabilitation, offering safer interaction with patients [11][2]. In 

manufacturing, soft grippers handle fragile items, improving efficiency while reducing 

damage [12]. Environmental exploration benefits from soft robots' ability to adapt to 
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various conditions, from deep-sea floors to rough landscapes, enabling studies in 

previously inaccessible areas [13][14]. 

 

2.4 Soft Material 

Soft materials are a large category of substances known for their flexibility, 

deformability, and compliance. They include a wide range of polymers, elastomers, and 

certain biological materials. These materials can easily change shape under external 

forces or environmental conditions but return to their original state once these forces are 

removed or conditions are normalized [15]. Key characteristics of soft materials include 

low Young's modulus and high elasticity. Soft material characteristics fundamentally 

define the applicability of soft robotics, distinguishing them significantly from their rigid 

counterparts.  

Various companies offer a range of products suitable for fabricating soft robots, among 

which Smooth-On, Inc. (http://www.smooth-on.com) is notable for its extensive selection 

of silicone rubbers. Originally designed for creating skin effects in movies, these 

products have been discovered to be well-suited for soft robotics fabrication. Their 

products include platinum-catalysed silicones known as the Ecoflex series and the 

Dragon Skin series. The Ecoflex series comprises silicone materials with different 

ratings of shore-hardness that range from 00-10 to 00-50, while the Dragon Skin series 

offers materials with shore-hardness ratings from A10 to A30. Shore-hardness scale is 

depicted in Figure 2-1. Another widely used material is Elastosil M 4601 (a silicone 

produced by Wacker Chemie AG; https://www.wacker.com), which possesses 

characteristics such as low shore-hardness and high tear strength. Table 2-1 provides a 

comparison of properties among various materials, including Ecoflex 10-00, Ecoflex 20-

00, Ecoflex 30-00, Ecoflex 50-00, Dragon Skin Silicon 10, Dragon Skin Silicon 20, 

Dragon Skin Silicon 30 medium, and Elastosil M 4601. These soft materials have 

Youngôs modulus in the order of 105 to 106 Pa, while natural organisms, such as skin or 

muscle tissue, have a Young's modulus ranging from 104 to 109 Pa [18]. The selection 

of these eight materials was based on their widespread use in the field of soft robotics 

[1][16][17], where they have proven to be reliable for creating soft actuators. 
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Figure 2-1: Shore-hardness scales and everyday items to express the sense of hardness. 

 

Table 2-1 summary of the elastomers data from the manufacturer [19][20]. 

PROPERTIES 
ECOFLEX 10-

00 

ECOFLEX 20-

00 

ECOFLEX 30-

00 

ECOFLEX 50-

00 

DREGON 

SKIN 10  

DREGON 

SKIN 20 

DREGON 

SKIN 30  
ELASTOSIL 

SPECIFIC GRAVITY 
G/CM3 1.04 мΦлт мΦлт мΦлт мΦлт 1.08 1.08 1.13 

POT LIFE (MIN.) 
30 30 45 му нл 25 45 90 

CURE TIME (H) 
4 4 4 о р 4 16 12 

SHORE HARDNESS 
OO-10 OO-20 OO-30 OO-50 10A 20A 30A 28A 

TENSILE STRENGTH 
(MPA) 

0.8273 1.1031 1.3789 нΦмтму оΦнтрл 3.7921 3.7921 6.5 

ELONGATION @ BREAK 
(%) 

800 845 900 фул мΣллл мΣллл мΣллл 700 

MIX RATIO BY WEIGHT 
1A:1B 1A:1B 1A:1B 1A:1B 1A:1B 1A:1B 1A:1B 9A:1B 

COLOR 
Translucent Translucent Translucent Translucent Translucent Translucent Translucent Reddish 

brown 
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2.4.1 Soft Material Characterization 

Soft materials are notable for their ability to undergo substantial deformation without 

failing, attributed to their low Young's modulus [21]. They can adapt to the shapes of 

contacting surfaces under stress, and they typically return to their original form and 

size unless stretched beyond their breaking point. 

The mechanical behaviours of hyperelastic materials can be tested in several ways, 

including uniaxial test (tension and compression), biaxial test (tension and 

compression), planar test (tension and compression) [22]. For instance, Moseley et 

al. [17] conducted a study to understand the properties of Ecoflex 00-30 by uniaxial 

tension, biaxial tension, and planar tension tests [17]. Schumacher et al. [23] have 

described two ways to create models for this kind of hyperelastic material: one using 

data from uniaxial tension and another using data from both uniaxial tension and 

biaxial tension. They discovered that the accuracy of the models created from both 

methods was nearly the same. This approach is considered reliable even for very 

soft silicone materials when they are stretched or compressed significantly. 

It is important to utilize suitable standard methods appropriate for soft materials. 

Standards such as ASTM D412 and ASTM D575 specify procedures for tensile and 

compression tests, respectively, on soft material samples. These standards provide 

detailed guidelines on how to perform tests, including specimen preparation, testing 

machine setup, and the execution of the test. This consistency ensures that tests 

conducted by different operators or laboratories are comparable, making results 

more reliable and reproducible. Some papers, such as that by P. Moseley et al. [17] 

have presented testing methods for testing soft materials by using ASTM D412. 

Another set of standards for tensile and compression tests are ISO 37:2017(E) [24] 

and ISO 7743:2017(E) [25], respectively. These standards outline methods for 

determining the tensile and compression stress-strain properties of vulcanized and 

thermoplastic rubbers. They specify the shapes and dimensions of specimens, test 

procedures, and result calculations. For tensile tests, the two main shapes provided 

are dumb-bell and ring. The dumb-bell shape is the most commonly used for tensile 

tests. Figure 2-2 depicts the dimensions of a dumb-bell specimens, illustrating the 

detailed dimensions of type 2 as an example. On the other hand, the compression 

tests standard, ISO 7743:2017(E), provides four test methods (A, B, C, and D) as 

well as two cylindrical specimens. Figure 2-3 shows typical force-displacement curve 

for an elastomer and shape of the specimen under tensile and compression tests. 
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Figure 2-2: Dumb-bell specimens' dimensions [24]. 

 

 

Figure 2-3: Typical force-elongation curve for an elastomer and shape of the 
specimen under tensile and compression tests. 

 

For compression tests, they are conducted to assess the compression stress and 

strain characteristics of various soft materials. In compression tests, a specimen is 

positioned between two flat plates within a testing apparatus and is then exposed to 

compressive force. The stress applied to the specimen is determined by dividing the 

force exerted by the initial surface area of the specimen. The standard ISO 

7743:2017(E) provides procedures for conducting these compression tests adhere to 

the guidelines set. Table 2-2 provides a systematic categorization of the standard 

testing methods and their corresponding specimen types. 
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Table 2-2 classification for the standard test methods and the related 
specimens or product [25]. 

Methods Specimens Compression Plates Results 

Method A 

Specimen A 

Cylindrical piece 

with diameter of 

29 ± 0.5 mm and 

height of 12.5 ± 

0.5 

Two lubricated metal 

plates. 

At least one of the two 

plates should be highly 

polished. 

Dependent on the modulus 

of the material. 

Independent of the specimen 

shape.  

Slip conditions are achieved. 

Method B 

Specimen A Two metal plates bonded 

to the specimen. 

At least one of the two 

plates are intended for 

bonding.  

Dependent on the modulus 

of the material. 

Dependent on the specimen 

shape.  

No Slip conditions. 

Method C 

Specimen B 

Cylindrical piece 

with diameter of 

17.8 ± 0.25 mm 

and height of 25 

± 0.25 

Two metal plates 

lubricated or not. 

The surface finish of the 

plates is not important.  

Independent on the 

specimen shape.  

Independent on the lubricant 

conditions. 

Method D 

Product or part of 

a product. The 

length of the 

specimen should 

be between 50 

mm and 100 

mm. 

Two lubricated metal 

plates. 

At least one of the two 

plates should be highly 

polished. 

Dependent on the product 

shape. 

 

Each method utilized in the compression tests shares a similar setup, with variations 

only in how the specimens are assembled between the compression plates. These 

differences can lead to varying outcomes, necessitating careful selection of the most 

appropriate method based on several criteria: the desired outcomes of the 

compression tests, the availability of suitable moulds for specimen fabrication, and 

the capabilities of the compression-testing machine. A compression-testing machine 
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must meet specific requirements to be considered adequate for these tests, 

including: 

1. The ability to measure deformation with an accuracy of ±0.02 mm. 

2. The capacity to operate at a compression rate of 10 ± 2 mm/min. 

3. The capability to align the compression plates in parallel. 

 

2.4.2 Hyperelastic Models 

Unlike traditional robots whose movements can be predicted with standard 

movement equations, the flexible movements of soft robots are too complex for this 

method. To deal with this difficulty, FE simulation can be used to predict the 

complicated mechanical actions of soft robots by breaking down their shape into 

small, finite parts. Importantly, accurately simulating these soft robots relies on 

having a precise and strong understanding of the soft materials, which can be 

captured through a mathematical model and its specific values [18]. 

The materials most often used in soft robotics are known as hyperelastic materials 

that exhibits large elastic deformations. These materials can undergo significant 

stretching or compressing and still return to their original shape once the applied 

load is removed [26]. Because these materials can deform a lot and their force-

displacement relationship isn't linear, the traditional theory of small strains does not 

work well for understanding the complicated behaviours of soft materials [22]. In 

1940, M. Mooney introduced a mathematical formula to describe the energy stored 

in a material when it's stretched significantly [21]. Other researchers have suggested 

different mathematical formulas to explain how these hyperelastic materials behave, 

including the Neo-Hookean model, Polynomial model, Yeoh model, Ogden model, 

and Arruda-Boyce model [22][17][27]. These models have been used to define soft 

materials properties and have found applications in diverse movement systems, 

including actuators employed in robotic surgery [28] and actuators that move in 

straight or bending ways [17]. 

The hyperelastic properties of soft materials can be characterized through a strain 

energy function employed in FE modelling. This function is based on invariants 

ὍȟὍȟὍ  of the Green deformation tensor and invariants functions related to the 

principal stretch ratios ʇȟʇȟʇ  The strain energy function is expressed as: 

 

ὡ ὪὍȟὍȟὍ  Equation 1 
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Here, the invariants are defined as Ὅ ʇ ʇ ʇ, Ὅ  ʇ ʇ ʇ ʇ ʇ ʇ, and 

Ὅ ʇ ʇ ʇ [26][29].The strain energy equation (W) can be further expressed as: 

 

 

 

Equation 2 

 

In continuum mechanics, stress tensors are categorized into hydrostatic (volumetric) 

and deviatoric stresses. The deviatoric term influences the change in the shape of 

hyperelastic materials, while the volumetric term affects the volume change [30][31]. 

For incompressible materials like elastomers, where the volume remains constant 

during deformation, the equation simplifies to [32]: 

 

ὡ ὅ Ὅ σ ȢὍ σ  Equation 3 

 

Here, ὅ  represents a material constant, and N defines the order of the term [26].  

The FE software Abaqus (Simulia, Dassault Systems) offers a feature to fit curves to 

test data based on the strain energy potential form. Mooney-Rivlin and Polynomial 

N2 models utilize the full form Equation 3 known as Polynomial models, while Neo-

Hookean and Yeoh adopt the reduced form, referred to as Reduced Polynomial 

models [17]. 

 

2.5 Soft Pneumatic Actuator (SPA) 

The soft actuator serves as the active component in a soft robot, generating 

movement. Research communities focus on the development of high-capacity soft 

actuators to enhance the robot's ability to perform various tasks. These actuators are 

typically made from soft materials such as silicone rubber [33] and polymers [7], 

enabling flexible and continous motion [16]. Furthermore, they can be designed with 

different configurations to achieve desired amount of force, type of motion, and 

speed outputs [33]. The efficiency of soft actuators is often evaluated based on two 

main outputs: generated force [34] and end effector speed [33]. 
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Soft actuators find applications in diverse fields such as medical assistance [2] and 

gripping objects in rough environments [35][36]. Soft actuators for soft robotics can 

be categorized based on the stimulus that generates the actuation response. These 

stimuli include pneumatic, thermal, magnetic, and electric fields [37]. For example, 

some researchers in this field utilize shape memory alloy (SMA) to generate 

movement through electric current and heating [38]. SMA actuators offer high 

deformation and force with simple mechanical operation. However, soft actuators 

actuated by pneumatic inflation provide larger amplitude of motion with higher 

flexibility. Moreover, SPAs are interesting due to their affordability and ease of 

fabrication. Both the design and the fabrication process of soft actuators are 

challenging and require careful consideration to achieve high efficiency [28]. 

Researchers in the field of soft robotics have proposed various configurations of 

SPAs, including PneuNets Bending Actuators [1], Fiber-Reinforced Actuators [35], 

Multi-directional soft manipulators [7][39], McKibben Air Muscles [40], and Thin 

McKibben Air Muscles [41]. Numerous papers have been published on these soft 

actuators and their applications. Figure 2-4 shows various configurations of SPAs in 

soft robotics. Researchers continue to explore the development of novel SPA to 

expand the applications of soft robotics [42]. Depending on the conceptual design, 

SPAs can implement specific types of movement, such as bending, elongating, 

twisting, contracting, or combining multiple types of movement in one actuator [42]. 

The following section provides various examples of the SPAs in order to reveal 

insights into how different designs influence actuator performance. This knowledge 

can guide the selection of structural designs for specific applications.  

 

2.5.1 PneuNets Bending Actuators 

PneuNets Bending Actuators are a type of SPA that implements movement via 

pressurized embedded channels, leading to bending motion [1]. The desired amount 

of bending motion is achieved by modifying the properties of the chambers. After 

pressurization, the elastomeric structure expands. This expansion is more clear in 

areas of the bladder where the walls exhibit lower stiffness or reduced thickness, 

leading to the actuator's bending [43]. Figure 2-4a illustrates the structure of the 

PneuNets Bending Actuator, which consists of two layers: the extensible layer and 

the inextensible layer [33]. The series of chambers form the extensible layer, while 

the function of the inextensible layer is to constrain the inflation from the bottom, 

thereby bending the actuator body when inflated. 
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Figure 2-4: Various configurations of SPAs in soft robotics: (a) Schematic for 
PneuNets actuator [33], (b) Jellyfish robot achieving propulsion using 

PneuNets actuators [6], (c) Motion configurations of fibre-reinforced actuators 
[44], (d) Case study of the double helical fiber-reinforced actuator [35], (e) High 

dexterity and flexibility of STIFF-FLOP in surgical environments [45], (f) 
Robotics Tentacles [46], and (g) 3 DOFs Mini Variable Stiffness actuator [47]. 

 

PneuNets Bending Actuators are versatile and can be utilized in various applications, 

enabling soft robots to operate in multiple modes of actuation. For instance, the Bio-

Robotics Lab at Florida Atlantic University has developed a free-swimming soft robot 

inspired by jellyfish (see Figure 2-4b) [6]. The robot achieves propulsion using eight 

PneuNets Bending Actuators arranged around an electronic housing. Each group of 

four PneuNets Bending Actuators is actuated by separate impeller pumps, allowing 
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for control over the direction of movement. Additionally, each individual actuator is 

equipped with resistive flex sensors to monitor its position. 

 

2.5.2 Fibre-Reinforced Actuators 

The Fiber-Reinforced Actuator is a famous type of SPA consisting of a soft bladder 

and fibers surrounding the outer surface to restrict radial expansion [35]. The soft 

bladder inflates like a balloon in all directions. For different types of motion such as 

bending, twisting, or elongation, there are typical configurations involving strain 

limiting with fibers [44]. To achieve bending motion, fibers are helically wrapped 

multiple times around the outer surface, and an inextensible layer is added to the 

bottom of the soft actuator. For elongating motion, the same fiber wrapping 

configuration is used without adding an inextensible layer. For twisting and extending 

motion, fibers are wrapped helically around the outer surface once without adding an 

inextensible layer. Another configuration involves wrapping fibers helically around 

the outer surface once and adding an inextensible layer to achieve twisting and 

bending motion. Figure 2-4c illustrates these four configurations. The range of 

motion for each configuration can be controlled by modifying the structure of the soft 

actuator. 

For example, K. C. Galloway et al. [35] demonstrate a methodology for adjusting the 

magnitude of the desired range of bending motion in the fiber-reinforced actuator by 

enveloping the actuator with an inextensible sleeve and leaving a small portion 

without strain limiting. Figure 2-4d shows the impact of changing the sleeve spacing 

on the range of bending. The ability of performing various types of motion enables 

the use of fiber-reinforced actuators in various applications, such as holding objects 

[35] and in rehabilitation devices [48]. 

 

2.5.3 Multi-Direction Soft Manipulators 

Some papers have discussed various strategies for enabling soft actuators to move 

in multiple directions. Among the most popular actuators are the STIFF-FLOP 

Surgical Manipulator [39][7] and Robotic Tentacles with Three-Dimensional Mobility 

[46], 3 DOFs Mini Variable Stiffness [47], all which are actuated by pressurized air. 

Although the designs of the STIFF-FLOP and Robotic Tentacles with Three-

Dimensional Mobility differ in aspects such as dimensions and fabrication 

techniques, they share a similar conceptual design. Specifically, both utilize three 
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independent chambers within a single cylindrical actuator to achieve movement with 

multiple degrees of freedom. 

STIFF-FLOP allows for high dexterity and flexibility in surgical environments while 

the Robotics Tentacles are more suitable for applications requiring high adaptability 

and the ability to handle various objects. The end effector of surgical robots is 

typically made of rigid materials such as laparoscopic tools or needles and is usually 

driven by motorized links. STIFF-FLOP manipulator has the ability to perform 

bending and elongation [39][45]. The actuator consists of a sequence of three 

modules attached to each other, with each module containing three chambers to 

facilitate movement in multiple degrees of freedom. Additionally, a central cavity is 

used to control the stiffening of the modules by employing the granular jamming 

technique. The actuator is then enclosed within a mesh structure that amplifies 

angular movement and prevents lateral expansion when the actuator is inflated (see 

Figure 2-4e). On the other hand, Robotic Tentacles with Three-Dimensional Mobility 

draws inspiration from flexible organisms such as lizards or octopuses by mimicking 

the active parts in their bodies. It is capable of gripping and handling patchy and 

rough items. The structure is constructed of elastomeric material that expands to 

bend, and it can be shaped according to the object that the robot intends to grip (see 

Figure 2-4f).  

 

2.6 Soft Actuators Fabrications 

One of the most crucial steps in developing soft actuation systems is the fabrication 

process [48]. The fabrication of soft actuators differs significantly from that of rigid 

actuators due to the soft materials used and the methods of fabrication. The 

methods used to fabricate soft components often requiring specific techniques unlike 

rigid components that are usually fabricated through traditional techniques. 

Additionally, fabricating the soft robotsô complex designs from flexible materials adds 

a layer of complexity. 

Several techniques are utilized in soft actuator fabrication, including moulding and 

3D printing. Moulding involves pouring or injecting a pre-polymer, in liquid state, into 

a predefined mould and letting it cure, while 3D printing allows for layer-by-layer 

construction of soft object. The process of fabricating soft actuation system [49] 

typically begins with design and material selection, followed by the creation of 

moulds or models for 3D printing. After fabrication, actuators undergo post-

processing, which may include curing, cutting, and assembly with other components 

like sensors or control units. 
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2.6.1 Fabrication by Moulding 

Traditionally, soft actuators are fabricated by casting liquid elastomer into moulds. 

When casting soft material, it is important to consider properties of the liquid 

elastomer such as viscosity, curing time, and pot life, as they require specific 

conditions for fabrication. Many papers proposing fabrication techniques for soft 

actuation systems have utilized moulds made of 3D-printed materials [43][16]. Figure 

2-5 shows fabrication process by moulding from several papers.  

The common fabrication processes by moulding include designing and fabricating 

the mould. The components of the elastomer liquid are mixed, initially often done 

manually in a cup [43][46], but now frequently performed using centrifugal mixers 

[16]. Next, the mixture is degassed to remove air, achieved either by using a vacuum 

pump [43][50] or centrifugal vacuum. The elastomer liquid is then cast into the mould 

[6][16][43][46], followed by allowing the material to cure at the required temperature. 

 

 

Figure 2-5: Fabrication process by casting [5][43][46]. 

 

2.6.2 Fabrication by 3D Printing  

3D printing technology offers significant advantages for fabricating soft actuators, 

including the ability to create complex geometries, customize designs for specific 

applications, and rapidly iterate prototypes. This capabilities makes 3D printing an 

increasingly popular choice for researchers working in the field of soft robotics [51]. 
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Fabricating soft actuators using 3D printing technology involves the creation of 

elastomeric structures of the soft actuator. Depending on the design, the printer may 

also create channels or cavities within the actuator to accommodate pneumatic or 

hydraulic fluid for actuation purposes [52]. This process typically begins with the 

design of the actuator using CAD software [53]. Some advanced 3D printers allow 

for the incorporation of multiple materials in a single print such as Polyjet printers 

[53], enabling the creation of complex structures with varying degrees of flexibility.  

Once the printing is complete, the fabricated actuator may undergo post-processing 

steps such as curing to enhance its mechanical properties and ensure dimensional 

stability. After post-processing, the actuator is ready for integration into a soft 

robotics system. For instance, in a single-step fabrication, a gripper is created from 

Shape Memory Polymer (SMP) using 3D FDM technology [54]. 

Researchers have also developed soft actuation systems using adaptable fabrication 

techniques, including Shape Deposition Manufacturing (SDM) and multilateral 3D 

printing [55]. Both technologies facilitate the manufacturing of soft actuation systems 

and bringing unique advantages. The SDM technique provides a layer manufacturing 

method that enables the fabrication of 3D parts through cycles of layer deposition. In 

the context of fabricating soft actuation systems, SDM is particularly useful because 

it enables the integration of soft and rigid materials within the same component. On 

the other hand, Multilateral 3D printing capable of handling multiple materials within 

a single manufacturing process. It is interesting technology for fabricating soft 

actuation system because it allows for the direct fabrication of soft actuators with 

integrated functionalities. 

 

2.7 Overview of SAM 

The McKibben air muscles, initially innovated in the 1960s, are alternatively referred 

to as Pneumatic Artificial Muscles in some research contexts [40]. However, in this 

thesis, they are denoted as SAMs. They have since found applications due to their 

flexibility, ease of fabrication, and ability to provide contraction motion similar to 

human muscles. These artificial muscles consist of an soft component surrounded 

by strain-limiting component (braid) [56]. The braid is contractible but not stretchable, 

so the radial expansion of the soft component causes the artificial muscles to 

contract [57].  

Despite its simple appearance, understanding the SAMs operational mechanism 

involves considering two phenomena [58]. Firstly, there is a non-linear relationship 

between stress and strain within the soft component, coupled with a complex 
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relationship between the muscle's outputs and its input pressure range. Secondly, 

the braid, which functions as a 'flexible joint structure,' deforms during contraction to 

accommodate the muscle's increasing radius. 

 

2.7.1 Bundle of SAMs  

Discussing the creation of bundle of SAMs is crucial in this literature because the 

conceptual design of the soft actuator in this research draws inspiration from human 

skeletal muscles. Initially, it is essential to simply understand the components of 

skeletal muscles from an anatomical perspective. Skeletal muscles consist of 

bundles of muscle fibers, which are long cylindrical cells that contract or relax upon 

receiving signals from the nervous system [59]. These muscles contain muscle 

bundles composed of repeating sections of muscle fibers Figure 2-6. The more 

repeating sections of muscle fibers present, the stronger the muscle will be. The 

muscle fiber shortens due to an internal chemical reaction, leading to the shortening 

of the entire muscle and generating the force required to move the body. 

Using a bundle of SAMs, inspired by the biomechanical efficiency of the human 

muscular system, offers a strategic approach in soft actuator design for enhanced 

force output and modularity. This inspiration from human muscles, which consist of 

multiple fibers working together to produce force, suggests that a collective of SPAs 

can similarly achieve higher force outputs than a single unit. Such an arrangement 

not only mimics the strength found in natural muscle but also introduces modularity 

into the soft actuatorôs design.  

 

 

Figure 2-6: The structure of skeletal muscle. 
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S. Kurumaya et al. [41] developed bundles of thinner McKibben air muscles, each 

with a diameter of 1.8 mm. By bundling these muscles together, they achieved a 

multifilament muscle that possesses the required shape and flexibility. Traditional 

McKibben air muscles typically have diameters ranging from 10 to 40 mm, which 

limits their flexibility in tight spaces. Figure 2-7a illustrates the structure of the thin 

McKibben muscle, consisting of a thin rubber tube surrounded by a braided sleeve of 

1.8 mm. When the bundle is inflated with air, they contracted and curve outward due 

to their lateral inflation (see Figure 2-7b). 

 

 

Figure 2-7: (a) structure of a single thin SAM [41], (b) linear actuator of 30 thin 
SAM rest at the upper figure and contracted in the lower [41], (c) Thin SAMs 
integrated on an artificial human neck included bones and ligaments [60]. 

 

The advantages of thin McKibben muscles have encouraged researchers to explore 

potential applications, such as multifilament McKibben muscles, which aim to mimic 

the mechanics of the human neck [61]. A. Garriga-Casanovas et al. [61] introduced 

thin McKibben muscles integrated into an artificial human neck, complete with 

simulated bones and ligaments (Figure 2-7c). This artificial neck replicates the 

complex structure of the human neck, including its muscles, bones, and ligaments. 

Another application of thin McKibben muscles is evident in the development of a 

musculoskeletal lower-limb robot [60]. Given the nature of human lower-limb 

muscles, a considerable number of multifilament muscles are required. The resulting 

motion achieved by this artificial limb closely resembles that of a human. 
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2.7.2 SAM Fabrication 

Fabrication techniques for SAMs typically involve fabricating and assembling soft 

component and a braid [58]. Common methods include moulding the soft component 

or using commercial materials often made from latex or silicone. Various types of 

commercial braids with different properties are used, as explored in the literature. 

The soft component is chosen for its flexibility, while the braid, composed of 

materials like nylon or polyester, provides reinforcement [62]. Careful integration of 

these components is essential to ensure proper functionality. Key requirements 

include compatibility of materials to ensure precision in the fabrication process to 

achieve consistent actuator performance. The design must also consider the ease of 

integration with pneumatic activation systems and the final application's specific 

requirements [63]. 

The fabrication process of SAMs involves several sequential steps. It begins with the 

selection of appropriate materials of the soft component and braid. Following 

material selection, the rubber tube is prepared to the desired length, and the braided 

sleeve is trimmed accordingly [64][65]. Subsequently, the rubber tube is inserted into 

the braided sleeve, ensuring a secure fit, and the ends of the sleeve are typically 

fastened to prevent unravelling. Connectors are then attached to the end of the 

assembly to facilitate pneumatic connections. After assembly, the ends of the rubber 

tube are sealed with the connectors to prevent air leakage, employing adhesive 

bonding.  

 

2.7.3 SAM Characterization 

SAMs characterization have been the focus of several research projects over the 

past decades [66]. The literature review highlighted the importance of precise and 

thorough testing methods to understand the capabilities and limitations of these 

actuators [56][65][67][68]. Due to the unique properties of soft actuators like SAMs, 

researchers in the field of soft robotics have been developing specialized methods to 

measure their mechanical performance. SAM characterization methods found in 

literature vary. The level of variation can be clearly observed in some papers such as 

between the test that conducted by C. Kothera et al. [68] and N. Goulbourne et al. 

[69].  

The literature review shows varying objectives and methodologies in SAM 

characterization. While N. Goulbourne et al. [69] acknowledged the load as an input 

factor, they did not perform separate tests to evaluate the SAM's force generation 

capabilities, unlike C. Kothera et al. [68] The literature mostly focuses on two 
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parameters: force generation and the range of contraction adopting different testing 

approaches. These enable the system to perform a variety of conditions, including 

constant pressure testing, isometric testing, and isotonic testing [56][70][71]. Figure 

2-8 shows methods of testing SAMs: a) testing SAM's range of contraction freely 

without tension effect to observe contraction behavior without any load effect, b) 

testing SAM's range of contraction under tension effect to evaluate performance 

under specific load, and c) testing SAM's generated force in a block force test. 

Furthermore, characterization often includes assessing the muscles' response to 

different operating parameters, such as varying levels of pneumatic pressures or 

actuation frequencies. This helps determine optimal operating conditions for 

achieving desired performance characteristics, such as force output, speed, and 

energy efficiency [72]. Accurate characterization requires precise control over testing 

conditions, such as the use of calibrated sensors to measure forces, pressures, and 

displacements accurately [73].  
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Figure 2-8: Methods of testing SAMs: (a) testing SAM's range of contraction 
freely without tension effect, b) testing SAM's range of contraction under 
tension effect, and c) testing SAM's generated force in a block force test. 

 

2.7.4 SAM Applications 

In the field of robotics, the utilization of SAMs has been extensively investigated. 

Researchers present various types of SAMs documented in the literature [63] and 

explore their application as actuators that facilitate precise and flexible movement 

similar to human muscles [74]. The compliance and adaptability of SAMs make them 

suitable for applications requiring delicate and responsive robotic motions. 

SAMs have been used in various applications instead of piston cylinders because 

they have low friction, are lighter, and do not require critical actuator alignment. 

However, compared to piston cylinders, SAM produce smaller magnitudes of force 

[58]. Figure 2-9a presents the renewed version of the SAM designed by Bridgestone 
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in the 1990s. The Bridgestone version, also known as a "rubbertuator," marked a 

significant advancement in the development of SAMs, showcasing the industry's 

interest in developing more human-friendly robots that offer natural skeletal muscle 

compliance. Figure 2-9b illustrates the original use of the SAM as a prosthetic 

actuator in the 1960s. This application demonstrates the muscle's early adoption in 

prosthetics, where it acted as a pneumatic actuator to simulate natural muscle 

movements. Figure 2-9c depicts the use of the SAM up to the paper date (2012) in 

soft actuation for service robotics. This configuration highlights the muscle's 

versatility and its application in modern robotics, providing soft actuation that mimics 

the compliance and flexibility of biological muscles. The setup in this figure could 

represent how SAMs are integrated into robotic systems to achieve manipulation 

tasks, adaptive gripping, or movements that require a gentle touch, underscoring the 

evolution of the muscle's applications from medical devices to robotic components. 

 

 

Figure 2-9: SAM applications: (a) robots mimicking human muscle in 1993, (b) 
the first use in 1960s as a prosthetic actuator, and (c) service robotics in 2012 

[58]. 
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G. Nikolakopoulos et al. [63] presents a comprehensive overview of the applications 

of SAM across biorobotics, medical, and industrial fields. In biorobotics, SAMs are 

good for developing biologically inspired robots, mimicking human muscles 

movements in robots such as humanoid robots [75][76] and robotic limbs [77]. These 

applications demonstrate SAMsô ability to emulate organic muscle movements, 

offering compliant structures for robots that interact safely in human environments.  

Medical applications of SAMs are particularly notable for rehabilitation and assistive 

devices [78], where their compliance and muscle-like action support the 

development of exoskeletons, prosthetic limbs, and devices aiding in the recovery of 

motor functions. One notable case study discussed is a soft robotic prosthetic hand 

for amputees [79], featuring an actuated thumb with three pneumatic artificial 

muscles arranged to achieve multiple degrees of freedom similar to a human thumb. 

Furthermore, the potential of PAMs in developing medical robots that assist in 

delicate surgeries, such as microsurgery, and rehabilitation robots that help patients 

regain mobility and independence.  

In the industrial sector, SAMs contribute to the advancement of robotics by offering a 

range of actuators suited for various manufacturing applications, emphasizing safety, 

affordability, and ease of maintenance. For example, Ichim et al. [80] presented a 

simple gripper that is lightweight and mechanically straightforward, designed for 

powerful gripping actions. SAM is positioned close to the rotation centre of the finger 

to executes clamping motions. Another example by Ichim et al., the positioning 

systems utilize SAMs for enabling workpieces to be raised or lowered as required, 

through the application or release of pressure in the SAMs, controlled by a hand-

operated lever valve. 

 

2.8 Simulation using FE Analysis (FEA) 

2.8.1 Simulation of SPAs using FEA 

Once the conceptual design for the soft actuation system is established, numerical 

tools such as CAD and FEA can be employed to facilitate modifications, 

improvements, and evaluations of the design. FEA allows for the prediction of the 

deformation pattern of the design and provides insight into its performance before 

fabricating a physical prototype and in other cases after fabricating and testing a 

physical prototype to validate the performance of the actuator. These advantages 
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have led to widespread adoption of FEA within the research community for soft 

robotics applications [81][82].  

Predicting the behaviour of soft actuators using FEA requires incorporating several 

key components. These include accurate characterization of the material properties, 

precise modelling of the soft actuator's geometry, proper meshing of the soft actuator 

geometry, application of realistic loading conditions, and proper configuration of the 

FEA solver settings. For example, Y. Elsayed et al. [28] utilized FEA to simulate the 

deformation pattern of an existing soft actuator and optimize the material to prevent 

undesirable effects such as high pressure that could lead to bursting. The analysis 

identifies design parameters that minimize the module's ballooning effect during 

inflation and reduce the required actuation pressure. 

 

2.8.2 Simulation of SAM using FEA 

Simulation of SAMs using FE builds upon the foundational understanding 

established regarding the simulation of SPAs using FE generally. The link between 

the FE simulation of SAMs and the other types of SPAs lies in their common 

structure, where all comprise a soft inflatable structure. However, it's crucial to note 

that the braid in SAMs is significantly complex, requiring special consideration to 

model the complex interactions between the soft component and the braid. By 

incorporating the unique structural characteristics and material properties of SAM 

into the FEA model, researchers work on predicting their mechanical behaviour 

using various solving approach [71][83][84].  

Several challenges were presented about simulating SAMs using FEA, particularly in 

accurately representing the braid and its interaction with the soft component. The 

braided sleeve's structure consists of interwoven fibers, which can be challenging to 

replicate accurately in a CAD model due to its complex geometry. Additionally, 

accurately modelling the interaction between the soft component and the braid 

presents challenges in FEA simulations.  

FEA of SAMs has been conducted in various research papers, utilizing specialized 

software for FE simulation such as Ansys and Abaqus. These tools enable detailed 

modelling and analysis of the complex behaviours exhibited by SAMs under various 

conditions. Additionally, to accurately represent the structural intricacies of SAMs, 

some studies have employed separate software solutions to design the braided 

sleeve component. This design process is often facilitated through the use of CAD 

software or by developing custom coding scripts.  
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FEA methods for SAMs can be simplified using different approaches. Antonelli et al. 

[71] used axisymmetric geometry and assumed that the braid is rigidly locked with 

the soft component during contraction. Their model geometry is generated through a 

specialized algorithm that produces a script file for FE code input. Similarly, Tu et al. 

[83] applied a simplified FEA method by treating the braid as part of the rubber tube 

(soft component) and representing each thread as a singular element. In their 

approach, the thread model is created separately, then imported, duplicated, and 

embedded into the rubber tube model in the simulation software. 

While Antonelli et al. [71] integrated the braid directly within the soft component's 

geometry, Tu et al. [83] modelled the threads separately before incorporating them 

into the overall design. Both methods aim to simplify the FEA process, but they differ 

in their treatment and integration of the braid with the soft component model. 

Unlike previous researches that oversimplified the braid model, T. Hassan et al. [84]  

developed a comprehensive 3D model of the interlaced braided sleeve using 

software "Pyformex." This software employs Python scripts to create detailed 3D 

geometrical models, making it more suitable for modelling SAMs with soft 

components that are not in a regular tube shape. However, this process is more 

complex and time-consuming. 

The simplified methods used by M. G. Antonelli et al. [71] and Tu et al. [83] 

streamline the modelling process. However, they can still be complex because the 

model's geometry is generated through a specialized script file, which may be less 

accessible for other researchers. Despite these differences, both comprehensive and 

simplified methods provide accurate FE modelling approaches. This is evident when 

comparing the agreement between experimental and simulation results in the three 

papers, where all presented a high level of agreement.  

 

2.9  Discussion 

The discussion highlights research gaps identified in the literature and shows the 

need for further exploration to advance the field. Key areas of focus include the 

characterization of soft materials, the design of SPAs, and the development of SAM 

designs. Additionally, the chapter examines the methodologies of SAM FE 

modelling. By addressing these gaps, this discussion aims to present development 

opportunities in soft robotics, with an emphasis on SAM.  
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2.9.1 Soft Pneumatic Actuators (SPAs) 

Research gaps identified in the literature on SPAs that show the field's innovation 

potential. Among these gaps, two critical areas stand out: control and feedback 

mechanisms, and force output and efficiency optimization. 

Firstly, it has been observed that the flexible structure of SPAs introduces 

complexities in control and feedback systems. The need for research into more 

advanced control systems is emphasized by the requirement to accommodate the 

non-linear behaviour of soft materials, enabling precise and predictable performance 

from the actuators. 

Secondly, challenges in the force output and efficiency of SPAs, especially when 

compared to their rigid counterparts, are highlighted as significant research 

opportunities. Efforts aimed at optimizing both the design and material composition 

to improve force output and operational efficiency are seen as vital for expanding the 

scope of SPA applications. In this research, focus is placed on improving force 

output and efficiency due to its significant impact on advancing the field of soft 

robotics. Improving force output in SPAs enables them to perform a wider range of 

tasks, including those requiring more strength, such as lifting heavier objects or 

executing more powerful movements. 

 

2.9.2 Soft Material Characterization 

Despite significant efforts in the field of soft materials characterization, notable 

research gaps have been identified, underscoring the need for further exploration 

and innovation. A primary observation is the absence of comprehensive 

characterizations that encompass both tensile and compression experiments across 

a variety of soft materials. It has been observed that most research predominantly 

focuses on tensile testing [17][85], with a limited number of studies addressing 

compression testing [86], and even no one providing analyses of both within the 

same study. The inclusion of both types of testing is deemed essential for a thorough 

understanding of material behaviours under varied conditions. 

Furthermore, a clear deficiency has been recognized in the existence of 

comprehensive and standardized methodologies for the characterization of soft 

materials, covering all aspects from fabrication to examination. This deficiency leads 

to inconsistencies in data and complicates the comparison of results across different 

studies. The following of standardized, universally recognized testing protocols is 

seen as important for the advancement of the field. Such standardization would 
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ensure consistency and reliability in material characterization, facilitating a more 

collaborative and accumulative knowledge base within the soft robotics community. 

 

2.9.3 SAM Design 

SAMs demonstrate unique actuation capabilities by expanding and contracting in 

response to pneumatic pressure. Despite their potential, the literature shows specific 

areas where knowledge is notably limited, particularly concerning design innovation. 

A significant research gap exists in the development of new designs for McKibben 

muscles, especially regarding the soft component and the braid. The current 

literature does not sufficiently address how innovative designs and advanced 

materials could enhance the efficiency and performance of these muscles. This gap 

suggests a pressing need for comprehensive studies focused on exploring novel 

configurations and materials to improve the overall functionality of McKibben 

muscles. 

 

2.9.4 SAM Fabrication 

The section of fabrication methods of soft actuators outlines techniques like 

moulding and 3D printing, which are essential understand for constructing soft 

pneumatic systems. Exploring the literature indicates a need for innovation in areas 

such as power sources development. The development of portable power sources is 

identified as a significant research gap in soft robotics for several reasons. Soft 

robots require power sources that can maintain functionality under deformation to 

match the inherent flexibility and compliance of their structures. All the current power 

sources are rigid and do not meet these criteria, limiting the potential applications of 

independent soft robots in environments requiring high flexibility or where robots 

need to undergo significant shape changes [18]. 

 

2.9.5 SAM Characterization 

The study of previous research work on SAM characterization has shown a research 

gap that need to be addressed to advance the field. There exists a noticeable lack of 

comprehensive studies focusing on the static and dynamic response of various 

models of SAM. This includes their behaviour under conditions of pressure changes 

and variable load scenarios. A deeper understanding of these responses is essential 
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for developing SAM suited for applications that demand high precision control and 

quick actuation capabilities.  

Another research gap, there is a notable absence of robust methodologies for 

accurately measuring the displacement or contraction exhibited by SAM during 

operation. The ability to precisely determine the extent of SAM contraction is vital for 

effectively designing and implementing these actuators in various soft robotic 

applications. Establishing reliable methods for displacement measurement would 

greatly enhance the predictability and repeatability of SAM performance, contributing 

significantly to their practical utility and advancement in soft robotics. 

 

2.9.6 FE Simulation 

Finally, the chapter concludes with presenting the use of FEA in the simulation of 

SPAs and SAMs, providing crucial insights into the actuators' deformation patterns 

and performance and demonstrating the utility of FEA in enhancing the design of soft 

robotic systems.  

This chapter closely relates to the research aim and objectives by covering key 

aspects of soft robotics, especially SAMs, introducing essential concepts, material 

characterization, and techniques needed to understand and develop SAMs. 

Additionally, it explores different designs, fabrication methods, and the use of FEA to 

validate the design and performance. 
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Chapter 3 : Soft Material Characterization 

This chapter presents a methodology crucial for defining the material properties of 

eight elastomers, pivotal in the field of soft robotics. The experiments conducted 

adhere to ISO standards, focusing on the characterization of both tensile and 

compression properties. Processing and FE analysis are applied to the acquired test 

data. Importantly, this chapter lays the groundwork for subsequent chapters by 

contributing to an understanding of various aspects of soft systems.  

 

3.1 Introduction 

Soft pneumatic actuators, designed to achieve desired movements through inflation 

and deformation, are exposed to various load tensions and compressions. 

Understanding the soft material behaviour under these loads is important for proper 

material selection. Soft material characterization involves determining the stress-

strain properties of elastomers, including tensile strength, elasticity, and stiffness, 

through compression and pull-to-failure tensile tests according to specific standards. 

Furthermore, FE analyses are utilized to expect stress-strain curves, and their 

corresponding mathematical coefficients are documented. This approach facilitates 

the development of highly accurate FE models for robotic design. 

The advantage of this characterization is its repeatable method, which can be used 

on many different soft elastomeric materials, setting a particular approach for 

characterizing materials in soft robotics. Despite valuable efforts in the literature [17]-

[87], where researchers have focused on tensile tests, there is a clear lack of 

comprehensive studies that include both tensile and compression tests. Specifically, 

only a few researchers such as Sparks et al. [88] have conducted compression tests 

on soft materials. This chapter fills the gap by conducting both tensile and 

compression tests on various soft materials, adhering to ISO standards. It 

recognizes that in soft robotics, materials face different types of tension and 

compression. 

This chapter outlines an experimental investigation for eight soft materials across a 

spectrum of hardness levels. The chapter details the design and fabrication of 

specimens for both tensile and compression tests, including the evolution of 

specimen moulds and optimal fabrication techniques. It then describes the 

procedures for conducting tensile and compression tests on soft materials. The 

results from these experimental characterizations are presented, followed by the 

development and validation of FE models.  
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3.2 Objectives 

The objectives of this chapter are set up to guide the study of how various soft 

materials behave, ensuring a look into their mechanical properties. The chapter 

follows a clear set of objectives, aiming to: 

Objective 1: Develop methodology and procedures for fabricating test 

specimens from soft materials. 

Objective 2: Conduct standardized tensile and compression tests on several 

soft materials. 

Objective 3: Generate hyperelastic models by using the collected data from 

the experiments. 

Objective 4: Validate the accuracy of the developed hyperelastic models 

through FE simulation.   

 

3.3 Methodology 

The soft materials characterization procedures encompassed both tensile and 

compression tests, conducted on the eight distinct elastomers: Ecoflex 00-10, 

Ecoflex 00-20, Ecoflex 00-30, Ecoflex 00-50, Dragon Skin 10, Dragon Skin 20, 

Dragon Skin 30, and Elastosil M 4601. These tests were performed using the Instron 

5943 machine, a device specifically designed for assessing the tensile and 

compression stress-strain properties of elastomeric materials. Adhering to the ISO 

37:2017(E) and ISO 7743:2017(E) standards, the procedures provided a 

standardized method for evaluating the mechanical behaviour of elastomers under 

tensile and compressive forces. The ISO standard for tensile testing is preferred over 

ASTM for use with specific machines that can pull materials until they break (for 

example, elongating up to 1123mm with an Instron 5943 machine).  

Rigid test specimens can be manufactured using traditional machining processes, 

whereas soft specimens require specialized techniques that can handle the nature of 

pre-silicone (liquid), the formation of the desired shape, and specific curing 

requirements. Various methods have been employed to fabricate the tensile 

compression specimens. With every attempt, modifications were made to either the 

design of the mould or the fabrication process itself. The aim of developing an 

optimal mould for specimens is to produce repeatable pieces with precise 

geometries. 
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Detailing soft materials characterization procedures is very important, as it ensures 

consistency in conducting tests across different laboratories. Additionally, it makes it 

easier to share methods among researchers, reflecting the significant advancements 

in these procedures. The creation of soft test specimens involves several key steps: 

designing the moulds using CAD software, moulds fabrication, soft materials 

preparation, material casting, and demoulding. 

 

3.3.1 Tensile Test Methodology 

Tensile tests are conducted to measure mechanical properties of materials, such as 

tensile strength, tensile strength at break, and tensile strain. During these tests, the 

testing machine applies stress to stretch (strain) the specimens, enabling the 

determination of their tensile stress-strain characteristics. ISO 37:2017 standard 

offers various shapes of dumb-bell specimens. Dumb-bell specimen type 2 was 

chosen for its dimensions, which are compatible with the Instron 5943 testing 

machine. The standard measurements for the narrow section of dumb-bell specimen 

type 2 are 12 mm in length, 4 mm in width, and 2 mm in thickness. Figure 2-2 in 

Chapter 2, illustrates the detailed dimensions of dumb-bell specimens type 2. Marks 

to indicate reference points for measuring strain are placed on the narrow part 

(gauge region) of the specimen. The distance between these marks, known as the 

test length or gauge length, for dumb-bell specimen type 2 is 20 mm, as shown in 

Figure 3-1. According to ISO 37:2017, a minimum of three specimens shall be 

tested. In this characterization, 5 specimens were tested to ensure more reliable 

results. 

 
 

 

Figure 3-1: Gauge length in mm of the dumb-bells specimen. 
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3.3.2 Compression Test Methodology 

In the literature review presented in chapter 2, Table 2-2 offers a systematic 

breakdown of the standard testing methods alongside their respective specimen 

types, serving as a guide for method selection. Among these, Method C was 

specifically chosen for its superior ability to show the intrinsic properties of the 

material, highlighting the importance of amplifying uniaxial stress while minimizing 

biaxial stress. This is particularly relevant when the slenderness ratio (the ratio of 

length (l ) to diameter (d )) is equal to or greater than 1, which helps in avoiding 

biaxial stress across a broad strain range. For Method C, the chosen standard 

specimen is Type B, characterized by a cylindrical diameter of 17.8 ± 0.5 mm and a 

length of 25 ± 0.25 mm, resulting in a slenderness ratio (l /d ) of 1.40. This is 

compared to Type A's slenderness ratio of 0.43, which is below 1, making Type B 

more suitable due to its favourable slenderness ratio.  

A minimum of four specimens is required for compression tests; however, in this 

study, six specimens of each material were tested. Post-fabrication, all specimens 

must be stored under laboratory conditions and shielded from any form of load 

compressive, tensile, or shear that might affect their mechanical properties. Prior to 

testing, the dimensions of each specimen should be verified to confirm match the 

standard geometries, ensuring the reliability of the test results. 

 

3.3.3 Fitting Hyperelastic Models  

The data obtained from uniaxial tensile and compression tests underwent resampling 

through linear interpolation, followed by averaging in MATLAB (MathWorks Inc, 

USA). In Abaqus (Dassault Systèmes, USA), hyperelastic models were applied to 

the averaged stress-strain data encompassing the entire strain range (from initiating 

the test till the failure). The fitting process utilized the processed data from both 

tensile and compression stress-strain tests, as well as the combined data from both 

sets. The attention was directed towards six hyperelastic models, each exhibiting 

distinct levels of stability and fitting quality. These models include Polynomial 1st 

order (Mooney-Rivlin), Polynomial 2nd order, Ogden 2nd order, Ogden 3rd order, 

Reduced Polynomial 1st Order (Neo-Hookean), and Reduced Polynomial 3rd Order 

(Yeoh) [22]. 

After deriving the coefficients for the material models, the stress-strain curves for 

each model were exported from Abaqus for the computation of the root mean square 
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error (RMSE). The RMSE serves as an indicator of the accuracy of the fitted curve 

when compared to the experimental curve, aiding in the selection of the most 

appropriate hyperelastic model [32]. Optimal model selection involves not only 

achieving a low RMSE but also establishing a stability limit to assess the quality of 

the fit. In this context, a stability limit was determined based on the Drucker criterion 

within a specified strain range where the infinitesimal strain energy should only 

exhibit an increase. Any material under examination failing to meet this criterion at 

any strain range would be deemed unstable. 

 

3.3.4 FE Modelling of Tensile and Compression Experiments 

To verify the test outcomes, the three-dimensional configuration of both tensile and 

compression specimens was created in Abaqus. Defining the hyperelastic material 

model derived from the most stable fitted coefficients. Boundary conditions (BC) 

were established at the upper and lower ends of the specimens for accurate 

simulation. In the case of the tensile test, the lower gripper was configured as 

Encastre (fully fixed), while the upper gripper assumed a "Displacement BC" with 

displacement in the Y-direction. To simulate the compression experiment, the 

cylindrical specimen was simplified to a quarter to simplify the solution process for 

analysis. The bottom surface was fully fixed, and the upper surface was subjected to 

a "Displacement BC" in the Y-direction. Hexahedral elements were selected to mesh 

both models efficiently. 

The analysis of the tensile test results focuses on the gauge region of the specimen, 

while the compression test analysis is applied on an element located on the upper 

surface of the specimen. Strain and stress values are recorded for the identified 

elements in both the tensile and compression specimens' 3D models. 

 

3.4 Fabrication of Tensile and Compression Specimens 

3.4.1 Fabrication of Tensile Test Specimens 

In previous material characterization projects, specimens were typically made by 

pouring the material into moulds shaped for dumb-bell specimens. However, this 

method often resulted in specimens with imprecise thickness due to the potential for 

underfilling or overfilling the mould cavities with silicone. Additionally, some 

specimens would end up having convex or concave surfaces due to surface tension 
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effect. To address these issues, we refined our approach by sealing the top of the 

mould and injecting the soft material through an inlet port.  

All moulds used in the development process to fabricate tensile test specimens 

consisted of three acrylic sheets, all of the same length and width, bonded together 

with bolts and nuts. The middle sheet, matching the thickness of the desired 

specimen, was cut into the ISO 37 type 2 dumb-bell shape as shown in Figure 3-2. 

To ensure uniform fabrication conditions, the mould was designed to produce 

multiple specimens simultaneously. The top and bottom sheets were uncut except 

for holes for the bolts and nuts. Optimal fabrication processes and mould designs 

were achieved after several trials, each incorporating slight modifications, as detailed 

in Appendix 2. 

This method produced air bubble-free specimens with accurate geometries 

according to ISO 37 type 2 standards. A key improvement from previous trials was 

relocating the injection port from the mould's side sheet to the front of the top sheet. 

The injection port featured a hole and a groove that securely accommodated the 

syringe's luer tip, ensuring a stable and leak-proof connection (as shown in Figure 

3-2).  

 

 

Figure 3-2: Mould assembly and fabrication process of tensile specimen. 

 

The process for fabricating tensile specimens from soft materials begins with the 

design and preparation of three acrylic sheets of the mould using CAD software. The 

design is transferred to a laser cutting machine (VLS3.50 Universal Laser Systems, 

USA). 

Next, the three acrylic sheets are manually assembled using nuts and bolts, ensuring 

the bolts are not tight to allow air to escape during the injection process. Pre-silicone, 
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such as Ecoflex or Dragon Skin from Smooth-On Company, is mixed according to 

the manufacturer's instructions in a 1A:1B ratio by weight. The mixture is thoroughly 

mixed and vacuum degassed using a centrifugal mixer at 2000 rpm for 1:30 minutes. 

After mixing, the pre-silicone is transferred into the injecting syringe, ensuring a 

smooth flow to avoid air bubbles formation, and sealed with a flat-base tip cap to 

prevent leaks (as shown in Figure 3-3a). 

The mould is then placed horizontally on a flat surface. The injection syringe tip is 

inserted into the mould's injection port, and constant force is applied until the pre-

silicon fill the mould and flows from the vent slots (as shown in Figure 3-3b). 

Once the soft material has been fully injected, it is allowed to cure at room 

temperature. After curing the mould is carefully disassembled. Excess material is 

trimmed, and the specimens are slowly peeled off the mould to avoid changing their 

mechanical properties. This process ensures the production of high-quality soft 

tensile specimens. 

 

 

Figure 3-3: (a) Injection syringe with accessories and (b) Manual injection for 
the pre-silicon into the tensile specimensô mould. 

 

3.4.2 Fabrication of Compression Test Specimens 

The optimal fabrication processes and mould designs were developed through 

multiple trials, each involving minor adjustments, as outlined in Appendix 2. The goal 

of this was to create a mould capable of simultaneously filling pre-silicon into six 

cavities to produce specimens with accurately flat surfaces from top and bottom. 

Ensuring flatness required the mould to be sealed on all sides. Figure 3-4 illustrates 

a circular aluminium mould with cylindrical cavities, each 17.8 mm in diameter and 
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25 mm high. The bottom was sealed with an acrylic sheet featuring three holes for 

screw attachment. The top was covered with two acrylic sheets: one with six runners 

for pre-silicone flow and small ventilation holes, and the most top sheet with a central 

injection port and additional ventilation holes aligned with those on the second sheet 

(Figure 3-4a). This method led to the development of an optimal mould design, 

capable of producing high-quality, soft specimens from various materials. 

A release agent is applied to the main aluminium die to facilitate the demoulding 

process. The main die is then assembled with the acrylic sheets using screws and 

bolts, ensuring a sealed mould ready for pre-silicone injection. The prepared mould 

is placed on a flat surface for even distribution during injection. The syringe tip is 

inserted into the mouldôs injection port, and pre-silicone is injected with constant 

force until it fills the mould and exits through the ventilation holes. 

After injection, the pre-silicone is allowed to cure at room temperature. Once cured, 

the mould is disassembled by removing the screws, and the specimens are carefully 

extracted. The demoulding process can be challenging, particularly with high Shore 

hardness soft materials, often requiring additional tools like a metal-working vice and 

a C-clamp vice for gentle and safe ejection. The detailed method for the safe ejection 

of the specimen from the aluminium die through a sequence of steps can be found in 

the Appendix 2. This thorough process ensures the production of high-quality 

specimens suitable for soft materials characterization. 

 

 

Figure 3-4: Mould assembly and fabrication process of compression 
specimens. 
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3.5 Soft Materials Characterization Procedures  

3.5.1 Tensile Tests Procedures 

The procedure presented here is important for characterizing the material properties 

under tensile stress and involves several steps. The characterization setup for 

tensile tests is shown in Figure 3-5a. The stress-strain behaviour of each elastomer 

was recorded at strain rates of 100, 200, and 500 mm / min. While the ISO 

37:2017(E) standard recommends a strain rate of 500 mm / min, our investigation 

extended to lower speeds to mimic the slower strain rates encountered in certain soft 

robotics applications. A minimum of three samples were tested at the 100 mm / min 

rate, whereas one to two samples used for the 200 and 500 mm / min rates. 

By following a standardized approach, the procedure aims to minimize variability and 

enhance the precision of the measurements. The steps provide detailed instructions 

for preparation, specimen collection, precise marking, and system calibration. Full 

details about the steps of the tensile testing procedure are provided in the Appendix 

2. 

 

Figure 3-5: (a) Characterization setup for tensile tests, (b) acrylic mould for 
remarking the tensile specimen, and (c) Characterization setup for 

compression tests. 
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3.5.2 Compression Tests Procedures 

Following the outline of the tensile tests protocol, we transition into the compression 

tests protocol, applying a similar approach while focusing on the unique aspects of 

compression testing. In the compression tests, the methodology followed ISO 

7734:2017(E) with test method C. The Bluehill Universal Software was configured to 

control the compression machine, operating at a speed of 10 mm / min until a 

deformation of 25% was achieved over four sequential compression cycles. Each 

cycle is comprised of two phases: compression (loading) and release (unloading). 

Force-strain curves were recorded following the standardôs guidelines to extract 

measurements of stiffness and compression modulus at 10% and 20% strain during 

the compression phase of the fourth cycle. The compression modulus (MPa) is 

defined by the equation: 

#ÏÍÐÒÅÓÓÉÏÎ -ÏÄÕÌÕÓ -0Á
Ὂ

ὃ‐
 Equation 4 

Where F is the applied force (N), A is the cross-sectional area (mm²), and ‐ is the 

strain. Specifically, the Compression Modulus at 10% strain is calculated using the 

equation: 

#ÏÍÐÒÅÓÓÉÏÎ -ÏÄÕÌÕÓ ÁÔ ρπϷ ÓÔÒÁÉÎ 
 Ὂ  Ϸ

ὃ ‐ Ϸ
 

 

Equation 5 

Similarly, the Compression Modulus at 20% strain is determined with the equation: 

#ÏÍÐÒÅÓÓÉÏÎ -ÏÄÕÌÕÓ ÁÔ ςπϷ ÓÔÒÁÉÎ
 Ὂ  Ϸ

ὃ ‐ Ϸ
 

 

Equation 6 

The same load cell utilized in the tensile tests is employed for the compression tests, 

ensuring consistency across testing modalities. Compression testing simplifies 

certain measurements, as the displacement does not depend on the video 

extensometer but is directly measured by the movement of the Instron machine's 

crosshead. The characterization setup for compression tests is shown in Figure 3-5c. 

Full details about the steps of the compression testing procedure are provided in the 

Appendix 2. 

 

 

 

 



46 

 

3.6 Results from Experimental Characterization 

3.6.1 Tensile Tests Results 

Figure 3-6 displays the combined stress-strain curves for all tested samples. 

Notably, the elastomers demonstrated greater elongation at break as the strain rate 

increased. Specifically, the majority of the samples displayed their peak tensile 

strength and maximum elongation at break at a strain rate of 500 mm / min. 

Examination of the stress-strain curves shows occasional slips are noticeable as 

fluctuations within the end of the curve, particularly in materials with lower shore 

hardness, such as Ecoflex 00-10, Ecoflex 00-20, Ecoflex 00-30, and Ecoflex 00-50. 

Table 3-1 and the corresponding bar chart in Figure 3-7 and Figure 3-8 illustrate the 

average maximum tensile strength and average elongation at break for strain rates 

of 100, 200, and 500 mm / min, respectively. For instance, Ecoflex 00-10, the softest 

among the tested materials, shows the highest elongation at break with an average 

of 8.95, 8.99, and 10.14 at strain rates of 100, 200, and 500 mm / min, respectively. 

It also presented the lowest tensile strength, with recorded values of 0.4633, 0.4811, 

and 0.5757 MPa at these strain rates. Due to its low shore hardness, Ecoflex 00-10 

was expected to achieve the highest elongation at break and the lowest tensile 

strength, underscoring a clear relationship between a material's softness (low shore 

hardness) and its ability to undergo extensive elongation.  

Following Ecoflex 00-10 in softness based on the shore hardness scale are Ecoflex 

00-20 and Ecoflex 00-30, with their performance in stress-strain tests aligning with 

the expected relationship between shore hardness, tensile strength, and elongation 

at break. However, breaking this pattern, Ecoflex 00-50 exhibits a greater elongation 

at break compared to Ecoflex 00-30, suggesting that a lower shore hardness does 

not always result in higher elongation at break. This characteristic makes Ecoflex 00-

50 more suitable for actuators that require significant stretching, as well as its ability 

to withstand higher stress before breaking. 

When selecting materials for soft actuators that inflate under high pressure, using a 

material with higher tensile strength, like Ecoflex 00-50, is preferable because it can 

withstand greater stress than Ecoflex 00-30 without bursting, making it safer for high-

pressure applications. On the other hand, materials with relatively high shore 

hardness, such as Dragon Skin 30, are less suitable when the available pressure 

source is limited. This is because stiffer materials require more pressure to achieve 

the same level of deformation, which may not be ideal in some soft robotics 

applications where pneumatic pressure is typically kept lower to maintain the soft 

and adaptable nature of the systems.  
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Another illustration involves Elastosil M 4601, with a shore hardness of 28A, and 

Dragon Skin 30, with a shore hardness of 30A. As expected, Elastosil M 4601 

exhibits a higher elongation at break due to its softer shore hardness. However, it 

also shows greater tensile strength, emphasising that shore hardness is not the sole 

factor influencing the tensile strength of elastomers. 

Given that the samples were produced using the same method and conditions, the 

variability observed in the experimental results among the samples is likely indicative 

of the variability that can be expected in practical applications. For instance, six 

samples of Dragon Skin 20 were tested at various strain rates, with the average 

tensile strength ranging between 2.664 and 3.822 MPa. This range provides 

designers with a realistic expectation of the tensile strength for their projects. 
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Figure 3-6: Stress-strain curves at strain rates of 100, 200, and 500 mm/min for 
the eight elastomers. 
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Table 3-1: Average tensile strength and average elongation at break at strain 
rates of 100, 200, and 500 mm/min. 

Material 

Avg. Tensile Strength (MPa) Avg. Elongation at break 

Avg at 

100 

mm / min 

STD at 

100 

mm /min 

at 200 

mm / min 

at 500 

mm / min 

Avg at 

100 

mm / min 

Avg at 

100 

mm / min 

at 200 

mm / min 

at 500 

mm / min 

Ecoflex 10 0.4633 0.0252 0.4811 0.5757 8.9422 0.2372 8.9910 10.1404 

Ecoflex 20 0.7293 0.1564 0.8794 1.0010 7.0503 0.7202 7.6145 8.3595 

Ecoflex 30 0.9938 0.0647 1.2298 1.2477 6.2388 0.6344 5.7165 5.8765 

Ecoflex 50 1.4938 0.3896 1.4040 1.8522 7.1674 1.2051 7.0212 7.7983 

Dragon Skin 10 3.2106 0.2961 3.3582 3.7535 6.9004 0.3358 7.1475 7.7830 

Dragon Skin 20 3.2444 0.2368 3.5449 3.6458 4.5446 0.3388 5.1828 5.0402 

Dragon Skin 30 2.3372 0.2370 2.5558 3.6693 2.2368 0.2120 2.3052 3.2988 

Elastosil M 

4601 

5.6236 0.2078 5.6612 5.0603 4.8187 0.1715 4.6143 5.1299 

 

 

 

Figure 3-7: Average maximum tensile strength at strain rates of 100, 200, and 
500 mm/min. 
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Figure 3-8: Average elongation at break at strain rates of 100, 200, and 500 mm 
/ min. 

 

 

3.6.2 Compression Tests Results 

Figure 3-9 presents the force-strain curves for a single sample as an example of 

each material. It is evident that as strain increases, so does the force. The 

cumulative curves of the compression (loading) and release (unloading) from all four 

cycles largely coincide, indicative of the force-strain data recording similar values 

across the cycles. The hysteresis effect is also evident, characterized by a slight gap 

between the compression of the material and its return to the original shape. This 

effect is seen as a loop in the curves, where the paths of compression and release 

differ.  

Table 3-2 along with the bar chart in Figure 3-10, details the average compression 

modulus and the standard deviations for the samples at 10% and 20% strain. For 

instance, the average compression modulus for the softest material, Ecoflex 00-10, 

was measured at 0.01059 MPa and 0.01263 MPa at 10% and 20% strain, 

respectively. Conversely, Dragon Skin 30, an elastomer with a higher shore 

hardness, exhibited an average compression modulus of 0.4239 MPa and 0.5055 

MPa at 10% and 20% strain, respectively. Although the standard protocol requires 

testing a minimum of three specimens, six were tested in this instance to enhance 

the reliability of the results.  
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The bar chart in Figure 3-10 allows us to observe the compression modulus increase 

with shore hardness. It is noteworthy that the results from the compression tests 

demonstrate reduced variability among samples when compared to the tensile tests. 

This discrepancy is attributed to the significant difference in the range of strain 

applied to the materials during these tests.  

 

Table 3-2: Average maximum values for the compression modulus (MPa). 

Material Strain 

% 

Avg. 

modulus  

Standard 

dev. 

Ecoflex 10 
 

10% 0.010598726 0.000911518 

20% 0.012636943 0.000558189 

Ecoflex 20 
 

10% 0.028127389 0.000911518 

20% 0.032407643 0.000455759 

Ecoflex 30 
 

10% 0.051464968 0.001019108 

20% 0.058343949 0.000509554 

Ecoflex 50 
 

10% 0.067770701 0.005854331 

20% 0.099617834 0.041072087 

Dragon Skin 10 
 

10% 0.12555414 0.004226536 

20% 0.146140127 0.002346163 

Dragon Skin 20 
 

10% 0.227261146 0.008237354 

20% 0.287770701 0.004804873 

Dragon Skin 30 
 

10% 0.423949045 0.025489933 

20% 0.505562633 0.015887688 

Elastosil 
 

10% 0.301995754 0.011577836 

20% 0.378768577 0.006909424 
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Figure 3-9: Force-strain curves of the compression test for the eight elastomers. 
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Figure 3-10: Average modulus stiffness values for the eight elastomers. 

 

3.7 FE Modelling  

In this section, the focus is placed on modelling and simulation for the 

characterization tests, focusing on both tensile and compression tests of the soft 

elastomers. The data extracted from these uniaxial tests undergoes processing and 

analysis through FE modelling techniques. Ecoflex 00-30 has been specifically 

chosen as the representative material for the eight characterized soft materials. This 

selection allows for a detailed examination of its behaviour and responses in the 

subsequent modelling and simulation analyses. 

 

3.7.1 Results of Fitting Hyperelastic Models 

Table 3-3 displays the coefficients obtained through fitting for all six hyperelastic 

models concerning the average curves derived from tensile, compression, and 

combined experimental data. The table also provides relevant stability limit details 

and RMSE values. In general, the RMSE values suggest that the model exhibits 

reduced accuracy when combining both tensile and compression data. This 

discrepancy occurs due to the high strain range in the tensile data, resulting in higher 

RMSE values compared to the compression data. However, the inclusion of a 

representation of higher strain facilitates a more comprehensive understanding of the 

soft material's behaviour. 
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The determination of coefficients and the evaluation of fit performance across 

various hyperelastic models for this soft elastomeric material offer valuable insights 

for researchers in the field of soft robotics. Figure 3-11 provides a visual 

representation of each hyperelastic model's performance. However, for a more 

precise selection of the optimal hyperelastic model, reference can be made to the 

RMSE values and stability limit information in Table 3-3. For instance, stability is 

maintained across all strain ranges by the Neo-Hookean model, yet it displays the 

least accurate fit. In contrast, the Ogden 2nd order and Reduced Polynomial 3rd 

order (Yeoh) models remain stable throughout all strain ranges for both tensile and 

combined data, but within a restricted range for compression data. Furthermore, their 

minimal RMSE values represent the high-quality fit achieved by both models. 

 

 

Figure 3-11: Hyperelastic models Polynomial N1 (Mooney-Rivlin), Polynomial 
N2, Ogden N2, Ogden N3, Reduced Polynomial N1 and Reduced Polynomial N3 

(Yeoh) ï combined data fit of Ecoflex 00-30. 
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Table 3-3: Material's constants of hyperelastic models for tensile, 
compression, and combined data of Ecoflex 00-30. 

Hyperelastic Model Parameter name Tensile data Compression 
data 

Combined data 

Polynomial, N=1 

 (Mooney- Rivlin) 

Material Constant C10 (Pa) 0.034832065 1.03E-02 0.025765897 

Material Constant C01 (Pa) -0.031902435 4.04E-03 -1.12E-02 

Uniaxial Tension Stability UANS >0.05 STABLE UANS >0.52 

Uniaxial Compression Stability UANS <0.0574 STABLE UANS <-0.36 

RMSE 0.192481696 0.000513709 0.196071568 

Polynomial, N=2 

Material Constant C10 (Pa) 7.76E-02 -0.186557262 7.23E-03 

Material Constant C20 (Pa) -2.80E-04 -5.33308191 7.00E-04 

Material Constant C01 (Pa) -0.072834162 0.196996418 5.93E-03 

Material Constant C11 (Pa) 7.63E-03 8.10728302 -3.39E-04 

Material Constant C02 (Pa) -3.45E-02 -3.16851986 0.001418935 

Uniaxial Tension Stability UANS >0.04 UANS >0.02 STABLE 

Uniaxial Compression Stability UANS <-0.0388 UANS <-0.0388 UANS <-0.9023 

RMSE 0.002006865 0.000427438 0.010676136 

Ogden, N=2 

Material Constant A1 4.31548842 -5.34952146 3.68305334 

Material Constant A2 2.3768293 -6.70233043 -1.7365599 

Material Constant MU1 (Pa) 2.63E-03 0.084440173 0.009453153 

Material Constant MU2 (Pa) 1.84E-02 -0.056997769 0.017379757 

Uniaxial Tension Stability STABLE UANS >0.79 STABLE 

Uniaxial Compression Stability STABLE UANS <-0.2695 STABLE 

RMSE 0.005467699 0.000368602 0.005467699 

Ogden, N=3 

Material Constant A1 -3.03212873 21.0882637 1.10327885 

Material Constant A2 3.14967679 24.992827 3.91855593 

Material Constant A3 -3.53883734 -15.631644 -4.93713491 

Material Constant MU1 (Pa) 0.624400748 0.231791901 0.013890708 

Material Constant MU2 (Pa) 0.035947803 -0.230564767 0.006112413 

Material Constant MU3 (Pa) -0.649941832 0.020900664 0.006405646 

Uniaxial Tension Stability UANS >0.04 UANS >0.03 STABLE 

Uniaxial Compression Stability UANS <-0.0388 UANS <-0.0388 STABLE 

RMSE 0.008719893 0.000380951 0.009045024 

Reduced 

Polynomial, N=1 

(Neo-Hookean) 
 

Material Constant C10 (Pa) 0.0181821 0.014973221 0.02 

Uniaxial Tension Stability STABLE STABLE STABLE 

Uniaxial Compression Stability STABLE STABLE STABLE 

RMSE 0.275610389 0.000297578 0.240831661 

Reduced 

Polynomial, N=3 

(Yeoh) 

Material Constant C10 (Pa) 0.011038152 0.0143230 1.34E-02 

Material Constant C20 (Pa) 6.61E-04 0.011278102 4.81E-04 

Material Constant C30 (Pa) -3.29E-07 -0.032997499 2.48E-06 

Uniaxial Tension Stability STABLE UANS >0.33 STABLE 

Uniaxial Compression Stability STABLE UANS <-0.2695 STABLE 

RMSE 0.009025158 0.000364509 0.017927428 

*UANS: unstable at nominal strain,   stable with small RMSE,   stable with big RMSE, and   unstable. 

 

3.7.2 Results of FE Simulation 

The hyperelastic material model defined by the most stable fitted coefficients: Ogden 

2nd order. Engineering stress-strain data for the tensile and compression 

experiments are presented in Figure 3-12, compared to their FE simulation. A 

favourable agreement between the experimental and FE results is observed across 

the entire strain range. These outcomes affirm the validity of employing the 

hyperelastic models presented here to characterize the mechanical behaviour of 

Ecoflex 00-30 in real-world applications. 

 



56 

 

 

Figure 3-12: Testsô simulation using Ogden 2nd order model ï tensile data fit 
of Ecoflex 00-30. 

 

3.8 Discussion  

The study successfully developed a methodology for fabricating test specimens, 

conducted standardized mechanical tests, generated accurate hyperelastic models, 

and validated these models through FE simulation, achieving all the chapterôs 

objectives. Since this characterization aimed to test a range of soft materials with 

various shore-hardness levels, creating a reliable and repeatable methodology for 

fabricating the soft specimens was crucial. The optimized fabrication processes led 

to greater characterization efficiency. By reducing the number of failed specimens, 

this approach saved time, materials, and costs associated with re-fabrication and re-

testing.  

Within the existing body of literature, researchers have conducted tensile tests on 

similar soft materials, showing discrepancies in the reported outcomes. For example, 

studies by Jennifer et al. [22] and Marechal et al. [89] have investigated the tensile 

properties of Ecoflex 00-30. In Jenniferôs paper, the maximum tensile strength and 

elongation at break for Ecoflex 00-30 were reported to be approximately 7.25 MPa 

and 650%, respectively. Similarly, in Marechalôs paper, the values for maximum 

tensile strength and elongation at break for Ecoflex 00-30 were approximately 23 

MPa and 1650%, respectively. In comparison, the obtained results from our study on 

the tensile properties of Ecoflex 00-30 revealed a maximum tensile strength of 

around 1 MPa and an elongation at break of 623%. This presents a notable deviation 

from the literature findings. 

These variations could result from differences in testing conditions and equipment, 

as well as the geometry of the specimens. Additionally, the testing methodology, 

including variables such as strain rates, the degree of pre-strain, and the number of 
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cycles applied during testing, can significantly influence outcomes. A crucial aspect 

is also found in sample preparation; the process of creating specimens from soft 

materials presents considerably more complexity than that for rigid materials, leading 

to noticeable variations among the specimens produced.  

In the existing literature, researchers have conducted compression tests on similar 

soft materials, yielding variations in reported results. For instance, unconfined 

compression experiments performed by Sparks et al. [88] on three distinct soft 

materials recorded peak stresses. Dragon Skin, Ecoflex 00-10, and Ecoflex 00-30 

exhibited measured peak stresses of 73.0, 12.1, and 24.0 kPa in their study, 

whereas the obtained results in this investigation for the same materials were 57.4, 

2.4, and 11.6 kPa, respectively. It is noteworthy that these values denote force data 

converted into engineering stress by dividing them by only the initial cross-sectional 

area of the specimen to ease the comparison with the literature, while the modulus in 

Table 3-3 was determined using the equation Ὂὃ‐ϳ . 

 

3.9 Summary 

A rigorous methodology has been presented for determining the material properties 

of eight elastomers: Ecoflex 00-10, Ecoflex 00-20, Ecoflex 00-30, Ecoflex 00-50, 

Dragon Skin 10, Dragon Skin 20, Dragon Skin 30 and Elastosil M 4601, which can 

be employed for other commonly used materials in soft robotics. A robust and 

repeatable fabrication process was developed to manufacture specimens for tensile 

and compression testing. The experiments were conducted in accordance with ISO 

standards to ascertain the intrinsic characterization of the tensile and compression 

properties of the elastomers. The data derived from these uniaxial tests undergoes 

processing and analysis through FE modelling techniques. The material Ecoflex 00-

30 has been selected to represent the characteristics of the eight soft materials 

under consideration. 

The experimental data of Ecoflex 00-30 were input into Abaqus to generate several 

hyperelastic models, and the best model was chosen based on stability and RMSE 

factors. Among six hyperelastic models, Ogden 2nd order was identified as the most 

suitable model for predicting the behaviour of Ecoflex 00-30 in FE simulation. This 

study offers a comprehensive experimental and computational method for 

characterizing hyperelastic materials. The methodology can be further applied to 

characterize additional soft materials used in soft robotics, as well as for 

characterizing these materials under cyclic, fatigue, and biaxial test conditions. 
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Chapter 4 : Design and Fabrication of SAM  

This chapter is dedicated to advancing the SAM, with a specific focus on the design, 

development, and optimization of SAM. The primary objectives include proposing 

conceptual designs for various SAM models, designing and fabricating soft 

component, and establishing an optimal protocol for SAM fabrication. This chapter 

sets the stage for detailed SAM characterizations, introducing fresh concepts and 

stimulating innovation in soft actuator development. 

 
 

4.1 Introduction 

The significance of SAM lies in their ability to mimic natural muscle movements and 

in their potential to address specific challenges within the domain of soft robotics 

development. The limited force output of soft actuators is a considerable challenge in 

the field of soft robotics. Many soft actuators struggle to produce high forces, which 

can constrain their applications, particularly in tasks requiring higher levels of force. 

However, the design of the proposed actuator in this research aims to address this 

challenge by offering an actuator that distinguishes itself in this regard, showing the 

ability to produce comparatively increased forces when compared to other 

counterpart soft actuators. 

This chapter contributes to the advancement of soft robotics by proposing 

conceptual designs for various SAM models, each designed to address specific 

challenges and improve the efficiency of SAM. This involves introducing new 

concepts and improved functionality, drawing inspiration from biomimicry to mimic 

the natural movement of biological muscles. In fabricating the soft component 

integral to SAM, part of this research focuses on optimizing the manufacturing 

process through a process of iterative refinements to ensure quality and 

repeatability. This objective aligns with establishing a standardized fabrication 

protocol, helping in providing a consistent production method of SAM.  

In the context of soft component development, the focus is on the utilization of 

moulding techniques. This involves shaping the pre-silicon, in its liquid state, to 

create desired soft structures using moulds. Various moulding techniques, including 

those involving acrylic sheets and tube, as well as 3D printed moulds, were 

employed within the development iterations. 



59 

 

Within this chapter, the selection of materials becomes a crucial aspect of SAM 

development, connected to the outcomes derived from the soft material 

characterization explored in Chapter 3. The choice of soft materials directly 

influences SAM's performance, durability, and response to input power. The 

properties of each tested soft material undergo examination, facilitating the decisions 

on their effectiveness in fabricating SAM.  

 

4.2 Objectives 

This chapter aims to present the development of SAMs, focusing on both the design 

and fabrication processes. The specific objectives of this chapter are as follows:: 

Objective 1: Develop and propose conceptual designs for various models of SAMs. 

This objective involves creating three conceptual designs for SAMs. The primary 

model will be inspired by the structure of muscle cells. The other two counterpart 

models will be developed to facilitate performance comparison. 

 Objective 2: Design and fabricate soft components that can be effectively 

assembled to create SAM. This component is the main part in SAMs. The design 

and fabrication of these soft components will undergo a development process to 

ensure that they can effectively actuate SAM.  

Objective 3: Establish a repeatable protocol for fabricating the SAM. This includes 

identifying appropriate manufacturing processes and assembly methods.  

 

4.3 Conceptual Design of SAM 

The conceptual design of SAM in this research is inspired by the biomechanical 

efficiency of the human muscular system, particularly its ability to generate high force 

through the integration of numerous minor muscle fibers. This design approach 

introduces a novel method of replicating this strength in an artificial system. By 

emphasizing repeated sections of muscle fibers, the design aims to enhance the 

force output of SAM, offering a new perspective on efficient actuator design.To bring 

this concept to reality, a novel approach is adopted: the creation of a thin soft 

filament comprised of soft material that extends to the manufacturing of a bundle of 

these soft filaments, designed to inflate when pressurized. This approach sets the 

stage for the subsequent exploration of SAM's foundational aspects and the creation 

of innovative conceptual designs.   
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Figure 4-1 illustrates the distinct components utilized in SAM actuators, including soft 

components in three variations, soft component of Model-1, soft component of 

Model-2, soft component of Model-3. Additionally, it highlights the consistent ñbraidò 

(braided sleeve) across all models. Notably, in the figure, Model-1 incorporates the 

soft filament, which bundle of it integral to soft component of Model-1. 

 

4.3.1 Foundational Aspects 

The soft component mirrors the behaviour of an expanding balloon, determining its 

path of motion through the interplay of two critical factors: the geometry of the 

elastomer and embedded chambers, and the specific configuration of the braid. The 

braid, tailored for the soft component, serves as an inextensible element that can 

govern inflation direction, steering the actuator toward a contraction motion. In 

alignment with the imitation of muscle fibers, the soft filament takes the form of a 

soft, thin tube. The uncontrolled inflation of this soft filament, without a strain-limiting 

component, leads to significant longitudinal and lateral expansion. 

In the field of soft robotics, researchers have proposed various braid, with a popular 

choice being a braided sleeve (a Nylon mesh translating radial expansion into linear 

contraction). The braid must exhibit compatibility and flexibility to contract with the 

expansion of the soft component. Despite the wide scope, this research excludes the 

development of braid within SAM due to their complexity. Commercial braided 

sleeves, similar to those in existing literature, are used instead. 

 

Figure 4-1: Key components of SAM's design, including the soft components 
of each model, the braided sleeve, and the fully integrated SAM. 
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4.3.2 SAMsô Models 

To assess the viability of the proposed multi-filament actuator concept, a 

comparative exploration with other soft actuator counterparts is essential. The 

various conceptual designs will undergo testing in following chapters, with output 

variables such as the force generated by each model and the necessary pressure for 

inflation serving as key metrics for evaluation. Expectation suggests that the 

interaction between bundled soft filaments in the multi-filament actuator will lead to a 

higher force output. Another critical aspect to be investigated is the impact of 

creating a bundle of soft filaments on the range of movement in terms of contraction 

motions. 

Figure 4-2 provides 3D CAD drawing of the soft components of three distinct SAMôs 

models. Model-1 introduces a circular bundle comprised of multiple soft filaments, 

representing the innovative soft actuator proposed in this research. Model-2 features 

a single cylindrical soft body containing an equivalent number of small cylindrical 

cavities as Model-1. Lastly, Model-3 features a single cylindrical soft body with a 

simple lone cavity, resembling the traditional structure found in Mckibben muscles. 

To ensure a fair comparison, the sectional areas of the cavities and walls in all three 

models are equal. This equalizes the volumes of cavities and soft materials across 

the soft component of the models.  

 

 

Figure 4-2: 3D CAD model of the soft components of Model-1, 2 and 3.  

 

The structure of the Model-1, as depicted in Figure 4-2, incorporates three soft 

filaments that can fit into an outer larger circle. The assembly of these circles 

minimizes free space between soft filaments by estimating the maximum number of 

small circles that can fit into the larger circle. The foundational form of the soft 

inflatable multi-filaments actuator (Model-1) necessitates a minimum of three soft 
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filaments. The concept of circle packing in a circle involves the two-dimensional 

packing of unit circles into the smallest possible larger circle. Figure 4-3 provides 

solutions for finding optimal packing of 2-6 circles in a circle. The density represents 

the fraction of the area covered by the unit small circles relative to the enclosing 

circle. The concept involves finding arrangements that minimize the radius of the 

enclosing circle while accommodating the specified number of unit circles. For 1, 2, 

3, 4, 5, and 6 unit circles, the corresponding densities are 1.00, 0.50, 0.6466, 0.6864, 

0.6854, and 0.6666, respectively. The optimality of the packing has been proven by 

Graham (1968) [90]. 

 

 

Figure 4-3: Dense packing of congruent circles in a circle 

 

In the early trails, the soft filaments of Model-1 were created with inner and outer 

diameters approximately 1 mm and 3 mm, respectively. However, it was observed 

that larger soft filaments offered a more favourable option. The decision of selecting 

bigger soft filaments was driven by their ability to provide a clearer and more 

observable representation of deformations, movements, and interactions. 

Additionally, the utilization of larger soft components was found to simplify the 

fabrication process and experimental setup. 

Model-1 represents a soft structure incorporating three soft filaments arranged in 

accordance with the optimality of packing principles proposed by Graham (Figure 

4-3) [90]. Each individual soft filament within the model has an outer diameter of 6 

mm and an inner diameter (cavity diameter) of 3 mm. The arrangement of these 

three soft filaments results in an imaginary outer circle with a diameter of 12.93 mm, 

determined by applying the optimized packing configuration in a CAD drawing. 

Understanding the characteristics of the imaginary outer circle in Model-1 serves as 

an important parameter for selecting the diameter of the braided sleeve in the overall 
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SAMôs modelsô design. This consideration ensures that the diameter of the braided 

sleeve is slightly larger to provide clearance, allowing for the insertion of the soft 

component inside the braided sleeve. 

The geometries of Model-2 and Model-3 (Figure 4-2b and c) are derived from the 

foundational geometry of Model-1, as previously mentioned. To determine the 

diameter of Model-2, the first step involves summing the cross-sectional areas of the 

soft filaments in Model-1. The calculation conducted by using MATLAB to determine 

the relative geometry of the soft component for Model-1, Model-2, and Model-3. This 

determination is achieved by calculating the dimensions of the diameter of the solid 

area (wall thickness) and the cavity for each model. The mathematical expressions 

for volume involve: 

6Ã 6Ã 6Ã  Equation 7 

6× 6× 6×  Equation 8 

 

Where in 6Ã , 6 represents volume, Ã represents cavity, × represents wall thickness, 

and -ρ represents Model-1. The volume is computed using the formula ὠέὰόάὩ

ὛὩὧὸὭέὲὥὰ ὃὶὩὥ ὰὩὲὫὸὬ, with the length being constant for all models. Therefore, the 

focus of the calculations will be on the sectional area as following: 

 

ὃ ȟ “ 
ὕὈ ὍὈ

τ
 

Equation 9 

ὃ  ὲz  ὃ   Equation 10 

 

ὃ ȟ “ 
ὍὈ

τ
 

Equation 11 

ὃ  ὲz  ὃ   Equation 12 
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Figure 4-4: Illustration for the cross-sectional area of the wall thickness and 
cavity/ies for Model-1, Model-2, and Model-3. 

 

Where ὃ ȟ  is the cross-sectional area of the wall thickness of a single soft 

filament, ὃȟ  is the total cross-sectional area of the wall thickness for n soft 

filaments, and ὕὈ  and ὍὈ  are the outer and inner diameter of the soft filament, 

respectively. Similarly, ὃ  represents the cross-sectional area of the cavity of 

a single soft filament and ὃ  is the total cross-sectional area of the cavity for n 

soft filaments. Figure 4-4 illustrate the cross-sectional area of the wall thickness and 

cavity/ies for Model-1, Model-2, and Model-3. 

Since 6Ã 6Ã 6Ã  and  6× 6× 6× , it follows that , ὃ  

ὃ ὃ  and  ὃ  ὃ ὃ . To define the total area of the soft 

component of Model-2 and Model-3, the cross-sectional area of the wall thickness is 

summed with the cross-sectional area of the cavity: 

 

ὃ ὃ ὃ  Equation 13 

ὃ ὃ ὃ  Equation 14 

 

The outer diameter (ὕὈ  for Model-2 is calculated as ςz ὃ “ϳ , resulting in 

approximately 10.39 mm. A similar mathematical procedure is applied to Model-3, 

maintaining consistency. Model-3, with an outer diameter (ὕὈ  equal to Model-

2's 10.39 mm, sets the baseline for the standardized comparison. 

It is important to recall that the diameter of a soft filamentôs cavity is equal to a single 

cavity of the soft component of Model-2, while Model-3 differs as it comprises a 

single cavity. The inner diameter of Model-3 (ὍὈ ) is calculated using the equation 

ςz ὃ “ϳ , resulting in 5.19 mm, which is rounded later to be 5 mm. 

The length of the Soft Artificial Muscles (SAM) is standardized across all models, 

with each soft component measuring 110 mm in length. ὃ    
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is the internal area of the cavity, and ὰ is the length of the soft filament/soft 

component. While defining the internal area of the cavity is not essential for 

determining the geometries of Model-2 and Model-3, it is crucial to consider in 

exploring its potential effects on performance or behaviour. 

This uniformity in soft component length, aligned with the specified geometries and 

dimensions of the SAM models, forms the basis for the subsequent fabrication 

process. The fabrication process will be meticulously applied to fulfil the design 

requirements with precision, ensuring consistency in the construction of SAM 

models. 

 

4.3.3 Strain-Limiting Components (Braid) 

Creating a 3D model in CAD for a braided sleeve proves challenging due to the 

intricate geometric structure and the multi-layered composition of the braiding 

pattern. The same braid will be used for the three models. Understanding the 

dynamic response of the soft component to various types of strain-limiting 

components is essential for designing effective SAM.  

The literature review in Chapter 2 carefully outlined various configurations of strain-

limiting component, each showing distinct constraints on the soft component and 

influencing the resulting motion. Figure 4-5 provides a visual representation of 

different strain-limiting component configurations and their corresponding effects on 

motion types. Wrapping the fiber reinforcement in a double-helix configuration 

symmetrically restricts radial expansion, forcing the actuator to expand axially. 

Including a strain-limiting sheet of inextensible material on one side of the actuator 

stops radial expansion on that side, inducing an overall bending motion. This 

configuration creates a controlled bending response, crucial for certain applications. 

The single-helical fiber wrapping induces twisting and axial expansion in the 

actuator, resulting in a unique twisting motion that allows flexibility in achieving 

rotational and extensional forms of movement.  

Utilizing a braided sleeve introduces a scissor-like linkage effect, where the mesh 

geometry translates radial expansion into linear displacement, showing the flexibility 

of this configuration in achieving linear contraction motions. These configurations 

exemplify how the choice of the braid intricately determines the motion 

characteristics of the actuator. By strategically selecting and implementing the final 

design of the braided sleeve, the SAM can be customized to fulfil the aimed 

functional requirements in mimicking the muscle movement.  
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Figure 4-5: Different braid configurations and their corresponding effects on 
motion types. 

 

4.4 Fabrication Techniques 

4.4.1 Materials Selection 

In the process of fabricating the soft component for SAM, careful consideration is 

given to the selection of soft materials, guided by specific criteria aimed at achieving 

desired properties. The primary criteria included: 1) a soft material characterized by 

higher elongation at break to response to the low level of input pressure, and 2) a 

soft material characterized by partially high tensile strength to withstand high 

deformation. These criteria are essential as they allow for optimal performance within 

the constraints of the utilized pneumatic system that produce the input pressure, 

which operates within a maximum pressure of 80 kPa. From the previous chapter, 

among the elastomers evaluated were Dragon Skin 10, Dragon Skin 20, Dragon 

Skin 30, and Elastosil M 4601, which characterised with high tensile strength, were 

not recommended because they require high pressure for expansion. 
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In contrast, Ecoflex 00-50 emerged as a promising candidate to be used due to its 

properties. This material exhibits both a high elongation at break, allowing for 

significant extension, and partially high tensile strength, ensuring it can withstand the 

maximum input pressure without failing. Additionally, the consideration of Ecoflex 30 

as a candidate material revealed similar elongation at break but lower tensile 

strength compared to Ecoflex 00-50, suggesting it may fail under lower pressure, 

reinforcing our decision to prioritize Ecoflex 00-50 for the fabrication of the soft 

components.  

 

4.4.2 Fabrication Techniques for Soft Components 

In the development of the soft component of SAM, various fabrication techniques are 

utilized, each playing an important role in refining the overall fabrication procedure. 

The focus was on optimizing the fabrication of individual soft filaments for Model-1. 

Once an effective fabrication technique for the soft filament was established, this 

approach was then extended to create the other soft components for both Model-2 

and Model-3. The methods developed in this research primarily focused on moulding 

techniques. While other fabrication methods, such as using commercial silicon tubes, 

were considered, they were not extensively detailed due to their limited contribution 

to advancing the development process (see Appendix 3.1 for more details about this 

method).  

 

4.4.2.1 Fabrication Trial of a Soft Filament by Moulding in Steel Tubes  

This technique is not the final method for fabricating a single soft filament, but it is 

included to show the iterative nature of the development process and to highlight the 

method's advantages and disadvantages. It involves moulding a single soft filament 

using steel tubes. The next iteration (described in Appendix 3.2) expands the 

fabrication technique to include multiple soft filaments within the same mould. 

In an initial novel attempt to fabricate soft filament through a moulding technique 

using a stainless-steel tube, certain limitations and areas for improvement have been 

identified. The method involves injecting pre-silicon (in liquid state) into a closed 

mould designed to precisely produce a single soft filament. The mould setup 

includes two stainless-steel tubes of different gauges (8 and 18), along with five thin 

acrylic sheets, four steel shafts for stabilization, and the requisite bolts and nuts for 

assembly. The primary objective is to inject the pre-silicone into the larger tube (S-

Steel tube-1), which then cures and adheres to the inner surface of the tube, while 
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the smaller tube (S-Steel tube-2) is cantered within to create the soft filament's 

internal cavity. Figure 4-6 shows the assembly of the mould, where the stainless-

steel tubes are positioned between upper and lower groups of acrylic plates. Bolts 

and nuts secure the acrylic plates, and balancing shafts align the components.  

 

 

Figure 4-6: The assembled mould that designed to produce a single soft 
filament. 

 

The spacing between the upper and lower groups of acrylic layers is set equal to the 

length of S-Steel tube-1. Acrylic sheets 3 and 4 have holes in the centre matching 

the outer diameter of S-Steel tube-1, while acrylic sheets 1, 2, and 5 have holes 

matching the outer diameter of S-Steel tube-2. Figure 4-6 depicts the casting runners 

in acrylic plate 2 and the injection port in acrylic sheet 1. To decrease viscosity, 

Ecoflex 00-50 is mixed with a thinner additive before injection into the mould. 

Although this method produced a soft tube with a smooth exterior, aligning the inner 

cavity poses a challenge. Even slight misalignments in stainless-steel tube-2 can 

significantly impact the internal cavity's formation, significantly affecting the motion 

and performance of the soft filament. Areas for improvement include refining the 

mould design to enhance alignment, addressing the challenges associated with S-

Steel tube-2 buckling, and exploring alternatives to achieve a more accurate and 

reliable production of soft filaments.  
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4.4.2.2 Fabrication of Soft Components by Using 3D Printed Moulds 

(Finalized) 

This fabrication technique involves utilizing 3D printed moulds to create soft 

components. This method excels in producing soft components with high accuracy 

and repeatable geometry, showing the consistency of the overall manufacturing 

process. The improvement of soft component production applied through an 

approach that include the development of 3D printed moulds for moulding soft 

components and refining fabrication techniques for soft components and 

subsequently for SAMs.  

 

1. Developing 3D Printed Moulds for Soft Componentsô Models 

The development of a design for the 3D printed moulds of soft components involves 

the determination of dimensions of the soft componentôs diameter of the solid area 

(wall thickness) and the cavity for each model. Subsequently, design and fabrication 

for the mouldsô components are created using CAD software then translated into real 

3D printed moulds. The manufacturing process employs three different 3D printers, 

namely FDM, PolyJet, and Formlabs, with the Formlabs 3D printers being the 

preferred choice due to their ability to produce moulds with a smoother internal 

surface finish and finer creation for small circles within the moulds. As part of the 

optimization process for developing a suitable 3D printed mould compatible with 

moulding Ecoflex 50, careful consideration is given to the type of resins used in 

Formlabs 3D printers. It is notable that Grey Pro Resin offers the highest precision 

and a smooth surface finish for moulds, facilitating the demoulding process and 

producing soft component with smooth surface. 

Figure 4-7 depicts the 3D CAD model of the moulds, showing the mould designed for 

fabricating the soft components of the three models and the way of the injection 

syringe insertion. It's important to recall that a bundle of three soft filaments 

represents the soft components of Model-1. Each mould comprises three essential 

components: the main body, the end closer, and steel rods. In Figure 4-7, the main 

body is evident with its cylindrical shape, featuring a chamber to accommodate the 

injected pre-silicon. The top surface of the main body incorporates a hole, serving as 

an injection port for the precise fitting of the injection syringe tip. Additionally, other 

small holes are positioned on the top surface, which serve as vents during the 

injection process to allow any trapped air to be released. Figure 4-7 also shows the 

end closer, a thin circular 3D printed part with two circular grooves on its top surface. 

These grooves serve the purposes of securely holding the main body in place and 
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tightly accommodating the steel rods that form the cavity. The choice of a steel rod is 

deliberate, as it offers superior surface finish and straightness compared to a 3D 

printed rod, ensuring a cavity with high quality inside the soft component. 

 

 

Figure 4-7: The 3D CAD model of the moulds for fabricating a single soft 
filament of Model-1, the soft component of Model-2, and the soft component of 

Model-3.  

  

In addition to the initial mould designed for fabricating the original set of SAMs, 

where the soft component of Model-1 consists of only three filaments, an advanced 

mould has been created with the ability to produce an augmented set of soft 

components, following the same conceptual design principles. the soft components 

in this set are crafted based on optimal circle packing principles established by 

Graham (1968) for six circles [1]. In this augmented soft component set, Model-1 

comprises six soft filaments, Model-2 includes six cavities, and Model-3 features a 

single cavity equivalent in cross-sectional area to the six cavities in Model-1/Model-2. 

Figure 4-8 presents these augmented innovative moulds as 3D CAD models and 

real 3D printed models. 
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In the Model-3 mould, the same conceptual design is implemented as in the original 

set. For the Model-1 mould, an advanced version has been developed to 

simultaneously produce four soft filaments that employ the same conceptual design 

principles to enhance productivity. In the Model-2 mould, a distinctive advancement 

is made by strategically relocating the injection port from the top surface of the main 

body to the side. This modification addresses a significant challenge encountered 

with the original mould, preventing the early escape of the pre-silicon material 

through the ventilation holes, especially when dealing with high-viscosity material, 

before fully filling the main chamber. 

 

 

Figure 4-8: A) real models of the moulds and B) CAD model depicting the 
moulds designed for the fabrication of four soft filaments of Model-1, the 

mould of Model-2 with six cavities and the mould of Model-3 featuring a single 
cavity equivalent in cross-sectional area to six cavities. 

 

2. Developing Fabrication Techniques for soft componentsô Models 

Developing an optimal fabrication technique for manufacturing the soft components 

of Model-1, Model-2, and Model-3 involving several key procedures. Figure 4-9 

presents flow chart of the key fabrication processes of SAM. Firstly, accurate 

manufacturing of the moulds is essential to ensure their cleanliness to avoid defects 

resulting from uneven internal surface of the mouldôs main body or imprecise 

creation of small circles used for ventilation and injection ports. The internal surface 
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of the mouldôs main body is sprayed with release agent (Universal Mold Release, 

Smooth-On, Inc, USA) to facilitate the easy release of cured soft material from the 

moulds.  

The assembly of the steel rod or rods, used to create the cavity within the soft 

material, is a crucial step (shown Figure 4-8A). Subsequently, the cup-part (main 

body) and end closer are assembled as shown in Figure 4-7 and Figure 4-8, 

requiring precise placement to ensure the steel rod is correctly positioned at the end-

part and passes through the hole in the cup-part. To prevent leakage from the 

bottom of the mould, the parting edges are carefully glued. 

The next step involves weighing, mixing, and degassing the pre-silicon in a specially 

designed container using a mixing machine. Illustrated in Figure 4-10A, the container 

is equipped with two lids, each featuring a centrally positioned hole, facilitating the 

release of air during the mixing process. The removal of air bubbles from the pre- 

silicon is addressed through various experimental methods. Two mixing machines 

are used in the optimization process for the mixing and degassing techniques: 

centrifugal mixer (THINKY ARE-250) and centrifugal mixer (THINKY ARV-310P). 

The THINKY ARE-250, a planetary centrifugal mixer, is designed for mixing and 

degassing materials. However, its use was not sufficient with all types of pre-silicon 

due to some material properties like high viscosity. The most effective method 

identified for removing air bubbles is vacuuming the air from the material while it is 

being mixed, a technique applied by the THINKY ARV-310P, which combines 

vacuum pressure reduction with rotation and revolution mixing. This method has 

proven to be highly efficient in preventing air bubble-related issues during the 

fabrication process. 

The pre-silicon is discharged from the container into an injection syringe, which is 

closed by an end-cup before injection into the mould. A pushing-piston is then 

inserted into the injection syringe and manually pushed to ensure the release of air 

bubbles. Manual injection of the pre-silicon is carried out with caution, maintaining a 

low and consistent speed and keeping the barrel tip in the mouldôs injection port (as 

shown in Figure 4-10B). The amount of resin consumed is determined based on the 

mouldôs cavity volume, with a 20% increase to account for waste during the 

fabrication process. Extra details about where the pre-silicon/soft material is being 

wasted are provided in Appendix 3. 
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Figure 4-9: Flow chart of the key fabrication processes of SAM. 
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Figure 4-10: Fabrication process for soft component. A) a container covered 
with two lids for the pre-silicon miximg, each featuring a centrally located hole, 

B) injecting the pre-silicon into the augmented mould of Model-2, and C) the 
demoulding process, showing the extraction of a cured soft filament from its 

mould. 

 

The filled mould with pre-silicon is left at room temperature until the material 

becomes fully cured soft material. Subsequent steps involve disassembling the 

mould, carefully pulling the steel rod first and then pulling soft material from the main 

mould cup. The cured soft material is pulled with an oscillated gradual movement 

from side to side (Figure 4-10C). Straight pulling for soft material or one-time pulling 

is not recommended during the disassembling process to avoid cutting or tearing it. 

The final step includes checking the condition and geometry of the fabricated soft 

component, where the diameter of the soft cylinders is accurate due to the high 

precision of the 3D printed mould. However, the length of the produced soft 

component may need adjustment (trimming) according to the required size (110 

mm). 

 

4.4.3 Fabrication Techniques for SAM 

For an ideal fabrication technique for SAMs across Model-1, Model-2, and Model-3, 

a careful process takes place. This involves material preparation, precise bonding 

methods, and strategic assembly steps to ensure the SAMs meet desired 

specifications. Each model demands unique components, from Polyethylene tubing 

and braided sleeves to 3D printed adaptors. The following explains the procedure in 

a clear manner that include specific details. 

Initiating the fabrication process for SAMs of Model-1, Model-2, and Model-3 

commences with the collection and preparation of all requisite tools and materials, as 

outlined in Table 4-1. Following this, the next step involves measuring the desired 
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length of Polyethylene tubing, which is then cut to serve as an air hose connected to 

the ends of the soft component (shown in Figure 4-9). To ensure secure attachment, 

the Polyethylene tubes are uniformly glued before insertion into the soft component 

ends. The bonding agent employed for this task is ELASTOSIL E41, a one-

component silicon known for its strong adhesion to soft materials. The procedure 

involves applying a small quantity of ELASTOSIL E41 onto a disposable rigid 

surface, such as an acrylic plate, followed by the horizontal dipping and rotation of 

the Polyethylene tube piece. This process ensures an even layer of ELASTOSIL 

E41, encompassing approximately 10 mm of the tube. It is crucial to rotate the 

Polyethylene tube onto the ELASTOSIL E41 carefully, ensuring the hose remains 

clear to avoid the formation of any obstruction to the airflow. The curing time for this 

adhesive silicon is 12 hours at room temperature, which means the need to leave the 

bonded parts overnight for curing. Subsequently, the bonded region is enveloped 

with Teflon tape to reinforce the connection between the soft component and 

Polyethylene tube, ensuring its ability to withstand high pressure without leakage.  

 

Table 4-1 inventory of components required for the fabrication of SAMs for 
Models 1, 2, and 3. 

Component Model Length 

Diameter(D) / Width (W)/ Inner 

Diameter (ID)/ Outer Diameter (OD) 

SOFT COMPONENT OF 

MODEL-1 

Model-1 110 ID= 3, 3*OD= 6 

Model-2 110 3*ID= 3, OD= 10.39 

Model-3 110 ID= 5, OD= 10.39 

BREADED SLEEVE All Models 120 D= 13 

POLYETHYLENE TUBE 

Model-1 20 ID= 2, OD= 4 

Model-2 20 ID= 2, OD= 4 

Model-3 20 ID= 4, OD= 6 

ZIP TIE All Models 60 W= 2 

Model-1 10 ID= 2, OD= 4 

Model-2 10 ID= 2, OD= 4 
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INLETS/OUTLETS 3D PRINTED 

ADAPTORS FOR MODEL-1 AND 

MODEL-2 

Model-3 (inlet) 10 ID= 2, OD= 4 

Model-3 (outlet) 10 ID= 4, OD= 6 

SILICON TUBES FOR 

CONNECTION 

Model-1 12 ID= 3, OD= 5 

Model-2 12 ID= 3, OD= 5 

Model-3 12 ID= 5, OD= 7 

 

After ensuring a secure attachment of the Polyethylene tubes to the soft component 

with ELASTOSIL E41 and Teflon tape, the fabrication process for SAM advances to 

the preparation of the braided sleeve, integral to all three models. This phase begins 

with measuring the required length of the braided sleeve, using a white marker to 

accurately mark the exact point for cutting. With precision, the marked section is then 

trimmed using scissors to achieve the desired length. To prevent unravelling and 

ensure the quality of the braided sleeve ends, a torch lighter is employed in the next 

step. The end of the braided sleeve is brought close to the flame (approximately 2 

cm apart), and the sleeve is rotated slowly in a circular motion. This heat treatment 

causes the loose strands at the end of the sleeve to fuse together. This process is 

repeated for the second end. 

The subsequent stage involves integrating the soft component within the prepared 

braided sleeve. Figure 4-11 shows the sequence progression for integrating the soft 

component within the braided sleeve. For Model-2 and Model-3, this is achieved by 

first compressing the braided sleeve to enlarge its diameter, facilitating the insertion 

of one end of the soft component. This technique requires careful manipulation; the 

end of the soft component is held steady within the expanded sleeve, which is then 

allowed to contract, securing a portion of the soft component within. This process of 

pushing, holding, and releasing is repeated until both ends of the soft component 

precisely align with the two ends of the braided sleeve, ensuring a precise fit that 

optimizes the production of the SAM.  
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Figure 4-11: The sequence progression for integrating the soft component 
within the braided sleeve. 

 

In the case of Model-1, a similar approach is taken for inserting the soft component 

into the braided sleeve. However, this model introduces an additional complexity due 

to its construction from multiple soft filaments. To maintain a constant and uniform 

position of the three soft filaments, a thin layer of Teflon tape is wrapped around the 

bonded ends of the bundle. This step is important for overcoming one of the 

significant challenges in manufacturing a Model-1 of SAM, requiring a high level of 

manual dexterity to ensure that the filaments are bound tightly together. A discussion 

on securing the braided sleeve to the soft component and its implications for SAM 

functionality, including the potential limitations of using an elastomer coating, is 

provided in Appendix 3. 

Following the insertion of the soft component into the braided sleeves, the next step 

in the fabrication of SAM focuses on securing the assembly to maintain air tightness 

and structural integrity. This is achieved through the use of zip ties, a straightforward 

yet effective method for ensuring the braided sleeve remains tightly fastened to the 

soft component, which preventing any braid slippage which is crucial for the 

functionality of the SAM. To accomplish this, two zip ties are placed at each end of 

the SAM, specifically over the bonded areas where the Polyethylene tubes are 

inserted into the soft component. As shown in Figure 4-12, the application of the zip 

ties involves a dual-plier technique for optimal tightening. One plier is used to hold 

the head of the zip tie in place, while the other is used to pull the tail, ensuring the zip 

tie is secure around the sleeve without damaging the underlying components. After 
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achieving a tight fit, the excess portion of the zip tie is trimmed off to maintain a 

proper finish on the SAM.  

 

 

Figure 4-12: The process of applying zip ties to each end of the SAM. A) the 
application involves using dual pliers, B) the trimming of the excess portion of 

the zip tie, and C) the integration of 3D printed adaptors to both ends of the 
SAM, employing silicon tubes. 

 

The next procedural step involves the integration of 3D printed adaptors to both ends 

of the SAM, employing silicon tubes to establish a connection as illustrated in Figure 

4-12C. These adaptors play a critical role in the overall function of the SAM, serving 

as either air inlets from one side and air blocks from the other side. The adaptors 

vary by model, accommodating different numbers and sizes of air outputs to suit the 

unique design and operational needs of each SAM model. Figure 4-13 shows the 

cross-section view, top view, 3D models, and real 3D printed adaptors that used with 

Model-1, Model-2, and Model-3. 
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Figure 4-13: The four different types of the 3D printed adaptors. 

 

For Models 1 and 2, the same type of 3D printed adaptors is used due to their 

identical requirement for multiple air outputs, illustrating the adaptors' role in 

managing air flow within the SAM. These adaptors are designed as pneumatic 

manifolds, featuring a central chamber that acts as a junction point for equal air 

distribution to the SAMôs cavities. Conversely, Model 3 utilizes a different type of 

adaptor, reflecting its design for a single, with larger air output. All types of air-inlet 

adaptors, regardless of the model, are customized to have a common input channel 

at 4mm. This uniformity in the input channel ensures compatibility with the feeding 

tube that extends from the input pressure box, streamlining the assembly process of 

the SAM's during operation.  

Following the secure attachment of the 3D printed adaptors and the application of zip 

ties, the fabrication process progresses with an additional step aimed at enhancing 

the structural integrity and uniformity of the assembly. This step involves the use of 

Teflon tape, a material chosen for its ability to provide a secure and evenly 
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distributed tightening around the SAM's ends. The application of Teflon tape covers 

the area around the inserted end of the Polyethylene tube till its end. This method 

ensures creating a more uniform and secure binding additional to the zip ties, which, 

while effective at preventing braid slippage, apply pressure evenly across the 

surface.  

 

4.5 Discussion  

This chapter focused on presenting comprehensive development of SAM that make 

a contribution to the field of soft actuators development. Through the conceptual 

design phase, the structural foundation of SAM is presented by taking inspiration 

from biomimicry to imitate the movements of biological muscles. The careful 

consideration of fabrication techniques and processes affected the quality and 

repeatability of SAM manufacturing. The choice of the appropriate soft material, 

based on the soft material characterization conducted in Chapter 3, follows two 

important criteria: elongation at break and characterized by partially high tensile 

strength. Applying these criteria shows that Ecoflex 00-50 was the ideal choice for 

fabricating the soft components. 

This chapter presents the careful journey through the design and fabrication 

processes to illustrate the progress in development and highlight the benefits of the 

applied solutions for improving SAM manufacturing. The fabrication of SAM is 

outlined through three main phases: Mould fabrication, soft component fabrication, 

and SAM fabrication.  

Fabricating the soft components is found to be most effective using 3D printed 

moulds. This technique consistently produces high-quality soft components, 

addressing issues encountered with other methods. Therefore, the initial phase 

focused on fabricating these moulds. Several 3D printers were utilized, with 

Formlabs 3D printers, using a resin called "Grey Pro," offering the highest precision 

and smooth surface finish for moulds. Subsequently, in the second phase of soft 

component fabrication, careful consideration was given to the fabrication process of 

the soft materials and the tools and equipment used. This underwent an 

improvement process to ensure precision and consistency in the produced soft 

components. Following this, the final phase focused on SAM fabrication by 

assembling the soft components with the braid (strain-limiting component) and other 

components. 

The outcomes of this chapter facilitate the SAM characterizations and evaluations 

that will be conducted in the next chapters. Each component used in creating SAM 
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facilitates the testing procedures, such as creating 3D adapters that are easy to fit 

into various testing systems. Additionally, applying multiple bonding techniques such 

as glue, zip ties, and Teflon tape, ensure secure connections of the components. It is 

clear that the effort of enhancing SAMs involves design innovation, material 

exploration, and refined fabrication techniques. The foundation set here opens the 

door for further future exploration and improvement. 
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Chapter 5 : Experimental Evaluation of SAM 

Having introduced the background of SAMs, this chapter investigates the 

methodologies for evaluating both their force generation and movement capabilities. 

The first section focuses on the block force test, where the SAM is assembled in a 

universal load tester (Instron 5943) to measure its ability to generate force. Following 

the block force evaluation, the chapter progresses to the displacement test, which 

assesses the range of contraction of SAMs. This test involves integrating the soft 

actuator into a finalized test frame designed to evaluate its movement capabilities. 

The methodology draws from earlier research but introduces refinements in 

measurement techniques and setup to enhance the accuracy of the performance 

data. Together, these experiments provide a comprehensive understanding of SAMôs 

actuation behavior under different test conditions, contributing to the overall 

performance assessment. 

 

5.1 Block Force Test 

5.1.1 Introduction 

In this section, the focus in investigating the mechanical behaviour of McKibben 

muscles by measuring the force they generate under various conditions. Force 

generation is a critical aspect of McKibben muscles' performance, as it directly 

impacts their ability to actuate and manipulate objects in robotic systems. The block 

force test includes assessing three different Soft Artificial Muscle (SAM) designsð

Model-1, Model-2, and Model-3 (Figure 5-1). Testing for each design involved 

varying conditions, including four frequencies and four input pressure levels, 

resulting in a total of 16 test scenarios for each sample. This directly addresses one 

of the key research objectives: to compare the performance of the three SAM 

models based on the generated force. Given that these actuators mimic biological 

muscle performance and functionality, measuring the generated force is a logical 

and effective metric for comparison.      

These tests can be broadly categorized into two main types. The first type, cyclic 

tests, involves subjecting SAM to repeated pressurizing and air releasing cycles. 

These cyclic tests are conducted to understand how SAM behaves under repeated 

pressure over time. The second type, static tests, includes applying a constant 

pressure to SAM over time, aiming to evaluate SAM's response under sustained 

pressure. 
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A significant outcome of these tests is the actuation time analysis, which provides 

valuable insights for users of soft actuators. This analysis enables users to 

appropriately select a SAM based on the specific application requirements. For 

instance, in medical rehabilitation, a SAM with a gradual speed until reaching peak 

force may be preferable, whereas an industrial production line setting might require a 

faster SAM with a quicker reach to peak force.  

 

 

Figure 5-1: Soft Artificial Muscle (SAM) designsðModel-1, Model-2, and Model-
3. 

 

5.1.2 Objectives 

This section aims to explore the details of SAM's performance by looking closely at 

how it generates force. A clear set of objectives is presented to guide the 

experiments. These objectives serve as guides for better understanding SAMs and 

their load capabilities and responses in various conditions.  

 

Objective 1: To develop a detailed and replicable methodology for testing the 

performance of SAMs, ensuring that the testing setup is isolated from 

variations that could affect the measurements accuracy or consistency. 

Objective 2: To measure the force generated by each SAM model under 

various pressure levels and actuation frequencies, using precise and 

repeatable testing procedures. 

Objective 3: To evaluate and compare the performance of different SAM 

models, presenting the comprehensive output data in a format that facilitates 

clear comparison. 
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5.1.3 Methodology 

5.1.3.1 Experimental Setup 

5.1.3.1.1 Development History of the Test Setup  

The experimental setup for the block force test has two primary requirements: to 

measure the generated force by SAM accurately and to provide consistent and 

repeatable test conditions for the various SAM samples. The development history of 

this experimental setup is presented in this section to provide an overview of the 

journey from the first version to the final setup, detailing how the versions were 

iteratively designed to meet the set-up requirements. Each iteration involved 

identifying necessary improvements, ultimately leading to a solution that met the 

precise measurement and consistency needs for the SAM tests. 

 

First Version: 

Version 1 of the setup, shown in Figure 5-2, was inspired by a previous research 

works [70][57], and it aimed to conduct the block force test using the available 

materials in the laboratory efficiently. This version utilized an aluminium strut 

structure to hold up the setup, and its main components included a load cell (LCFD-

100), an amplifier (DR7DC), a data acquisition (DAQ) device (NI myDAQ), a 

computer equipped with DAQ software (LabVIEW, National Instruments), pressure 

sources (Nordson EFD Performus device), 3D printed adaptors, and connectors. 

More details about the electric component and connection are provided in the 

Appendix 4. The setup was designed with SAM and the connected load cell 

positioned horizontally. In Figure 5-2, the important details that demonstrate the 

pneumatic and electric connections are illustrated. Pneumatic components are 

located on the right side of the figure, while the electric circuit is on the left side. 

SAM and the load cell are adopted within the aluminium structure and 3D-printed 

inlet and air block adaptors were designed and fabricated to connect to them. In 

Figure 5-2, the air inlet adaptor is magnified to illustrate its conceptual design. This 

design features a single air inlet on the bottom side and three air outlets on the upper 

side. The manifold adaptor is necessary for Model-1 and Model-2 of SAM because 

they contain of multiple pressurizable chambers. However, Model-3 requires a larger 

single air outlet due to its single cavity. 

Furthermore, the setup incorporated a Nordson EFD Ultimas device, is typically used 

for controlled and precise fluid dispensing in various industries. Although not 
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originally designed for controlling actuator pressure, this lab equipment proved to be 

useful for controlling the level of pressure. However, it has limitations in terms of 

manual control and is insufficient for controlling the specific characteristics of 

pressure wave modes.  

Version 1 of the test setup revealed some issues. Looking back at the test setup 

requirements, we see that it lacks the ability to provide consistent and repeatable 

test conditions for various SAM samples. This is because SAM is restricted between 

the two fixed vertical aluminium struts, preventing the adjustment of pre-tension. 

Therefore, an adjustable frame is needed to improve the test setup. Additionally, in 

this setup, the SAM is placed horizontally, which reveals two issues. Firstly, 

calibration was done vertically by applying weights to the load cell. To maintain 

consistency, it's preferable to conduct the test in the same position as the calibration. 

Secondly, the horizontal position led to potential deflection in SAM's body due to 

gravitational forces. The current test setup with these issues is insufficient and needs 

improvement to meet the test setup requirements.    

 

Second Version: 

In version 2 of the setup (shown in Figure 5-3), key improvements were applied while 

keeping the same aluminium structure and electrical components. These 

enhancements can be summarized as follows: vertically repositioning the SAM, 

replacing the Nordson EFD Performus device with a pressure controller box, and 

integrating a pressure sensor into the setup's system. Figure 5-4 provides a visual 

representation of the real configuration for the test setup. Figure 5-3 offers detailed 

insights into the second version, including pneumatic and electric connections. 

These figures offer a comprehensive visualization of the setup's design and 

components. 

The first change in the Version 2 was the repositioning of SAM and the load cell 

within the aluminium structure. Instead of the horizontal setup used in the first 

version, the SAM and load cell were now assembled in a vertical position. This 

change was conducted for two primary reasons: to achieve consistency between the 

test and calibration positions, and to avoid potential deflection in SAM's body due to 

gravitational load. 

The second change in the Version 2 replacing the Nordson EFD Performus device 

with a pressure controller box, where pressure box was introduced as a more 

controllable means of air pressure source. The pressure box played the role of 

converting high-pressure compressed air from the main source of air supplier into a 
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stable and controllable outlet pressure. It consisted of key components, including an 

Air Reservoir (CRVZS-0.1), an Electro-pneumatic Regulator (SMC ITV0010), a 

solenoid valve (SMC V114A), and a control unit with an embedded control panel and 

screen. More details about the pressure box can be found in the Appendix 4. 

The third change in the Version 2 was the incorporation of a pressure sensor. The 

pressure sensor helps in monitoring and recording pressure data within the internal 

system, which includes SAM and translate them into electrical signals, with voltage 

levels proportional to the measured pressure. It is pneumatically connected to tubing 

channels responsible for supplying pressure to SAM. Also, it is electrically connected 

to the myDAQ device.  

In Version 2 of the setup, tests were successfully conducted, and their results were 

recorded. However, a notable limitation in the setup was the inability to precisely 

adjust the vertical position of the aluminium strut that holds SAM. To ensure 

consistent results across samples, it is crucial to establish a unique and consistent 

initial positioning. In this version, the separation between the two aluminium struts 

can only be adjusted by loosening the joints that connecting the bottom aluminium 

strut with the two vertical aluminium struts and manually moving it up or down 

(Figure 5-4). Therefore, it is necessary to find a new test frame that allows for a more 

precise adjustment of the separation between the holders.
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Figure 5-2: Pneumatic and electric circuits of Version 1 of the test set up. 
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Figure 5-3: Pneumatic and electric circuit of the Version 2 of the test set up.
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Figure 5-4: The real configuration for the test setup of Version 2. 

 

Third Version: 

In Version 3, a significant change was made by replacing the aluminium strut 

structure with the load testing machine. This involved assembling the upper and 

lower parts of SAM within the machine crosshead and the lower holder, respectively. 

The machine crosshead's position can be precisely adjusted to establish a uniform 

and consistent initial condition for all the tested samples. To provide a visual 

representation of this setup, Figure 5-5 displays important details that illustrate the 

pneumatic and electric connections.  

In the SAM sample testing process, pre-tensioning is applied to ensure the even 

loading of the sample before the primary test begins. This pre-tensioning is 

controlled by adjusting the crosshead, a task that can be accomplished in two ways: 

manually from the load tester control unit or automatically by setting the desired pre-

tension through the load tester interface software, Bluehill. To ensure a consistent 

starting point with zero load, an initial preload of 0.5 N is applied to all samples. 

The load testing machine is equipped with a 500 N load cell. While the range of this 

load cell is slightly larger than needed, it was chosen as a safety factor to 
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accommodate the range of forces generated by SAM. A load cell with a smaller 

range is preferred due to its higher sensor sensitivity. However, to select an 

appropriate a smaller range of load cell, it first need to determine the range of forces 

generated by SAM. 

In order to convert the input voltage signal into units of force (Newton), a calibration 

process for the 500 N load cell is necessary. The primary goal of calibration is to 

establish a linear relationship between the voltage output and the applied force. This 

calibration procedure involves applying known loads to the load cell for precise 

calibration measurements. 

In this version, SAMs were subjected to testing under various conditions, with the 

pressure levels being adjusted to 20, 40, 60, and 80 kPa, and the actuation 

frequencies being varied between 1 Hz and 0.5 Hz. A total of eight different testing 

conditions were included, considering the four pressure levels and two frequencies. 

In Version 3, two main limitations were identified. Firstly, there was an issue with the 

synchronization of force data received from the load tester with the control test 

system, resulting in unsynchronized load data (from the load tester) and pressure 

data (from the pressure sensor). Secondly, it was noted that the 500 N load cell used 

had a larger capacity than the range of the generated force. As mentioned earlier in 

this section, one of the experimental setup requirements for the block force test is to 

accurately measure the force generated by SAM. Using a 500 N load cell has 

limitations in detecting minor changes in load, especially when actuating within a 

small range of pressure. The next smaller load cell available in the lab had a 

capacity of 50 N, which provided an ideal range for accurately measuring the 

generated force. 

 

Fourth Version (the Final): 

Version 4 setup was considered ideal because it successfully addressed all the 

challenges in the previous setup versions. The same configuration as the third 

version was kept, with a focus on collecting the load tester output data with the 

control system and utilizing a 50 N load cell for enhanced accuracy. This setup will 

be presented upon in detail in the following section. 

These four versions represent a process of improvement and addressing challenges, 

where each version learns from the previous one. The changing setups have led to 

the development of a more robust and precise testing configuration, enabling a 

consistency in the test conditions.   
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Figure 5-5: Pneumatic and electric circuit of the Version 3 of the test setup.
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5.1.3.1.2 Version 4 (Final) Test Setup 

Figure 5-6 illustrates the setup used for testing the generated force by SAM's 

models. The load testing machine utilized as an ideal platform for conducting the 

load test. As shown in the figure, SAM is connected from the both ends using 3-D 

printed adaptors that allows for pneumatic tubing connection from the bottom side. 

The specific details on the design and functionality of these adaptors can be found in 

the Appendix 4.  

 

 

Figure 5-6: Version 4 setup for testing the generated force by SAM's models 
within the load tester.  

 

During the test, the two grips of the load tester remain fixed to allow performing the 

block force test. SAM actuate by applying a controlled input pressure, leading to 

generate force that load cell records it. The conditioned signal is transmitted to the 

myDAQ system through direct wiring, where it is received as an analogue signal. 

This data is displayed on the LabVIEW software, which records and synchronizes 

the load data with the time and the internal pressure signal. 

To convert the input voltage signal into units of force (Newton), calibration is 

required. The calibration's main objective is to establish a linear relationship between 

the voltage output and the applied force. The calibration process involves applying 

known loads to the load cell. Each load is applied by hanging known weights to the 

upper holder of the load testing machine, and more weight is added to the hanger to 
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increase the load. Figure 5-7 illustrates a set of load cell readings (voltage) and their 

corresponding hinged weight (Newton), and a calibration curve is created. This 

calibration curve is fitted, generating a mathematical equation that approximates the 

data points. 

 

 

Figure 5-7: The load cell calibration data showing applied load and resultant 
output voltage. 

 

Figure 5-8 provides a comprehensive illustration of both the electronic and 

pneumatic circuits used in the Version 4 test setup. The setup comprises key 

components, including two Data Acquisition (DAQ) systems, which are in charge of 

collecting and transmitting data. The use of two DAQ systems is necessary due to 

limitations in analogue pins. These DAQ systems establish connections with the 

pressure sensor, the Electro-pneumatic Regulator within the Pressure Box, the load 

cell within the load testing machine and the computer running LabVIEW. Further 

details about the connections are provided in the Appendix 4.  
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Figure 5-8: Comprehensive illustration of both the electronic and pneumatic circuits used in the optimum Block Force 
Test setup.




























































































































































































































































































































































































