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Abstract 

Ongoing paediatric physical disabilities can result from various causes, including 

neurological conditions like Cerebral Palsy (CP), strokes, Acquired Brain Injuries (ABI), 

neuromuscular diseases such as Duchenne Muscular Dystrophy (DMD) and Spinal 

Muscular Atrophy (SMA), as well as traumatic injuries. Children with physical disabilities 

often face limitations in performing Activities of Daily Living (ADL) independently, which 

can impede their typical development. Mobility and exploration are crucial aspects of a 

child's development, contributing to cognitive, physical, social, and emotional growth. 

Rehabilitation plays a vital role in assisting these children in recovering or maintaining 

functionality, enabling them to interact with their environment, and ultimately improving 

their quality of life and autonomy. Rehabilitation exoskeletons have gained significant 

attention for their potential to address mobility challenges in individuals with physical 

disabilities. They offer advantages such as enabling extensive practice for children with 

substantial disabilities, reducing the effort required from therapists during exercises, and 

providing a quantitative assessment of the patient's motor function. 

However, most existing rehabilitation exoskeletons rely on electric motors and rigid 

components for their functionality. Unfortunately, these designs are often cumbersome, 

heavy, and unsuitable for use outside clinical facilities. To overcome these limitations, 

researchers in this field are now focusing on the development of Soft Wearable 

Rehabilitation Robots (SWRRs) that incorporate artificial muscles based on smart 

materials (AMSMs). AMSM, provide increased compliance, adaptability, comfort, safety, 

and reduced weight—critical characteristics for SWRRs. 

One noteworthy type of AMSM is the Twisted and Coiled Polymer actuator (TCP). TCPs 

are created by twisting precursor polymer fibres and applying heat treatment. To activate 

TCPs, an external heat source, such as metallic wires, is employed to induce joule 

heating, thereby enabling precise electrical control. TCPs offer several advantages, 

including high-power density, stress tolerance, strain capacity, and linear behaviour with 

minimal hysteresis. However, they do face certain limitations, such as low operating 

frequencies and high operating temperatures. 

The focus of this thesis is to investigate the feasibility of using TCPs as artificial muscles 

to power SWRRs designed for children with muscular dystrophy. The research consists 

of several key components: literature review on paediatric rehabilitation robots design 

needs and on the biomechanical requirements for SWRR using AMSM. A 
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characterisation of TCPs with Nichrome wire. A novel approach to enhance the 

temperature control and working frequency of TCPs is implemented using a Proportional-

Integral-Derivative controller applied to long actuators. Finally, a preliminary prototype of 

a paediatric ankle SWRR based on TCPs was designed and tested on a dummy 

resembling the leg of a 10-year-old child. The prototype demonstrates the capability to 

provide a maximum Range of Motion (ROM) of 26° in the plantarflexion direction within 

5 seconds, generating a torque of 1 Nm. However, the final frequency of the system was 

affected by the low response on the cooling phase. 

In summary, this thesis research explores the potential of TCPs as artificial muscles to 

power SWRRs for children with muscular dystrophy. The findings highlight the 

importance of developing strategies to address cooling phase limitations and further 

advance the development of effective and efficient rehabilitation technology for 

paediatric populations. 
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Chapter 1 

1 | P a g e

Chapter 1 : Introduction 

1.1 Context 

Paediatric physical disabilities can result from various causes, including neurological 

conditions like Cerebral Palsy (CP) [1], Strokes [2], Acquire Brain Injuries (ABI) [3], 

neuromuscular diseases such as Duchenne Muscular Dystrophy (DMD) [4] and Spinal 

Muscular Atrophy [5], as well as traumatic injuries [6]. Children affected by this condition 

suffer from musculoskeletal problems such as contracture, bony deformities and muscle 

weakness [7, 8]. These deteriorations lead to limitation of the children to perform 

activities autonomously hindering their cognitive, physical, social and emotional 

development [8, 9].  

Rehabilitation plays a pivotal role in aiding children's recovery or maintaining 

functionality, enhancing their quality of life and autonomy. Timely access to rehabilitation 

is particularly critical during the developmental stage, where gait patterns and motor 

abilities are still flexible, aiming to mitigate the risk of escalating disability [10]. 

Additionally, initiating therapies before the onset of symptoms proves most effective [9]. 

Common approaches for managing the deterioration of the musculoskeletal system and 

enhancing physical ability involve passive orthoses, surgical interventions, and 

physiotherapy [11, 12]. 

Physiotherapists play a crucial role in the management of physiotherapy, taking charge 

of prescribing, monitoring, and guiding exercises for children with physical disabilities. 

This approach aims to prevent a sedentary or immobile lifestyle. The extensively 

researched aspect of physiotherapy involves direct interventions, such as intensive 

stretching and strengthening exercises for upper or lower limb motor skills, facilitated by 

physiotherapists [8]. However, these interventions are often labour-intensive, pose safety 

concerns, or are challenging to execute [13]. 

Conventional physiotherapy's effectiveness relies heavily on the experience of the 

physiotherapist, making it difficult to meet the demands of high-intensity and repetitive 

training. Achieving optimal consistency and repeatability between rehabilitation sessions 

becomes challenging [14, 15]. To address these issues, there is a growing interest in 

rehabilitation robots for use in the rehabilitation process [16, 17]. These robots serve two 

primary purposes: assisting disabled individuals in their Activities of Daily Living (ADLs) 

and aiding them in rehabilitation therapy exercises [18, 19].  
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The introduction of robot-assisted rehabilitation therapy presents a novel strategy for 

addressing the rehabilitation needs of children with neuromuscular diseases [20].This 

approach involves the utilization of mechatronic devices that autonomously facilitate 

highly repetitive and task-specific guided movements [21, 22]. The integration of robots 

into rehabilitation therapies offers distinct advantages compared to traditional methods, 

including enabling massed practice for children with substantial limitations, reducing the 

effort required by therapists during exercises, and providing valuable patient information 

for enhanced diagnosis [23-25] . 

Assisted-rehabilitation robots can be categorized based on the treated physiological part 

of the body or their mechanical structure type. Physiological classification typically 

divides robots into upper and lower limbs [23, 26], with further specificity depending on 

the affected part, such as hands [18] in the upper limb or ankles [14] in the lower limb. 

Mechanical structure classification categorizes robots as end-effectors and exoskeletons 

[19, 27]. End-effector devices apply forces to the distal segments of limbs, creating a 

mechanical chain that induces movements in other parts of the limb to generate a 

specific activity pattern. While their simple structure facilitates adaptation to various 

patients and uses less complicated control algorithms, they produce complex 

movements involving the entire limb, making it challenging to target specific body 

parts[28]. 

In contrast, robotic exoskeletons are wearable machines that replicate the patient's 

skeletal structure, moving only the joint where the exoskeleton is worn. This design 

allows for independent and concurrent control of specific segments of the limb. However, 

adjusting the robot's sections to match the lengths of the patient's limb segments is 

essential. Additionally, changes in the centre of rotation during joint motion can cause 

user discomfort. The complexity of control algorithms also increases with the number of 

Degrees Of Freedom (DOF) in the robot [29]. 

While numerous robotic rehabilitation devices for upper and lower limbs have been 

developed, often reaching a proof-of-concept stage, a notable limitation is that the 

majority of these robots are designed with adult users in mind [30, 31] . This design focus 

impedes their applicability to the paediatric population since the robots do not fulfil their 

needs [32, 33]. Commercially available exoskeletons, for instance, are typically tailored 

for individuals 150 cm tall and above [34], making them unsuitable for the average 5-

year-old child, whose height is around 110 cm [35]. This mismatch in design poses a 

significant challenge when considering the specific needs and dimensions of paediatric 

users in the development of robotic rehabilitation technologies.  
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Furthermore, most current exoskeletons use electric motors and rigid links to perform 

actuation and often have heavy and bulky designs that are difficult to safely wear outside 

clinical facilities and can harm the children’s weak muscles [20]. Hence, researchers in 

this area are working to develop Soft Wearable Rehabilitation Robots (SWRRs), 

featuring soft actuators that are agreeable to the users as they have increased 

compliance, adaptability, comfort, safety, and less weight[36]. 

Current SWRRs predominantly rely on cable-driven and fluidic actuators, each with its 

drawbacks. In cable-driven systems, wires embedded into clothing or tubes are 

connected to electric motors, requiring external components that compromise portability 

[33, 37]. On the other hand, fluidic actuation (Hydraulic/Pneumatic) utilizes pressurized 

fluids, necessitating bulky external pumps and valves [38-40].  

Hence, recent research addresses these challenges by exploring new actuator 

technologies for SWRRs, particularly Artificial Muscles based on Smart Materials 

(AMSMs). AMSMs are soft actuators with a low Young’s modulus, resembling biological 

tissues (10^4–10^9 Pa), capable of converting various physical stimuli (e.g., light, 

electricity, heat) into displacement [41-45]. AMSMs, due to their inherent properties, can 

be shaped and integrated into flexible wearable devices, allowing for lightweight and 

compact robotic systems with power densities comparable to skeletal muscles [46-50]. 

This innovative approach aims to enhance the functionality and portability of SWRRs for 

improved integration into daily life. 

In AMSMs for SWRR we can find two main categories, Electroactive Polymers (EAPs) 

and Thermally Responsive Actuator (TRA). EAPs are polymers that under an electric 

stimulus can generate mechanical energy. Examples of EAPs are Dielectric Elastomer 

Actuators (DEAs) [51], Ionic Polymer–Metal Composites (IPMC) [52], and Polyvinyl 

Chloride (PVC) gels [53]. In the case of TRA the mechanical energy comes after a 

thermal stimulus is applied. Examples of TRA include Shape-Memory Alloy (SMA) [54], 

Shape Memory Polymers (SMPs) [55], and Twisted and Coiled Polymer Actuators 

(TCPs) [56]. Nevertheless, AMSMs for rehabilitation robots are still at the early stage of 

development. Some drawbacks specific to every smart material (e.g., low speed in TRA 

and low force generation in EAPs) need to be tackled if they are to become widespread 

technology utilized in SWRR. 

TCPs are Artificial Muscles (AMs) fabricated by inserting a twist in precursor polymer 

fibre while attaching a dead weight at the end until it forms a coil structure, followed by 

heat treatment [56]. Activation of TCPs involves applying an external heat source, often 

through joule heating via metallic wires like Nichrome wires, offering electrical 
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controllability [57, 58]. In comparison to other AMs, TCPs standout due to their high 

power density (27 W g−1), high stress (10 MPa), large strain (21%), and linear behaviour 

with low hysteresis [50]. Nevertheless, they suffer from low frequencies (<1 Hz) and high 

temperatures (> 100 °C) [50, 59, 60]. 

In SWRR applications, fulfilling biomechanical requirements such as torque, Range of 

Motion (ROM), and velocity/frequency is crucial. TCPs actuators have garnered attention 

in SWRRs due to their ability to provide high forces and strains relevant to torque and 

ROM. However, there is a need for overall performance improvements as they are not 

yet optimal for SWRR applications. The primary drawbacks include a frequency 

response lower than that required for ADLs (< 1 Hz) [61] and working temperatures, with 

discomfort threshold for humans starting at 65 °C [60]. Addressing these limitations is 

essential for enhancing the efficacy of TCPs in SWRRs, particularly for applications 

involving paediatric populations. 

To better understand the possibilities and limitation of TCPs in SWRR, is possible to find 

examples on the upper limb specifically on the hand. Patiño et al.[62] developed a 

wearable orthotic device for hand rehabilitation featuring individual TCP actuators for 

each finger. The orthosis consisted of two main components: one fitted to the dorsum of 

the hand and another for the fingers. Each finger incorporated a silicone tube housing a 

TCP and a filament strain sensor. The TCP actuators within the finger structure could 

generate forces of approximately 3 N when a 0.3 A step input was applied.  

Sutton et al.[63] developed an assistive wrist orthosis with a single DOF. This device 

employed 16 TCP actuators made of silver-coated Nylon 6.6 sewing thread. It generated 

a torque of 0.3 Nm to the wrist joint in the flexion direction within 3.9 seconds. They 

implemented a Proportional-Integral-Derivative (PID) controller to accurately follow a 0.1 

Hz sinusoidal signal with a 10 N amplitude. The prototype was able to track the 

movement during activation but encountered challenges with slow response times during 

the relaxation phase.  

iGrab [60], an ergonomic orthotic device to assist in finger flexion and extension 

movements, was designed by Saharan et al. The device featured a combination of 3D-

printed components and sewn parts, including artificial tendons routed from the fingers 

to the wrist. The finger tendons were linked to TCP, which were mounted on a forearm 

bracelet. Frictionless pulleys optimised TCP actuation, and rubber strips enhanced 

energy efficiency. When applying a 0.6 A step signal, the fingers reached their maximum 

displacements within 25 seconds (i.e., the index finger was able to move 40° for the 

Metacarpophalangeal (MCP) joint, 21° for the Proximal Interphalangeal (PIP) joint, and 
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11° in the case of the Distal Interphalangeal (DIP) joint), with further improvements 

observed when using pulsed signals, reducing actuation time to under 5 seconds.  

These orthotic devices showcase the use of TCPs for the hand and wrist. However, there 

are no studies on the feasibility of TCP use on the lower limb for children with physical 

disabilities. Looking at previous studies, TCPs look like a promising technology for 

paediatric SWRR. It is essential to design paediatric devices specific for them rather than 

downsizing existing technology, as it will adequately address their needs from the 

beginning, avoiding the withdrawal of the technology because it does not fulfil their 

expectations. TCPs seems promising as they present the advantages of compliance light 

weight and flexibility, making them quickly adapt to different shapes and sizes. These 

advantages match the main requirement of children's SWRR of safety, weight and 

operability. Nevertheless, it is still unclear if the biomechanical requirements are feasible 

with TCPs for different ADLs. Ankle dorsiflexion is one of the movements required to walk 

and one of the first to be lost in children with physical disabilities. Hence, this study will 

focus on the biomechanical requirements of ankle dorsiflexion in children, as it is one of 

the onsets indicating that children start to lose their walking ability, hindering their 

autonomy. This research considers the specific characteristics that make them different 

from adults (e.g., weaker muscles and less attention).  

1.2 Thesis rationale 

Children with physical disabilities tend to develop weak muscles, impeding they normal 

development due to their inability to move properly [64]. Walking function in children with 

physical disabilities declines from childhood into adulthood, which contributes to 

diminished participation in physical activity [65]. Children with disabilities have greater 

physical activity requirements to prevent decline in their level of function and to prevent 

secondary conditions that can result from inactivity [66]. Children with physical disability 

show kinematic deviations at the hip, knee and ankle leading to gait deviations such as 

crouch gait, jump gait, and foot droop [67-69]. 

Foot drop is a common gait impairment derived from these pathologies, which consists 

of a paralysis or significant weakness of the ankle dorsiflexor muscles [70]. It is 

characterized by the inability to achieve an adequate dorsiflexion, to obtain a sufficient 

distance with the ground during the swing phase of gait [69]. As a result, it can lead to 

inefficient gait compensations, increase falls, greater energy expenditure, and reduced 

endurance [71]. It is also characterized by an uncontrolled plantarflexion, which leads to 

foot slap [72].  
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Most of the ankle's motion occurs primarily in the sagittal plane, with plantar and 

dorsiflexion occurring predominantly at the tibiotalar joint [73, 74]. The typical values for 

ROM during the plantar-dorsiflexion movement varies between individuals due to 

different causes like age [75]. The overall ankle ROM in the sagittal plane is between 65° 

and 75°, moving from 25° to 30° dorsiflexion through to 40°- 45° of plantarflexion [76, 

77]. However, during walking activities, the ROM required in the sagittal plane is reduced 

to around 25°, moving from 20° dorsiflexion to 5° plantarflexion [75, 78].  

Concerning the normal forces that the ankle joint generates in the sagittal plane while 

walking, the maximum ankle momentum during the dorsiflexion movement is around 0.1 

Nm/Kg. In comparison, during the plantarflexion, it can vary from 0.93 Nm/Kg to 1.56 

Nm/Kg depending on the age [75, 78] . Another interesting parameter is the joint's 

stiffness that can be seen as mechanical resistance to passive movement. In this case, 

the required amount of torque to reach 20° of dorsiflexion is almost 8 Nm. In contrast, for 

reaching 30° plantarflexion the needed torque is about 0.6 Nm [79, 80]. 

Early access to rehabilitation is key for children, as therapeutic interventions demonstrate 

maximum effectiveness when initiated before the onset of symptoms [9]. A 

comprehensive rehabilitation team, comprising physicians, physical therapists, 

occupational therapists, speech-language pathologists, and orthotics specialists, 

collaborates in the rehabilitation process. Conventional therapies aimed at mitigating 

musculoskeletal deterioration and preserving ambulatory capabilities encompass 

surgical interventions, physiotherapy, corticosteroid treatments, and the utilization of 

passive orthoses [67, 81]. Nowadays, there is a growing interest in rehabilitation robots 

driven by their potential to assist individuals with disabilities in executing physical 

movements integral to the rehabilitation journey. 

This work presents a study in the integration of TCP into paediatric SWRR to evaluate 

the feasibility of this novel technology. It shows the whole design process from 

researching the needs of the stakeholders, the current state of soft wearable robots, and 

the research and improving the TCPs performances to finalize with a prototype, providing 

a broad understanding on the current state of SWRR based on AMSM giving insights on 

the limitations and future directions of TCP technology. 

1.3 Statement of purpose 

This research aims to understand the feasibility of the use of soft robotic on SWRR for 

children with physical disabilities using TCPs. The work centres around three key 

research question for their potential to augment the understanding on the area of 
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paediatric SWRR. In the subsequent sections, it will explore the possibilities of TCPs as 

the main actuation mean for SWRR trough the following research questions: 

1. Why is different to develop paediatric SWRR than normal SWRR? 

2. To what extent does the developed proposed TCPs AMSMs produce forces 

and displacement that can be used to generate the ROM and torques in the 

sagittal plane that are similar to those needed to move a child's ankle during 

passive dorsiflexion movement?  

3. How a control strategy developed for SWRR performs in generating dorsiflexion 

movements? 

4. Can a feasibility study identify the critical attributes for SWRR that could assist 

ankle dorsiflexion movement in children's sagittal plane?  

 

As the thesis is explored each question serve as beacon guiding the study into the 

world of soft robotics for paediatric rehabilitation and its prefund implication for both 

technology and healthcare.  

 

The first research question aims to understand the distinctions between paediatric and 

adult SWRR thoroughly. This exploration is crucial for identifying critical differences in 

requirements essential for the tailored design of SWRR specifically for children. The 

emphasis on customization is pivotal to mitigating potential challenges, such as the 

rejection of robotic solutions by the paediatric demographic. Furthermore, recognizing 

these variances is important for making well-informed decisions in selecting the most 

suitable AMSM technology. 

The second research question delves into the exploration of AMSM technology. Each 

variant of AMSM possesses unique characteristics, encompassing both advantages and 

disadvantages. These distinctive features significantly influence the design 

considerations for paediatric SWRR. The selection of AMSM technology is pivotal, given 

the diverse forces, strain, and speed characteristics associated with each variant. These 

attributes play a crucial role in the context of SWRR, impacting the ROM and torque. 

The third research question shifts from examining the physical characteristics of AMSM 

to a more intricate scenario. While skeletal muscles have the inherent ability to contract 

and generate displacement and forces, a control strategy is essential to replicate the 

precise motions inherent in children's activities. The control strategy is integral, serving 

as a core component of any robot. Once the control strategy for the chosen AMSM is 

comprehended, it can be extrapolated to different body parts or applied to various 

scenarios. 
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The final research question delves into assessing the feasibility of TCP technology in 

paediatric SWRR, building upon the prior investigation into the actuators themselves. 

Each variant of AMSM presents its unique strengths and limitations suitable for diverse 

applications. However, comprehending their functionality in driving specific human 

activities, such as ankle dorsiflexion, serves as a crucial exploration. This investigation 

provides insights into whether further exploration of the technology is required or if it is 

feasible to address the disadvantages of AMSM technologies in the design of SWRR. 

Moreover, this understanding is vital for the development of SWRR tailored explicitly for 

children, minimizing potential risks when implemented with real patients. Ultimately, the 

results contribute valuable information for adapting AMSM to SWRR, with potential 

applications extending to the broader population. 

1.4 Thesis methodology 

As delineated in the preceding section (1.2), the deficiency in paediatric exoskeletons 

underscores the inadequacy of current robotic requirements tailored for adult patients. 

Consequently, the quest for new technologies to enhance children's user experience, 

particularly in the realm of actuators, becomes imperative. AMSM emerge as a promising 

solution to address challenges prevailing in the current landscape of rehabilitation robots. 

A critical task involves selecting an appropriate AMSM technology for experimentation. 

This decision hinges not only on the capabilities of AMSMs but also on their ease of 

production or tunability to meet specific requirements. Considerations of time and cost, 

acting as constraints, emphasize the importance of that AMSM selection processes as 

this can introduce substantial delay to research timelines.  

Before venturing into human trials, understanding the potential of AMSMs to fulfil user 

requirements becomes essential. This necessitates a grasp of the manufacturing 

process and its correlation with the performance TCP, a prominent AMSM in focus. The 

modification of the manufacturing process is a key facet, ensuring that is possible to 

acquire the requirements set by the project. 

To ensuring the fit of the TCPs for the project after their selection, first a testing on their 

characteristics of force, strain and response time were made. This was done by applying 

a step signal and how the TCP respond to it. Whit this data it was possible determine the 

fitness of the TCPs for SWRR. 

The next step was to enhance the TCP behaviour as its main limitations are the 

generated temperature (can harm the children) and the response time. Hence a control 

strategy was needed to improve both aspects. The project, in adhering to the principle 
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of avoiding external components that increase system complexity and weight, explores 

novel techniques rooted in control mechanisms and physical characteristics of AMSMs. 

This exploration precedes the design of the initial prototype, laying the foundation for 

enhanced performance. 

Given the involvement of children in the project, a profound ethical commitment becomes 

imperative. At this juncture of technological development, obtaining validity through a 

preliminary test that circumvents direct human involvement is feasible. Physical models 

emulating children were employed to assess the performance of the designed paediatric 

SWRR for ankle rehabilitation. This design is informed by insights gleaned from AMSM 

experimentation and physiological data specific to children. 

In conclusion, methodological choices were meticulously crafted to conduct ethical 

research without compromising the validity of data derived from experiments. The results 

presented signify the culmination of a rigorous research process focused on overcoming 

challenges and envisioning future technology for paediatric SWRR, ultimately geared 

towards enhancing the quality of life for children. This contribution stands as a robust 

addition to the field. 

1.5 Thesis organisation 

This thesis unfolds as a systematic progression of studies, organized into Chapters that 

build upon each other, as illustrated in Figure 1.1. Chapters 2-6 have been prepared for 

publication in distinct quality peer-reviewed journals/conferences and may exhibit some 

recurring content. Within this thesis each Chapter will be introduced with prefaces, 

retaining its original published form. 

Chapter 2 conducts a comprehensive review of existing scientific literature on paediatric 

rehabilitation robots. It establishes a context for the design requirements of paediatric 

SWRR, emphasizing the need for a distinct approach compared to adults. Key 

components crucial for rehabilitation robots are highlighted, and an analysis of paediatric 

user needs emphasizes the importance of compliance, lightweight design, and safety—

challenges difficult to surpass when employing rigid robotics. The insights gained directly 

address the first research question. 

In Chapter 3, the current state of AMSM is explored through an extensive literature 

review, leading to the selection of TCP actuators for the paediatric SWRR ankle 

application due to their high power-to-weight ratio, linearity and strain advantages. 

Chapter 4 delves into the properties of TCP actuators embedded with Nickel Chromium 

(NiCr) wire, investigating the impact of the NiCr on strain and generated temperature. 
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Those factors are crucial to designing SWRR. This investigation directly addresses the 

second research question.  

Chapter 5 marks a shift from characterizing TCP actuators to enhancing their 

functionality. Recognizing the need for fast and precise movements, the focus turns to 

implementing a control strategy. This includes exploring the impact of length on speed 

and temperature. This Chapter sets the path to achieving the goal of research question 

3, as speed and precise control are required to generate accurate and helpful dorsiflexion 

movements.  

In Chapter 6, the integration of TCPs into a paediatric ankle SWRR is explored. The 

Chapter evaluates TCP performance within the context of paediatric SWRR for ankle 

rehabilitation. The assessment is concentrated explicitly on ROM, torque, and speed, 

given their critical role in SWRR functionality. The integration of TCPs into the 

exoskeleton provides valuable insights to address research questions 3 and 4.  

Finally, Chapter 7 serves as a synthesis, bringing together the research findings and their 

implications in the field of AMSM for paediatric SWRRs. This Chapter critically analyses 

the conclusions derived from the research, providing a comprehensive discussion that 

situates the entire thesis within a broader context. Additionally, it highlights potential 

avenues for future research and underscores the current limitations of AMSM. The 

Chapter demonstrates the ongoing advancements in using AMSM for paediatric SWRRs. 
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FIGURE 1.1 THESIS STRUCTURE 
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Chapter 2 : Robotic Devices for Paediatric Rehabilitation: A 
Review of Design Features. 

2.1 Preface 

The content of this Chapter is a copy of the article “Robotic Devices for Paediatric 

Rehabilitation: A Review of Design Features”, published and peer-reviewed in the journal 

Biomedical Engineering Online [82]. 

Designing rehabilitation robots tailored to children presents unique challenges due to 

their distinct needs compared to adults. Despite the availability of various rehabilitation 

devices, only a limited number are specifically designed for children, resulting in scarce 

information on paediatric rehabilitation robot design. This Chapter provides a 

comprehensive review of current paediatric rehabilitation robot technology, examining 

essential requirements, variations based on diseases and affected body parts, and how 

these needs are addressed by existing robot technology. The analysis focuses on three 

main aspects of the robots: actuators, training strategies, and Human-Computer 

Interfaces (HCIs). 

The examination highlights weight, safety, operability, and motivation as crucial factors 

in the successful design of devices for children. Notably, there is a discernible trend 

towards developing exoskeletons, allowing assistance with ADLs beyond the 

rehabilitation setting and fostering broader adoption of the technology. With this evolving 

focus, the Chapter anticipates a demand for new technologies that can actuate more 

compliant, lightweight, adaptable, and safe systems, emphasizing the potential role of 

soft actuators in meeting these requirements. 

2.2 Abstract 

Children with physical disabilities often have limited performance in ADLs, hindering their 

physical development, social development and mental health. Therefore, rehabilitation 

is essential to mitigate the adverse effects of the different causes of physical disabilities 

and improve independence and quality of life. In the last decade, robotic rehabilitation 

has shown the potential to augment traditional physical rehabilitation. However, to date, 

most robotic rehabilitation devices are designed for adult patients who differ in their 

needs compared to paediatric patients, limiting the devices’ potential because the 

paediatric patients’ needs are not adequately considered. With this in mind, the current 

work reviews the existing literature on robotic rehabilitation for children with physical 
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disabilities, intending to summarise how the rehabilitation robots could fulfil children’s 

needs and inspire researchers to develop new devices. A literature search was 

conducted utilising the Web of Science, PubMed and Scopus databases. Based on the 

inclusion-exclusion criteria, 206 publications were included, and 58 robotic devices used 

by children with a physical disability were identified. Different design factors and the 

treated conditions using robotic technology were compared. 

Through the analyses, it was identified that weight, safety, operability and motivation 

were crucial factors to the successful design of devices for children. The majority of the 

current devices were used for lower limb rehabilitation. Neurological disorders, in 

particular CP, were the most common conditions for which devices were designed. By 

far, the most common actuator was the electric motor. Usually, the devices present more 

than one training strategy being the assistive strategy the most used. The 

admittance/impedance method is the most popular to interface the robot with the 

children. Currently, there is a trend on developing exoskeletons, as they can assist 

children with ADLs outside of the rehabilitation setting, propitiating a wider adoption of 

the technology. With this shift in focus, it appears likely that new technologies to actuate 

the system (e.g., Serial elastic actuators) and to detect the intention (e.g., physiological 

signals) of children as they go about their ADLs will be required. 

2.3 Introduction 
 

Mobility and exploration are essential in children’s development and contribute towards 

cognitive, physical, social and emotional development. However, children with physical 

disabilities present limitations when performing activities autonomously, which hinders 

their typical development [64]. Ongoing paediatric physical disability arose from many 

different causes, including neurological disorders like CP [8], Stroke [83] and ABI [84], 

neuromuscular diseases such as DMD [85] and Spinal Muscular Atrophy (SMA) [86], or 

Traumatic Injuries [87, 88] (Table 2.1). 

Rehabilitation is essential to help the children recover or maintain functionality when 

interacting with their environment, improving the quality of life and autonomy [89, 90]. 

Furthermore, early access to rehabilitation is critical for children while they are in the 

stage of development. The gait pattern and motor abilities are still malleable [91], 

intending to reduce the probability of developing more severe levels of disability [92, 93]. 
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Table 2.1 Incidence or prevalence of conditions that cause physical disabilities in children 
Condition Incidence or prevalence 
Cerebral Palsy Prevalence of 1 per 500 live births [8] 
Stroke Incidence of 1.2 to 13 per 100,000 children per year [83] 
Traumatic Brain Injury Incidence of 691 per 100000 children [87] 
Duchenne Muscular Dystrophy Prevalence of 1 per 5000 live male births [94] 
Spinal Muscular Atrophy Prevalence of 7.8-10 per 100,000 live births [86] 

The standard therapies to manage the musculoskeletal system’s deterioration and 

improve and maintain physical ability include passive orthoses, surgery, and 

physiotherapy [37, 81]. Physiotherapists prescribe, monitor, and guide exercise, which 

can prevent an unnecessarily sedentary or immobile lifestyle. The most extensively 

investigated aspect of physiotherapy is the effect of direct interventions on upper or lower 

limbs. Such interventions often involve intensive stretching and strengthening exercises 

facilitated by the physiotherapist [8] to improve motor skills. These interventions are often 

highly labour intensive and can be challenging to perform [13]. Furthermore, the 

effectiveness of physiotherapy often depends on the experience of the physiotherapist. 

Thus, it is not easy to achieve optimal consistency and repeatability between 

rehabilitation sessions [14, 15]. 

There is a growing interest in robots that can support the patient, the family and the 

medical professional in a wide range of activities used for the care of people with physical 

disabilities, for example, companion robots [95, 96], monitoring robots[97] and surgery 

robots[98], all of them can be considered as healthcare robots.  

Healthcare robots can be divided into three main categories, clinical robots, assistive 

robots and rehabilitation robots [26, 99]. Clinical Robots are focus on supportive care 

and cure process (e.g. help in surgery and diagnosis) in clinical environments; assistive 

robots primary function is to provide assistive help either to carers or directly to patients 

either in a hospital or in a specialist care facility ( e.g. patient lifting and to assist in routine 

services); rehabilitation robots are robots design towards restoring the functionality and 

mobility of people with physical disabilities, in that case, the recovery of mobility could 

be achieved by assisting the patient during ADLs (e.g., walking and grasping objects) 

[13, 33] or with physical training therapy [18, 19, 26, 100, 101], and are the main focus 

of this study. 

Rehabilitation therapy for the recovery of mobility based on robots has been proposed 

as a new procedure for children with physical disabilities [102]. This Robot-assisted 

rehabilitation therapy consists of a mechatronic device that provides highly repetitive and 

task-specific guided movements autonomously [21, 22]. The use of robots in 

rehabilitation therapies bring advantages over traditional therapies, as they allow 
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extensive practice in children with substantial disabilities, reduced effort required of 

therapists during the exercises, and provide a quantitative assessment of the patient’s 

motor function (e.g., quantitative feedback of ROM and strength with each repetition) 

[23-25, 103, 104]. 

Rehabilitation robots are often classified by their mechanical structure and are generally 

divided into end-effectors and exoskeletons [19, 27]. End-effector devices work by 

applying forces to the distal segments of limbs, creating what is termed a “mechanical 

chain” that prompts movements of other parts of the limb generating a pattern of specific 

activity across different joints. If utilised on a single segment and joint, their simple 

structure makes it easier to adapt them to many patients and needs less complicated 

control algorithms. However, it is difficult to isolate specific joints since they produce 

complex movements that involve the whole limb [28]. 

Contrarily, robotic exoskeletons could be termed “wearable machines” that mirror the 

patient’s skeletal structure; therefore, they only move the joint of the limb where the 

exoskeleton is worn. This approach allows for independent and concurrent control of 

specific segments of the limb. However, it is essential to adjust the length of sections of 

the robot to the lengths of the segments of the patient limb. Moreover, when the joint is 

in motion, the position of the centre of rotation can change, creating discomfort in the 

user. Thus, increasing the number of DOF of the robot increases the control algorithm’s 

complexity, weight, mechanical complexity, and power requirements, making it 

unattainable for home use [14, 29].  

Apart from mechanical structure, robots possess essential elements to ensure the 

systems’ reliability and robustness [30]. Actuators, training strategy and the HCI are 

among these essential elements. The actuators play a crucial role because they 

determine the torque and movement provided by the robot and influence the total weight 

and compliance of the system[36, 100]. The training strategy and the HCI are an integral 

part of the robot-assisted rehabilitation since it determines how the patient interacts with 

the robot and the type of assistance that the robot can provide. Many authors have 

analysed these last two characteristics as part of the robot’s control [19, 101, 105]. 

However, control also involves “low level” considerations that are more related to the 

internal communication of the components (sensors, structures, microcontrollers, 

actuators, etc.) at a hardware level rather than how the device interacts with the patient 

[106-110]. 

Although multiple devices for the robotic rehabilitation of upper and lower limbs have 

been developed, at least in a proof-of-concept phase [26, 27, 30, 105, 106, 111, 112], 

most presented robots were designed for adult users, impeding their use on the 
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paediatric population. For example, commercial exoskeletons are made for a subject 150 

cm tall onwards [34], while the average height for a five-year-old child will be around 110 

cm [35]. 

However, to develop technology planned to be used on the paediatric population is not 

only a matter of reducing the size of the robots. But it should be tailored to their own 

capabilities and goals that differ from those of the adults. For instance, a simple 

downscaling of the robots is not enough as the normalised joint torques on adults are 

greater than those of a child [78, 113], making them potentially dangerous when used on 

small children. Additionally, in the case of children, as their cognitive abilities are still 

developing, it could be hard for them to fully understand how the technology work [34, 

114]. Hence, it is hard to adapt a robot made for adults to be used by children since the 

robots do not fulfil the children’s needs [32, 33].  

Consequently, to address the children’s needs adequately, it is essential to include them 

and other stakeholders (e.g., family members, clinicians, and health care providers) 

during the development process, providing feedback to identify possible issues of 

importance [36, 64]. Furthermore, it is essential to focus not only on addressing the 

impairment or limitation in users’ functional abilities but also on other fundamental needs, 

like accessibility and aesthetics [115], to avoid the user abandoning the rehabilitation 

device due to frustration [116]. 

Despite the progressive development of robotic rehabilitation devices, their application 

to the paediatric population is still scarce. Consequently, the key features to design an 

optimal robotic rehabilitation device that better enhance children’s abilities with physical 

disabilities have not been well defined yet. Based on this framework, this review aims to 

address the following questions:(1) What are the design requirements for paediatric 

rehabilitation robots? (2) How does the current technology contribute to achieving the 

paediatric design requirements? And (3) How do the paediatric conditions impact the 

device design? 

2.4 Methods 

An in-depth literature search was performed to conduct the review, following the search 

strategy of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

(PRISMA) guidelines [117]. 

A literature search was conducted to identify literature associated with the topic based 

on searches in PubMed, Scopus, and Web of Science, using the combination of the 

following keywords: (pediatric OR kid* OR child*) AND (aid OR assist* OR improve* OR 
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augment* OR enhance* OR reinforce* OR therap* OR rehabilitation) AND (active ortho* 

OR exoskeleton* OR wearable robot* OR portable robot* OR robot* suit OR robot*) AND 

(movement OR motion OR walk* OR gait OR grasp* OR handl*). To make our search as 

complete as possible, a search through the university library databases was also 

conducted. 

After the preliminary search, the following inclusion and exclusion criteria to narrow the 

literature search were used. The inclusion criteria were: 

• Studies involving robotic devices for robot-assisted rehabilitation therapy 

• Studies involving robotic devices for assessment of patients with Physically 

disabilities,  

• Studies involving devices designed for children or utilised with a paediatric 

population (<18 years old),  

• written in English,  

• full-text articles.  

And the exclusion criteria were: 

Studies that only present software solutions or simulations,  

• Studies involving passive devices (do not have actuators),  

• Studies involving postural change,  

• Studies involving only the adult population and 

• Studies involving robots that do not replace the movement itself (e.g., 

wheelchairs). 

2.5 Findings 
 

The outcome of this literature review is compiled in the following sections: 

• An overview of the literature search,  

• the paediatric robotic rehabilitation design requirements,  

• an analysis of the type of robots used in paediatric robotic rehabilitation;  

• the actuators to drive the robots;  

• training strategy of the robots;  

• the human-computer-interface of the assistive systems, and 

• the treated conditions in children with physical disabilities. 
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2.5.1 Literature search 

Based on the keywords mentioned in the methods section, 1604 publications were found, 

with: 

• 811 publications from Web of Science,

• 547 publications from PubMed,

• 241 from Scopus, and

• 5 from a search on the University library.

First, a check was made for duplicated publications. After this process, the abstracts of 

1248 publications were screened, and 301 titles were selected for full-text reading. After 

carefully applying the inclusion-exclusion criteria to the full read papers, 206 publications 

were selected. Among the chosen publications, 10 were reviews, 42 only discussed a 

section of the design process of the rehabilitation robot, 138 presented a clinical 

application, and 16 included the design process plus a clinical application (Figure 2.1 

shows a flow diagram that illustrates the process of the selection of the papers). 
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FIGURE 2.1 LITERATURE SEARCH FLOW DIAGRAM 

 

The ten review articles examined a variety of rehabilitation robots for children with 

physical disabilities. They were focused on children with neurological problems (e.g., CP, 

ABI, and Stroke) or Spinal Cord Injury (SCI) and only investigated their use as part of 

physical therapy. In Fasoli et al. [24], Meyer et al. [118], and Bayon et al. [119], the robot 

assistive therapies for children with CP were examined. Vova et al. [120] reviewed the 

efficacy of functional electrical stimulation and exoskeletons in gait training to improve 

motor function and gait pattern in children with CP. Zwicker et al. [121] reviewed the 

efficiency of robot-assisted treadmill training compared to traditional treadmill training in 

children with CP. Chen et al. [122] examined the effectiveness of various devices for 

upper limb robotic therapy on children with CP. The effects of robotic gait training 

practices in individuals with CP were investigated in Carvalho et al. [102]. Falzarano et 

al. [90] and Mahamud et al. [123] investigated upper and lower limb rehabilitation devices 

for neurological diseases. Dannenberg et al. [124] compared different locomotor training, 

including robotic training, in children with SCI. Compared with the previous reviews, this 
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work analyses a broader range of aspects of paediatric rehabilitation robots, focused on 

the design parameters to fulfil the paediatric needs and how the technology and different 

conditions affect the robot design.  

2.5.2 Paediatric robotic rehabilitation design requirements 
 

Fifteen different requirements were identified (Table 2.2). The requirements are based 

on those proposed by Batavia and Hammer for assistive devices [125] and expanded by 

proposed requirements for paediatric rehabilitation devices highlighted by Weightman et 

al. [126], Bützer et al. [33] and Keller et al. [32]. In paediatric rehabilitation, it was 

apparent that the stakeholder’s needs related to operability, weight, safety, and 

motivation factors were relevant. 

In paediatric rehabilitation devices, operability is critical as children are in a continuous 

development phase during which their bodies, cognitive capabilities and physical abilities 

(e.g., skill levels) are changing, making them a “heterogeneous population” [34, 127]. 

Consequently, the device must adapt to different children’s abilities and sizes [128]. 

An important consideration is that the robot’s weight could obstruct the movement pattern 

of the limb and increase the child’s energy consumption [129, 130]. Furthermore, due to 

their musculoskeletal system’s immature development, their muscle strength and joint 

torque generation may not be adequate to assist in the movement being undertaken 

[131]. 

Concerning safety, children often cannot adequately assess the hazards of using 

complex technological devices [114]. Therefore, it is crucial to design safety mechanisms 

that minimise risky situations. These should be able to be activated remotely by adults 

with the child [32]. Furthermore, the use of compliant materials with shock-absorbing 

features (e.g. elastic elements like spring and Bowden cables) would be beneficial [13]. 

Finally, motivation is crucial because function recovery is not enough to engage children 

in the rehabilitation process [132]. Consequently, researchers have used strategies to 

engage children, like aesthetic designs attractive to the children [33, 133] or a virtual 

environment where they can interact with virtual objects [134, 135]. 
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Table 2.2 Paediatric rehabilitation robots’ requirements and examples 
Requirement Definition Example  
Target group Range of ages and problem of the 

users 
ChARMin covered an age range from 5-18 
years old [136]. 

Mechanical 
functionality 
 

The device performance, including 
the controlling level of assistance, 
the functional workspace, 
smoothness of movement and 
robustness. 
 

McDaid designed a gait trainer that allows 
children to stretch their legs through the entire 
ROM and support body weight up to 80kG [28]. 

Weight Total unsupported or unpowered 
mass of the device in relation to 
the user’s body weight. 

Lerner developed a Bowden cable structure for 
an ankle exoskeleton with a weight of 1.85KG 
and placed 65% of the total mass above the 
waist to minimize the metabolic cost of walking 
due to the device's weight [130]. 

Therapeutic 
benefit 

The type of exercise that the 
rehabilitation system should 
promote and how this will improve 
the user quality of life 

The paediatric Anklebot provided intensive 
task-specific sensorimotor therapy to the ankle 
of children with motor disabilities to promote 
motor learning [132]. 

Safety The potential for the device to 
harm its user. 

IOTA device included a security stop button 
that immediately halts the servo motors [137]. 

Comfort  The user can use the device 
without physical pain or 
discomfort. 

The P-LEG robot used 3D printed braces 
based on 3D scans of the child’s legs to 
improve the child's comfort [128]. 

Reliability The consistency of the device 
operation in normal operating 
conditions 

Laubscher designed a gait guidance controller 
to guide the motion of the patient's legs to 
follow healthy gait patterns to avoid unnatural 
gait patterns [138].  

Operability The device is easy to control and 
adaptable to changes in the user’s 
ability and sizes  

ATLAS exoskeleton used a slide and tubular 
regulation size system to adapt to the fast 
growth of the patients at all stages [139]. 

Product appeal  User satisfaction with the design, 
like fit, appearance, and sound of 
the device 

One of the main requirements for PEXO was 
an appealing design, so the kidPexo version 
resembles a crocodile [33]. 

Quality of 
construction 

Typical use and care should 
cause no damage, distortion, or 
hinder the expected useful lifetime 
of the device. 

PEXO device did not have electronics in the 
hand module, making the device water and 
dustproof [33]. 

Social 
acceptability 

Matches user needs for discretion 
or attention to avoid stigmatization 

Weightman selected the handgrip of his robot 
through a questionnaire with different aspects 
like shape, style, feel, and colour [126]. 

Motivation Encompass any aspect of the 
device considered to motivate the 
child 

ChARMin used an Audio-visual interface with 
various game-based virtual reality scenarios to 
motivate the child for active participation [32]. 

Cost The financial burden of the initial 
purchase and ongoing costs of the 
device 

Volpini developed a low-cost robotic gait trainer 
to be used in developing countries [140]. 

Easy to 
maintain/repair 

The ease of keeping the device 
fully operational, including when 
damaged 

P-Legs' brace 3D print fabrication method 
made it easy to get new braces as the children 
grow [128]. 

Portability The possibility of the device to be 
transported between location  

Cleary developed a smaller version of Pedbot 
that can be used at home [141]. 

 

2.5.3 Type of robots used on paediatric robotic rehabilitation.  
 

Fifty-eight different devices were found that at least had a prototype in action. In tables 

2.3-2.7 (Figure 2.2-2.6), the rehabilitation robots are presented chronologically and 

separated by their mechanical structure (end-effector or exoskeleton) and the anatomical 

part of the body where they are working (upper limb or lower limb). Furthermore, the 
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tables summarise the characteristic features of the selected devices. This tabulated 

summary constitutes the reference for information provided in subsequent sections. 

FIGURE 2.2 PICTURE OF UPPER LIMB END-EFFECTORS REHABILITATION ROBOTS A) INMOTION2/ 
MITMANUS [142], B)WRIST ROBOT [143], C) REAPLAN [144]. 
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Table 2.3 Upper limb end-effectors rehabilitation robots 
System (year) Treated 

part of the 
body 

DOFs Actuator Type of 
Rehabilitation 

Type of 
training 

HCI 
input 

Paediatric 
Disease 
(Design for 
or Treated 
condition) 

Paediatric 
Design 

Stage of the 
device 

Inmotion2/ 
Mitmanus 
(BIONIK, 
Canada) 
(1998) [145, 
146] 

Shoulder/ 
Elbow 

2 DC 
motors 

Physical therapy Passive/ 
Active/ 
Assistive 

Impedance Neurological No Clinical trial/ Commercial 
(FDA)  

Wrist-Robot 
(2009) [147, 
148] 

Forearm/ 
Wrist 

3 DC 
motors 

Physical therapy Passive/ 
Active/ 
Assistive 

Impedance Neurological No Clinical trial 

NJIT-RAVR 
(2009) [149, 
150] 

Shoulder/ 
Elbow/ 
Forearm 

6 DC 
motors 

Physical therapy Active/ 
Assistive/ 
Resistive 

Admittance Neurological No Clinical trial 

GNO arm 
(2009)[151] 

Elbow 1 DC motor/ 
Cable 
driven 

Assistance Assistive Finger 
Movement 

DMD Yes Feasibility study 

AMADEO 
(Tyromotion, 
Austria) (2012) 
[152, 153] 

Fingers 5 DC 
motors 

Physical therapy Passive/ 
Active/ 
Assistive 

Impedance Physical 
disabled 
children 

No Clinical trial/ Commercial 
(FDA)  

REAplan 
(AXINESIS, 
France) (2012) 
[144, 154]  

Shoulder/ 
Elbow 

2 DC 
motors 

Physical therapy Passive/ 
Active/ 
Assistive 

Position Neurological No Clinical trial/ Commercial 

PASCAL (2013) 
[155, 156] 

Shoulder/ 
Elbow  

3 Dc motors Physical therapy Passive/ 
Active/ 
Assistive 

Velocity Neurological Yes Clinical trial 

ReHaptic (2014) 
[157, 158] 

Forearm/ 
Wrist  

2 DC 
motors 

Physical therapy Passive/ 
Active/ 
Assistive/ 
Resistive 

Admittance Neurological Yes Clinical trial 

MyPam (2015) 
[159] 

Shoulder/ 
Elbow 

2 Electric 
motors 

Physical therapy Active/ 
Assistive 

Position CP Yes Feasibility study 
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FIGURE 2.3 PICTURE OF UPPER LIMB EXOSKELETONS REHABILITATION ROBOTS A) KINARM [160], B) 
GLOREHA [161], C) HAL SINGLE JOINT [162], AND D) PNEUGLOVE [163]. 
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Table 2.4 Upper limb exoskeleton rehabilitation robots 
System (year) Treated part 

of the body 
DOFs Actuator Type of 

Rehabilitati
on 

Type of 
training 

HCI 
input 

Paediatric 
Disease 
(Design for or 
Treated 
condition) 

Paediatric 
Design 

Stage of 
the device 

KINARM (KinArm, 
Canada) 
(1999) [160, 164] 

Shoulder/ 
Elbow 

2 DC motors Physical 
therapy 

Passive/ 
Active 

- Neurological No Clinical trial/ 
Commercial  

IOTA (2013) 
[137] 

Thumb 2 DC motors/ 
Cable driven 

Physical 
therapy 

Passive/ 
Active/ 
Assistive 

Movement Neurological Yes Prototype 

ChARMin (2014) 
[32] 

Shoulder/ 
Elbow/ 
Wrist 

6 Electric 
motors 

Physical 
therapy 

Passive/ 
Active/ 
Assistive 

Movement Neurological Yes Feasibility 
study 

Universidad 
Nacional 
de San Juan 
(2014) [165] 

Elbow 1 DC Motor Physical 
therapy 

Passive/ 
Assistive 

EMG Injuries Yes Clinical trial 

Milwaukee 
University (2014) 
[166] 

Wrist 2 actuated 
+ 2
passives

DC motors/ 
Cable driven 

Physical 
therapy 

Assistive  Position CP Yes Prototype 

GLOREHA (2016) 
(IDROGENET, 
Italy) [22, 39]  

Hand 5 Pneumatic Physical 
therapy 

Passive/ 
Active/ 
Assistive 

Movement Neurological No Clinical trial/ 
Commercial 
(FDA) 

HAL single joint 
(Cyberdyne, 
Japan) (2019) 
[162]  

Elbow 1 DC motor Physical 
therapy/ 
Assistance 

Assistive EMG CP No Clinical trial/ 
Commercial 

PEXO (2019) [33] Hand 2 actuated 
+1 passive

DC motors/ 
Cable driven 

Physical 
therapy/ 
Assistance 

Passive/ 
Assistive 

Push buttons or 
EMG 

Neurological Yes Feasibility 
study 

PneuGlove (2019) 
[167] 

Hand 5 Pneumatic Physical 
therapy 

Active/ 
Assistive/ 
Resistive 

Movement CP Yes Feasibility 
study 

Exohand-2 
(Android Technics, 
Russia) (2020) 
[168] 

Hand 2 each 
hand 

Electric 
motors 

Physical 
therapy 

Assistive EEG CP No Clinical trial/ 
Commercial 
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FIGURE 2.4 PICTURE OF LOWER LIMB END-EFFECTORS REHABILITATION ROBOTS, A ) INNOWALK [169], B) 
UFMG [140], C) 3DCALT [170], D) LEG PRESS [171] “REPRINTED FROM BIOMEDICAL SIGNAL 
PROCESSING AND CONTROL, VOL. 38, F. CHRIF ET AL., CONTROL DESIGN FOR A LOWER-LIMB PAEDIATRIC 
THERAPY DEVICE USING LINEAR MOTOR TECHNOLOGY, PAGE 121, COPYRIGHT (2017), WITH PERMISSION 
FROM ELSEVIER.” 
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Table 2.5 Lower limb end-effectors rehabilitation robots 
System (year) Treated 

part of the 
body 

DOFs Actuator Type of 
Rehabilitati
on 

Type of 
training 

HCI 
input 

Paediatric 
Disease 
(Design for or 
Treated 
condition) 

Paediatric 
Design 

Stage of the 
device 

GAIT trainer GT 1 
(REHA-STIM 
MEDTEC 
,Switzerland) (2000) 
[172, 173] 

Hip/ 
Knee 

2 DC Motors Physical 
therapy 

Passive/ 
Assistive 

Velocity Neurological No Clinical trial/ 
Commercial  

MOTOmed gracile 
(RECK, Germany) 
(2000) [174, 175] 

Hip/ 
Knee 

2 DC motors Physical 
therapy 

Passive / 
Active/ 
assistive/ 
Resistive 

Velocity Physical 
disabled 

Yes Clinical trial/ 
Commercial 
(FDA)  

IntelliStretch 
(Rehabtek, USA) 
(2002) [176, 177] 

Ankle 1 DC motor Physical 
therapy 

Passive/ 
Active/ 
Assistive/ 
Resistive 

Velocity and 
Torque 

Neurological No Clinical trial/ 
Commercial 
(FDA)  

Innowalk ( Made for 
Movement, 
Norway)(2009) 
[178, 179] 

Hip/ 
Knee 

2 Electric 
motors 

Physical 
therapy 

Passive - Neuromuscular
problems

Yes Clinical trial/ 
Commercial  

National Taiwan 
University (2009) 
[180]  

Hip/ 
Knee 

2 DC motors Physical 
therapy 

Passive - CP Yes Prototype 

3DcaLT (2011) 
[181, 182] 

Hip/ 
Knee 

4 Electric 
motors/ 
Cable driven 

Physical 
therapy 

Active / 
Assistive/ 
Resistive 

Motion CP No Clinical trial 

Paediatric ICARE 
(2011) [183, 184] 

Hip/ 
Knee 

2 DC motors Physical 
therapy 

Active/ 
Assistive/ 
Resistive 

Speed 
Neurological Yes Feasibility 

study 

Rutger ankle CP 
system (2011) [185, 
186] 

Ankle 6 Pneumatic Physical 
therapy 

Active/ 
Resistive 

- CP Yes Clinical trial 

SS-POINT (2013) 
[187, 188] 

Ankle 2 DC motors Physical 
therapy 

Passive/ 
Active/ 
Resistive 

- Neurological No Clinical trial 

TPAD (2014) 
[189, 190] 

Hip/ 
Knee 

6 AC motors Physical 
therapy 

Assistive/ 
Resistive 

Motion CP No Clinical trial 
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Table 2.5 Lower limb end-effectors rehabilitation robots (continued) 
Pedbot(2016) 
[141, 191] 

Ankle 3  DC motors Physical 
therapy 

Active/ 
Assistive/ 
Resistive 

Position CP Yes Clinical trial 

Wyss Institute 
(2017) [192] 

Hip/  
Knee 

8  DC motors/ 
Cable driven 

Physical 
therapy 

Assistive Gait 
segmentation/m
otion/ 
force 

CP Yes Prototype 

Pro-Gait (2017) [28] Hip/ 
Knee 

2  DC motors Physical 
therapy 

Passive   CP Yes Prototype 

UFMG (2017) 
[140] 

Hip/ 
Knee 

2  Electric 
motors 

Physical 
therapy 

Passive - CP Yes Prototype 

Leg Press (2017) 
[171] 

Knee 2  Linear 
electrical 
motors 

Physical 
therapy 

Assistive/ 
Resistive 

Impedance Neurological Yes Prototype 



Chapter 2 
 

29 | P a g e  
 

 

 
FIGURE 2.5 PICTURE OF LOWER LIMB EXOSKELETONS REHABILITATION ROBOTS, A) LOKOMAT [193], B) 
CPWALKER [194], C) PEDIANKLEBOT [195], D) WEARABLE ANKLE REHABILITATION ROBOT DEVELOPED BY 
THE REHABILITATION INSTITUTE OF CHICAGO [196], F) P.REX [197]. 
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Table 2.6 Lower limb exoskeleton rehabilitation robots 
System (year) Treated 

part of the 
body 

DOFs Actuator Type of 
Rehabilitation 

Type of 
training 

HCI 
input 

Paediatric 
Disease 
(Design for or 
Treated 
condition) 

Paediatric 
Design 

Stage of the 
device 

Lokomat 
(Hokoma, 
Switzerland) 
(2007) [198, 199] 

Hip/ 
Knee 

4 DC Motors Physical therapy Passive/ 
Active/ 
Assistive/ 

Impedance Neurological Yes Clinical trial/ 
Commercial 
(FDA)  

HAL (Cyberdyne, 
Japan) (2007) 
[200, 201] 

Hip/ 
Knee/ 
Ankle 

6 DC Motors Physical therapy/ 
Assistance 

Assistive Footswitch 
EMG 

CP Yes Clinical trial/ 
Commercial 
(FDA) 

HWA (Honda, 
Japan) (2007) 
[202, 203] 

Hip 2 DC Motors Physical therapy/ 
Assistance 

Assistive Movement CP No Clinical trial/ 
Commercial 

University of 
Verona (2011) 
[204] 

Hip 2 Pneumatic Assistance Assistive Footswitch CP Yes Feasibility 
study 

Ekso-GT (ekso 
Bionics, USA) 
(2012) [205, 206] 

Hip/ 
Knee 

4 DC motors Physical therapy Passive/ 
Assistive 

Hip movement ABI No Clinical trial/ 
Commercial 
(FDA) 

PediAnklebot 
(2015) [132, 207] 

Ankle 2 active+ 
1 
passive 

DC motors Physical therapy Active/ 
Assistive 

Impedance Neurological Yes Clinical trial 

Walkbot K (P&S 
Mechanics, South 
Korea) (2016) 
[208, 209] 

Hip/ 
Knee/ 
Ankle 

6 AC motors Physical therapy Passive/ 
Assistive/ 
Active 

Impedance Physical 
disabled 

Yes Clinical trial/ 
Commercial 
(FDA) 

Robogait (Bama 
teknoloji, Turkey) 
(2017) 
[210, 211] 

Hip/ 
Knee 

4 Electric 
motors 

Physical therapy Assistive Force Physical 
disabled 

No Clinical trial/ 
Commercial 

WAKE-Up (2017) 
[13, 212] 

Knee/ 
Ankle 

4 SEA Assistance Assistive Footswitch CP Yes Feasibility 
study 

Universidad 
Pontificia 
Bolivariana (2017) 
[213] 

Hip/ 
Knee 

4 DC motors Physical therapy Passive - Physical 
disabled 

Yes Prototype 

CPWalker (2017) 
[194, 214] 

Hip/ 
Knee 

4 DC motors Physical therapy Passive/ 
Active/ 
Assistive 

Impedance/ EEG/ 
LRF 

Neurological Yes Clinical trial 
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Table 2.6 Lower limb exoskeleton rehabilitation robots (continued) 

Rehabilitation 
Institute of 
Chicago (2017) 
[196, 215] 

Ankle 1 DC motor Physical therapy Passive/ 
Assistive/ 
Resistive/ 
Active 

Torque/Position ABI No Clinical trial 

ATLAS (2017) 
[216-218] 

Hip/ 
Knee/ 
Ankle 

10 SEA Assistance Active/ 
Assistive/ 
Passive 

Footswitch/ 
Position/ 
Force 

SMA, SCI Yes Clinical trial 

P.REX (2017)
[197, 219]

Knee 1 DC motor Physical therapy/ 
Assistance 

Assistive Footswitch/ 
Position/ Torque 

CP Yes Clinical trial 

University of
Arizona ankle
(2018) [130]

Ankle 1 DC motors/ 
Cable 
driven 

Physical therapy Assistive/ 
Resistive 

Footswitch/ 
Torque 

CP Yes Clinical trial 

Tsukuba
University (2018)
[131]

Knee 2 Electric 
Brake 

Assistance Assistive Footswitch CP Yes Feasibility 
study 

Los Olivos
University (2018)
[220]

Hip / 
Knee 

4 DC motors Assistance Assistive Joystick DMD Yes Prototype 

P-Legs (2019)
[128] 

Hip/ 
Knee/ 
Ankle 

6 DC motors Physical therapy/ 
Assistance 

Passive/ 
Assistive 

Impedance Neurological Yes Prototype 

ExRoLEG (2019) 
[221] 

Knee 2 Linear 
actuators 

Physical therapy/ 
Assistance 

Assistive EMG/ limit switch CP Yes Prototype 

Cleveland State 
University (2019) 
[138, 222] 

Hip/ 
Knee 

4 DC motors Physical therapy/ 
Assistance 

Assistive Position 
Velocities 

CP Yes Prototype 

ExoRoboWalker 
(2019) [223] 

Hip/ 
Knee/ 
Ankle 

6 DC motors Physical therapy Passive CP Yes Prototype 

Indian Institute of 
Technology 
Guwahati (2020) 
[110] 

Hip/ 
Knee/ 
Ankle 

6 DC motors Physical therapy Passive Physical 
disabled 

Yes Prototype 

Instituto 
Politécnico 
Nacional (2020) 
[17] 

Hip/ 
Knee/ 
Ankle 

6 DC motors Physical therapy Assistive EMG Physical 
disabled 

Yes Prototype 
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FIGURE 2.6 PICTURE OF KPT CYCLA [224] AN END-EFFECTORS REHABILITATION ROBOT FOR BOTH A) LOWER 
AND B) UPPER LIMBS. 

Table 2.7 End-effectors rehabilitation robots for upper and lower limbs 
System (year) Treated part 

of the body 
DOFs Actuator Type of 

Rehabilitation 
Type of 
training 

HCI 
input 

Paediatric 
Disease 
(Design for or 
Treated) 

Paediatric 
Design 

Stage of the 
device 

KPT Cycla 
(Kinetec, France) 
(2010)[224] 

Upper: 
Shoulder/ 
Elbow 
Lower: 
Hip/ 
Knee  

2 Electrical 
motor 

Physical 
therapy 

Passive/ 
Active 

- DMD No Clinical trial/ 
Commercial 
(Discontinued)  
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In respect of the developmental stage of the devices, the stages were classified into four 

categories, 1) Commercial in the case the robots are available for its commercialisation; 

2) clinical trial when the robot undergo a study where the participants were assigned to

groups undergoing similar forms of therapy, but at different intensities, using various

devices or undergoing various forms of therapy in a different order, aiming to determine

the efficiency of therapy [19]; 3) feasibility study when the experiments conducted with a

low number of people, often using the prototype of a device, to evaluate its safety and

clinical feasibility without showing the potential benefits of the device [19]; 4) prototypes

when the robots had not performed any test that involves people. It can be observed that

18 of them reached the commercialisation phase, but only 9 of them are certified by the

US Food and Drug Administration (FDA). However, only 5 of the commercially available

devices present a paediatric version of the rehabilitation system. In the case of clinical

studies, 34 systems conduct at least one clinical trial, 9 presented a feasibility study, and

15 are in the prototyping phase.

From the 58 devices, it was apparent that the majority (67%) were designed or had been 

redesigned for children. When it comes to the type of robot, more than half were an 

exoskeleton type structure. In the past five years, there is a trend (tables 2.3-2.7) for this 

structure to be more popular with designers than end-effectors for this structure robotic 

rehabilitation in paediatrics. Additionally, it can be noted that the majority of robots not 

explicitly designed for children are end-effector devices. In the case of the exoskeletons, 

the DOFs is related to the number of joints and limbs that are powered. Therefore, it is 

possible to find exoskeletons with passive DOFs, which means that those joints are not 

actuated, but allow the free movement of the children´s joint. In contrast, for the end-

effectors, the relation of DOFs of the robot and the actuated joints is not linear and 

depends on the robot’s mechanical design. 

2.5.4 Actuators 

Rehabilitation robots are moved by devices called actuators. Actuators convert a source 

of energy (e.g., electrical, thermal, pneumatic) into mechanical motion. Commonly 

rehabilitation assisted robots are powered by electrical actuators. Among the compared 

systems in tables 2.3-2.7, over 93% of the robots used electric motors as the actuator, 

and about 7% used pneumatic actuators. 

Motor actuator 

In robotic-assisted rehabilitation, the most common actuators are electrical motors with 

a rigid power transmission element such as a harmonic drive, ball-screws, timing belts, 
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and chains. Unfortunately, their need for transmission negatively affects the back 

drivability, efficiency, safety, size, and mass [225]. Nevertheless, they were likely chosen 

since they are efficient and easy to control. Some examples of paediatric robotic 

rehabilitation devices using electrical motors and rigid transmission are the Pedianklebot 

that used two brushless dc motors and a Rohlix linear traction device [226], the electric 

motor with timing belt used in ChARMin [136], or the motor with chain transmission used 

in P.REX [219]. 

Some researchers (64) used a cable-driven transmission to replace the rigid 

transmission for an elastic cable to improve the power to weight ratio and lower the inertia 

over the treated body segment. Examples include the ankle exoskeleton designed by 

The University of Arizona [227] or TPAD [190], an end-effector robot for gait rehabilitation 

that used Bowden cables attached to the hip to generate assistive forces. This change 

in the transmission brings other advantages like modularity, simple architecture and is 

convenient for reconfiguration, even though they present some disadvantages being 

unidirectional and difficult to model and control [189, 225, 228].  

Following the concept of adding a flexible element in series with the actuator to improve 

the electric motors’ compliance, Serial Elastic Actuators (SEAs) incorporate an elastic 

part in series with the electric actuator. This elastic element helps to decrease the 

actuator’s impedance and inertia and increases the back drivability allowing better force 

control, even though they are limited by a large volume, heavy mass and complicated 

structure [13, 229]. An example of the use of this technology is the ATLAS exoskeleton 

[230]. 

Pneumatic actuators 

Some authors considered that the mechanical linkage of the electric actuators is too 

heavy and can generate resistance at the joints, making them inadequate for 

rehabilitation applications [39, 131]. Instead of electrical motors, they used pneumatic 

actuators, consisting of a simple air pressurisation mechanism in an expandable 

chamber, converting the energy from the compressed air to mechanical motion [14, 50, 

231]. Their main advantage is improved back-drivability, and they are often lightweight 

at the site of actuation, have high power density, and can generate fast movements. They 

are not without limitations; firstly, poor portability because they need external 

compressors or fluid tanks as the power source. Secondly, it is challenging to create a 

good model and control strategy due to their nonlinear response to input pressure [50, 

232, 233]. Among the devices analysed that used pneumatic actuators were the Rutgers 
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ankle platform [185] for CP children and two gloves for hand rehabilitation PneuGlove 

[167] and Gloreha [22].  

Training strategy  
 

Devices for robotic rehabilitation may provide different training strategies depending on 

the type and severity of the patient’s impairment. These can be divided into passive, 

active, assistive, or resistive[30]. In general, the devices can offer more than one type of 

training. 

In passive training, the force/motion is generated by the robot alone to perform the 

exercise. The advantage of this training is that patients with minimal muscle activity can 

receive therapy. For instance, through repetition of a movement, ROM can often be 

maintained with muscles and joint structures (e.g., ligaments) repeatedly stretched, 

ultimately maintaining their physiological length. Such movement reduces contractures 

at joints, which can finally be very useful to caregivers making a notable difference to the 

ease of transfers (e.g., sitting in a wheelchair to lying in bed). Examples of devices using 

passive training are Innowalk [179] and Intellistretch [234]. 

In the active training mode, the patient’s muscle can still generate activity on the affected 

limb. The robot does not help, making the patients perform the exercise by themselves 

at least partially. The active mode provides data concerning torques and the ROM 

produced, allowing assessments before and after therapy/surgery. For instance, Kinarm 

[235] and Lokomat [236] are devices that can perform active training.  

For assistive or active-assistive training, the muscles of the affected body part can still 

be activated. Therefore, the patient can at least partially perform the exercise or 

movement without the robot. The assistance will be triggered after a particular event is 

detected through an HCI, allowing the patients to move further with the robot’s help. 

Assistive training is relevant as it involves the active participation of the children. 

Moreover, it improves the physiological responses needed to maintain and increase 

muscle strength and length, ultimately leading to improved ROM, in which the muscles 

provide some of the torque required. Due to these advantages, many designers have 

produced devices that use this training mode. Examples are Pedianklebot [207] and the 

wrist-robot [148]. 

As the name implies, the robot applies a force opposing the desired movement in 

resistive training, making the task more challenging. Resistive training is used to 

enhance muscle strength in the treated limb. This type of training was employed in the 

ankle device developed by the University of Arizona [237] and the upper limb end-effector 

NJIT-RAVR [238]. 
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2.5.5 Human-computer-interface (HCI) 

The term HCI refers to methodologies to identify the user’s intent to move in the desired 

direction from different input sources and translate this intention into a command for the 

robot to move to facilitate the appropriate actions [239]. The designers who report upon 

the use of an HCI have primarily developed assistive training. Two main types of HCI 

inputs were identified: those associated with physical interactions and physiological 

signals[240]. In this aspect, the devices can rely upon only one signal as the input source 

or use two or more signals as input to start the desired movement. 

The main physical interactions used on HCIs to control such robots are 

Impedance/admittance, body-powered control, and gait phases detectors. Impedance 

and admittance control are the two most commonly used HCI. They are based on the 

relation between position and force rather than controlling either force or position 

explicitly. Impedance control accepts position or velocity as the input and outputs force 

or torque, and admittance is the opposite of impedance. Hence force or torque are inputs, 

and velocity or position the outputs. This method could provide a natural, comfortable, 

and safe touch interface [239]. Some examples of devices that used this HCI are the 

NJIT-RAVR [150] and Rehaptic [157] upper limb robots that employed admittance control 

or the robots for upper and lower limb Inmotion2 [145] and Pedianklebot [207] that 

applied impedance control. 

When the children cannot generate an intention to move with the treated limb, body-

powered control is applied. It consists of using the movement of a different body part as 

the trigger signal to initiate the rehabilitation robot. The main drawback of this approach 

is that it is hard to control many degrees of freedom due to the activation system’s 

simplicity. An example of this HCI is the Ekso robot, where the activation was made by 

moving one’s body weight laterally and then forward to trigger the assistance [205].  

In assisted gait, a favoured approach for HCI is the use of gait phase detection. This 

technique identifies the different gait phases (heel strike, midstance, toe-off, and the 

swing phase) to apply forces to assist the children’s movement depending on the gait 

phase. Robots usually perform gait segmentation using Inertial Measurement Units 

(IMUs) to detect angular velocities of the shank and/or the thigh, or footswitches to detect 

the foot’s ground reaction forces while the child is walking [241]. The main advantage is 

that splitting the gait cycle into discrete phases provides enhanced consistency and 

robustness to an inherently variable process and allows lower-level controllers’ 

implementation within each phase. The problem is that gait detection should be 

characterised for every target group, as the physical disability modifies the gait pattern 
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[219]. An example of this type of system is the P.REX exoskeleton which utilised a 

combination of the footswitch and IMUs to detect the different gait phases to provide 

different levels of assistance within each phase [219].  

Alternatively, for HCI based on physiological signals, Electromyograms (EMG) that 

measure electrical activity in the muscles and Electroencephalograms (EEG), which 

measure electrical activity in the brain, are the main signals used. They are widely utilised 

because they can be obtained using non-invasive techniques without the need for 

medical intervention. 

Concerning electromyograms, the primary type is Surface EMG (sEMG), a non-invasive 

and easy-to-configure procedure in which adhesive electrodes are placed on the skin 

above the muscle of interest. The benefit of using the EMG signal is that it allows 

detection of the user’s intent before the movement occurs. The electrical activity can be 

detected even if it is insufficient to generate movement of a joint. However, sEMG can 

suffer from contamination of the signal by electromagnetic interference, skin perspiration, 

movement of electrodes and crosstalk artefacts. Also, for each muscle group of interest, 

a single EMG channel only shows the activation of that group. So, to perform an activity 

where many muscles fibres are recruited, it is necessary to use multichannel sEMG. 

Some examples of this technology in paediatric rehabilitation robots are the lower limb 

exoskeleton HAL [200] and the device for upper elbow rehabilitation of the San Juan 

National University [165].  

The EEG signal is recorded using many small surface electrodes, often configured in a 

bathing like cap placed over the scalp that detects the underlying electrical signals. The 

main advantage of the EEG signal is that the physical disability level does not limit it. 

Even if the patient has lost all their ability to move the limb required for a task, the brain 

activity thought to be related to the intent to activate the muscles can be recorded. There 

are two main disadvantages to this system. Firstly, it is unsuitable for children with brain 

damage as they cannot generate standard brain patterns for limb activation. Secondly, 

the EEG signal has greater variability within it than the EMG signal, and it is also easily 

affected by changes in the patient’s mood and attention. Examples of the EEG signal 

using are the CP walker that used this signal as a part of its HCI to help children with a 

physical disability move their legs (120) and the Exohand-2 that used the EEG signal to 

interact with the exoskeleton [168]. 

2.5.6 Treated Conditions 

The majority of studies and devices were for children with neurological conditions (np = 

183, 89%), CP being the most studied condition (np = 129, 63%). In contrast, other 
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neurological disorders included ABI and strokes. Significantly few researchers 

investigated other conditions such as neuromuscular diseases (np = 15, 8%) and 

traumatic injuries to limbs and the spine (np = 6, 3%). The results obtained from the 

studies that perform clinical trials or a feasibility study suggests that robotic 

rehabilitation could benefit children with physical disabilities. 

Neurological disorders 
 

Concerning CP, there was evidence of improvement in physical disability using assisted 

rehabilitation robots. The benefits include an increase in muscle activity [237, 242], 

endurance for physical activities [182, 243], improvements of balance [179], walking 

speed [182, 188], the strength of the muscles [244, 245], ROM of the joints [162, 246], 

upper limb kinematics [247], and manual dexterity [22, 248]. 

For paediatric ABI, there were reports in the improvement of the walking ability [249], 

improvement of the lower limb motor performance [196], increase in the ROM of the wrist 

joint and force increase in the hand [250], improve in motor function, and gait pattern 

[251, 252]. 

In children who suffer a stroke, three studies used rehabilitation robots while performing 

physical therapy. Marini et al. [148] demonstrated an improvement in wrist motion after 

the robotic therapy, and Bützer et al. [33] showed the possibility of using a wearable hand 

exoskeleton to assist children during task-oriented training could be helpful for 

rehabilitation therapies or assist children during ADLs. 

Neuromuscular diseases. 
 

The neuromuscular disease presented a different scenario than neurological disorder 

due to the degeneration of their muscles as the disease progresses, making hard the 

use of rehabilitation robot due to stiffness in the robot’s joints, which can harm children’s 

weak muscles. Hence they require compliant actuation [20, 218]. Jansen et al. [20] found 

that robotic rehabilitation therapy on upper and lower limbs help prevent functional 

deterioration in children with DMD. Meanwhile, Ganguly et al. [253], Garcia et al. [254] 

and Sanz-Merodio et al. [218] showed an improvement in walking ability in children with 

SMA with the assistance of ATLAS, and the exoskeleton was designed to provide 

Robotic-assisted gait training for children with SMA. Moreover, Koo et al. [151] reported 

improved arm mobility in children with DMD while using a robotic arm device.  
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Traumatic injuries 

Even if traumatic injuries are common in the paediatric population, robot rehabilitation 

has not been applied widely in injuries that differ from those at the head. Only scarce 

information was found related to these conditions. A study of hands robotic rehabilitation 

was found, highlighting the possibility of using robotic devices to treat burns [153]. 

Additionally, a study observed a significant improvement in the arm movement and 

elbowed angle after physical therapy using an upper-limb exoskeleton for three months 

in children that suffer a car accident [165]. Finally, another case reported improving 

walking ability after robotic-assisted gait training in a girl with SCI [255]. 

2.6 Discussion 

It is possible to see that various novel rehabilitation robots have become available to 

rehabilitation professionals and clients in recent years. And this trend will continue as is 

possible to incorporate them in activity programs aimed at improving independent 

function [23-25, 103] where they offer advantages over the traditional rehabilitation 

therapies, as they reduced the required effort of therapists during the exercises of the 

therapies, allowed massed practice in children with substantial limitations and provide 

information of the patient. Furthermore, they have the potential to be used as assistive 

devices to aid functional performance for users when they are worn. These possibilities 

will lead to a new variety of ways for assessment and intervention impacting users’ 

abilities, task demands, or the environment to promote functional performance and 

participation. 

The findings of this review indicate that the design and development of robotic 

technologies for the physical rehabilitation of children is in a preliminary stage of 

development, as many of the founded devices were designed for adult patients. 

However, there is a trend toward creating robots specifically for children [13, 32, 33, 254]. 

Yet less has been done to prove the benefits and constrain of such a system. 

Traditionally, rehabilitation robot designers have focused solely on improving physical 

function [115], which can lead to rejection of the devices as not all the needs of children 

with disabilities are considered. Thus, to ensure successful adoption of the technology, 

the rehabilitation robots should cover these needs of the children. Hence, stakeholders’ 

cooperation is essential through their integration within the design and production 

process by providing feedback. Designers can use this feedback to validate that the robot 

meets the stakeholder’s needs. However, the fulfilment of these needs has strong 

relationships to the chosen technology, mainly the type of robot, the actuator, the training 
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strategy and the HCI. Thus, it is essential to know the advantages and disadvantages of 

the technology. 

Type of robot 

When it comes to the type of robot, we can see a trend to migrate from end-effector to 

exoskeletons. However, most of the devices that had performed clinical trials were end-

effector robots designed for adults. This relation could be because the end-effector robot 

works on the distal part of the limb, guiding the children limb through a movement [256]. 

This property is helpful in the case of operability as it does not require adaptation to 

match the children limb’s size, making it easy to be used by a diverse group of children. 

Furthermore, the bulky frames over the patient limbs are avoided, helping to reduce the 

weight that the children need to handle. These advantages come with the problem of the 

systems requiring bulky and heavy external structures, reducing the device’s portability, 

constraining its use to medical facilities or specific spaces inside a building. Thus, limiting 

the amount of therapy that the children can have [141]. Additionally, the activity is 

restricted to a workspace constraining the number of possible movements [28], which 

could reduce motivation. 

On the other hand, exoskeletons work in parallel to the patient limb to perform the activity. 

Hence, they can be portable devices with the possibility to provide assistive help during 

ADLs and robotic-assisted rehabilitation therapy in a single device [33]. This advantage 

will help to provide free movement to enhance the subject’s motivation and 

autonomously practice their movement training for longer periods [13, 214]. Furthermore, 

as technology advance, this freedom in mobility will help to increase the participation of 

children with physical disabilities in different social activities [257]. However, as the 

technology moves from clinical facilities to open spaces and robots interact more closely 

with the children, designers will face notable challenges (e.g. the irregularities of the 

surfaces on which one walks and how the robot reacts to perturbations outdoors 

environment). Consequently, the requirements of weight, comfort, safety, portability and 

social acceptability for the exoskeletons will be harder to achieve.  

Actuators 

The paediatric robotic rehabilitation technology is moving from end-effectors to 

exoskeletons due to their versatility to be used as a rehabilitation tool or an assistive 

device [33]. Consequently, actuation technology starts to be a critical part of the design 

as it negative influence the weight and the size of the robot. 

For the end-effectors robots, actuators are not as critical as with the exoskeletons 

because they could be placed in external structures. This advantage makes it possible 
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to use bulky and heavy actuators like electric motors. However, using electric motors is 

hard to achieve compliance that is an important property to increase safety as it is 

needed to avoid opposing forces that can injure the children. In end-effector robots, 

compliance was achieved using sensors and a control strategy [218] or using a soft 

material like the Bowden cables [189]. 

On the other hand, for exoskeletons, the robot design requirements are hard to enhance 

with the currently used technology. The actuation system components such as motor and 

rigid elements are designed for industrial applications not to interact with and to be worn 

by children. However, they are still the standard as they have the advantages of 

efficiency, are easy to control, and are readably available in the market. Therefore, the 

choice of the actuation system is crucial to improve the weight, portability and safety of 

the exoskeleton. 

The first exoskeletons relied on electric motors with rigid transmissions, making them 

bulky and heavy, reducing their compliance as they generate high resistive torque from 

the metallic links of the exoskeleton. Therefore, making it difficult to move and less safe 

can cause non-desirable inertial movements [258, 259]. Furthermore, they require 

external structures to manage the weight of the exoskeleton.  

As the rehabilitation robots move from rehabilitation therapies inside a medical facility to 

assist the children during ADLs, new actuation technology is needed. This challenge led 

to using SEA actuators and cable transmission since they have the advantage of been 

intrinsically complaints as they incorporate soft materials, making the device safer. 

Using Bowden cables in the transmissions brings other advantages like simple 

architecture, low weight on the limb’s distal part, and easy to reconfigure. This last 

advantage is significant in paediatric rehabilitation as it allows to change the motor easily 

depending on the abilities and size of the children [33, 130], even though they present 

some disadvantages because they become unidirectional and difficult to model and 

control. Instead, in the case of SEAs, which still require rigid links, they were highlighted 

on the use for children with neuromuscular diseases, as some children are not only weak 

on the affected joint but the entire body. Thus the exoskeleton must hold the children, 

but at the same time being compliant to avoid inertial forces that can harm the weak 

muscles of the children [218]. 

Another type of actuator used on the robots was the pneumatic. Their attributes of low 

weight and easy to manufacture actuators of different shapes and sizes [260, 261] make 

them a desirable technology in this field. They are easy to adapt to children with various 

conditions. However, their main constrain is that they are typically connected to external 
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mechanisms like compressors and pumps cumbersome and noisy. Thus, reducing their 

portability and appealing making them impractical to use outside clinical facilities. 

Table 2.8 General summary of advantages and drawbacks of each actuation technology 
Actuation Technology Advantages Drawbacks 
Electric motors High Precision 

Easy to control 
Readably available in the market 

Not compliant 
Large Size 
Heavy 
Noisy 

SEA High Precision 
Easy to control 
Compliant 
Better force control 

Large Size 
Heavy 
Complex structure 

Bowden Cable Modularity  
Simple architecture 
Easy to reconfigure 
Low weight on the distal part of 
the limb 

Unidirectional  
Difficult to model and control 

Pneumatic Lightweight 
Compliant 
Have high power density 
Fast actuation 
Low cost 
Easy to manufacture in different 
shapes and sizes 

Poor portability because they 
require external components 
Difficult to model and control 

In table 2.8, the advantages and disadvantages of the current actuator technology are 

presented. It is possible to notice that there is no perfect actuator technology, so more 

research in this area is needed. Moreover, In the future will be interesting to see devices 

that use different soft actuators technologies that are inherent compliant and lightweight, 

such as the already mention SEAs, pneumatic, and Bowden cables. But also new 

technologies that are under research to be used on rehabilitation robots, like Shape 

Memory Alloys [262], DEAs [263], or TCPs [60], as they will reduce the overall weight 

and increase the compliance. Furthermore, this new technology can be manufactured in 

different sizes and shapes [46] that could be easily adapted to robots for children of 

varying height and ability conditions. 

Training strategy 

In the case of the training strategy, there is no best strategy, but it rather depends on 

many factors like the abilities and disease that the children have. For example, passive 

training is suitable for patients with limited mobility; however, when the children are able 

to generate movements, it tends to decrease children’s participation during the exercise, 

thus reducing the efficiency of the training [264]. That is why most of the research on the 

training strategy is centred on assistive training, where the children’s participation is 
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needed. This engagement with the therapy increases the motivation of the children to 

perform the activities, enhancing the benefits from the therapy [265]. Another advantage 

of assistive training is that it is used together with video games to increase children’s 

motivation and social interaction [159]. In addition, this strategy is required for assistive 

devices. It needs to provide the required intensity to generate the movement safely, 

efficiently, and reliably, depending on the applied force by the user [216]. However, there 

is no clear which is the best strategy to provide assistive movement, where some 

examples of different assistive strategies are guidance force, path control, and 

locomotion strategy [32, 159, 214, 265].  

Alternatively, some researchers suggest that resistive training could be more beneficial 

for rehabilitation therapy than an assistive force, as it increases the engagement of the 

children, which can help drive motor learning [237, 266]. Hence, further research is 

required on the optimal training strategy to increase the benefits from the rehabilitation 

therapies.  

Human-computer-interface 

The HCIs are essential in developing robotic rehabilitation robots, as they are the 

medium for the interaction between the children and the robot, impacting the functioning 

of the actuators and training strategies directly. Thus, HICs are a crucial factor for safety 

and motivation needs, as it is how the children “communicate” their intention to the robot. 

Consequently, If the HCI is complex to use, it could lead to the rejection of the device 

[34]. Furthermore, for safety reasons, the HCI must detect the trigger signal properly and 

discern between intended movements and involuntary movements, as it can generate 

undesirable responses [29, 267]. For instance, in the case of CP patients presenting 

increased muscle tone, rapidly occurring muscle spasms, and severe jerks, which can 

be considered as a deviation of pattern, causing the robot to apply undesired forces to 

correct for it or turn off the device suddenly [268]. 

Consequently, selecting the best HCI for every case needs to be evaluated depending 

on the capabilities of the children. For example, it could be challenging for patients with 

advanced muscular dystrophy to use EMG and admittance/Impedance interfaces as 

their muscles progressively deteriorate, turning unable to activate the muscles to 

generate a movement or a detectable signal [151, 269]. On the other hand, EEG could 

lead to a better motor function recovery for children with CP as it integrates the central 

nervous system into rehabilitation therapy [214]. However, this technology could be hard 

to implement in patients with a cognitive deficit, requiring concentration [168, 270]. For 

HCIs, it would be interesting to see more devices using physiological signals as they can 

also evaluate the efficiency of the therapy [214], novel approaches of body-powered 
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control to address children with limited mobility of limbs [271], and devices that integrate 

different HCI strategies to make the system more robust and adaptable [128, 216, 272]. 

Treated Condition 

To better understand how the technology can positively impact children’s lives, it is 

essential to analyse how the rehabilitation robot’s technology has addressed the different 

paediatric conditions that can generate physical disability. Because, even If they share 

in common the deterioration of the musculoskeletal system, each one of the conditions 

presents certain specific characteristics that need to be considered. 

Most of the research has focused on children with neurological conditions, particularly 

children with CP. However, it seems likely that many of the designed robots that currently 

work with neurological conditions could also be utilised in traumatic injury scenarios, 

especially because they have been designed for rehabilitation therapies that can improve 

common problems across both neurological and traumatic injuries like ROM deficits and 

a lack of ability to generate muscle force [143, 153]. Contrarily, neuromuscular diseases 

present a different scenario than neurological disorders and traumatic injuries as the 

diseases are progressive, making it hard to obtain a permanent improvement on the 

children’s skills. Thus, the designs have been focused on design devices capable of 

assisting with exercise and helping with the ADLs to maintain specific abilities (e.g. 

walking) for a longer period of time [239, 257].  

Unfortunately, the outcomes proving the efficiency of rehabilitation robot in children is still 

scarce, as the pieces of evidence are low and weak. Hence, the information coming from 

these studies should be asses carefully, as there are very few randomised controlled 

trials, with small sample sizes and variability in children’s ability, outcomes measures, 

treatment protocols, and used devices [102, 122]. Thus, to better understand if the 

designed robots fulfil the paediatric needs properly by improving their quality of life and 

physical ability, more studies and robots designed especially for them are needed. 

Furthermore, more studies with children presenting different conditions from neurological 

ones are needed, as it can be noticed that the treated condition impacts the requirements 

design of the rehabilitation robot. 

2.7 Limitations 

It was apparent that some studies were conducted with participants from a wide range 

of ages; therefore, it was difficult to target all the articles that include paediatric 

participants. Another problem was the upper bound on the paediatric population’s age 

as some papers with the term young adults included paediatric participants. 
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2.8 Conclusion 

While robotic rehabilitation is gaining momentum with increasing numbers of devices 

being produced for adults, there is a lack of well-designed and effective products 

available for children. Early examples of robots have often been created by scaling 

downsize to meet the smaller stature of children. Few robots have been specifically 

designed and produced, with children being the focus of the project/program. It is 

apparent that children have special needs, and these need to be incorporated into 

designs early in the development program. And even if the fulfilment of these needs are 

closely related to the chosen structural and technological components like the actuator, 

training strategy and HCI, they go beyond them. Consideration must also be given to the 

aesthetics that appeal to children and the need for the robot’s structure to be as 

unobtrusive as possible. Without such needs being met, no matter how effective the 

robot works from an engineering perspective, it will not be utilised well by the child. 

It is apparent that there is still a lack of understanding of what the most effective therapy 

is to improve function and quality of life in specific paediatric conditions (e.g., CP or 

Stroke). Nevertheless, common impairments (e.g. ROM, strength) must be addressed 

across numerous clinical conditions if patients improve function in everyday tasks. 

Hence, there is much opportunity for robots to play a role in assisting paediatric 

rehabilitation. A much more difficult goal to achieve is the development of robots to assist 

children. At the same time, they do function-related tasks like walking, sitting, lying, and 

assisting when the child moves from one posture to another. This demand increased 

complexity throughout the various engineering systems of the robot. After that, a further 

challenge lies in the robot being able to assist indoors within a relatively safe environment 

and outdoors where the “lay of the land” is notably different and less predictable. Hence, 

exploring new technologies to actuate the system and detect children’s intentions when 

they want to move is necessary. 

2.9 Chapter Summary 

This chapter exposes the transition in paediatric rehabilitation robotics from end-effector 

robots to wearable counterparts. However, the prevailing rigid robotics paradigm 

remains, employing stiff and bulky materials unsuitable for seamless interaction with 

humans. This constraint becomes more pronounced, especially concerning paediatric 

users, where weight, safety, and adaptability considerations assume heightened 

significance to their adult counterparts. This divergence in requirements answers 

research question one of this work. Furthermore, overcoming these challenges with rigid 
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robots is inherently difficult. Consequently, investigating soft robotics is a compelling 

strategy to address these challenges, leading to question two. 
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Chapter 3 : Soft Wearable Rehabilitation Robots with 
Artificial Muscles based on Smart Materials: A Review. 
 

3.1 Preface 
 

The content of this Chapter is a copy of the article “Soft Wearable Rehabilitation Robots 

with Artificial Muscles based on Smart Materials: A Review”, published and peer-

reviewed in the journal Advanced Intelligent Systems [273]. 

Until now, the current state of soft robotics still relies on actuator technology, involving 

motors and fluidic actuators that often require large and heavy components. AMSM offer 

a promising alternative, as they prevent the need for external components. Their merits, 

including compliance, adaptability, comfort, safety, and reduced weight, align closely with 

the difficulties of paediatric applications. 

After the literature review, which examined the state of AMSM, acknowledging its 

emerging developmental stage and the absence of a singular technology possessing all 

requisite characteristics for widespread adoption in SWRRs, the focus narrowed to TRA 

AMSMs. These include TCP and SMA AMSMs, distinguished by their prominence in 

generating force, albeit with a compromise on speed. TCPs were selected for further 

investigation due to additional merits, such as linearity and cost-effectiveness. 

The research presented in the thesis also addresses the critical aspect of correlating 

AMSM capabilities with biomechanical requirements—a significant advancement given 

the scarcity of information on biomechanical requirements for SWRRs. Examining how 

these requirements are met through exoskeleton designs is meticulously presented. The 

Chapter also highlights the principal challenge encountered by AMSMs in SWRR robots. 

For TCPs, the drawbacks involve high working temperature, limited working speed, and 

lower strain than human skeletal muscles. Subsequent experimental interventions were 

performed to improve these deficiencies in TCPs, which were analysed with results in 

the following Chapters 4 and 5. 

3.2 Abstract 
 

Wearables robots have gained attention for the rehabilitation of people with physical 

disabilities. However, the current technology relay on heavy and bulky actuation 

components, making it hard to use outside of clinical settings. AMSMs have gained 

attention for use in SWRR as they present advantages of compliance, are light-weight, 
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and do not require external components. Nevertheless, they present challenges that 

remain unresolved, preventing widespread adoption. This work reviews the current state 

of SWRR with AMSMs. A literature search was conducted utilizing Web of Science and 

Scopus. Based on the inclusion-exclusion criteria, fifteen devices were found using four 

different smart materials. This study attempts to provide an insight into the distinct 

biomechanical requirements, the use of smart materials, their limitations, their designs 

and possible future research directions, which can provide helpful guidance on the 

implementation and development of advanced SWRR with AMSMs. 

3.3 Introduction 

During the last decade, wearable devices such as exoskeletons have gained popularity 

[274] in different fields, such as the military [275], industry [276] and rehabilitation [277].

In the latter, rehabilitation exoskeletons are used to restore or maintain the functionality

and mobility of people with physical disabilities [19]. These are receiving greater attention

as the number of people with disabilities affecting physical performance will increase in

the following decades as the population ages and individuals live longer with non-

communicable conditions (e.g. CP, Stroke, ABI and Muscular Dystrophies) [95, 278,

279].

Most current exoskeletons use electric motors and rigid links to realize actuation and are 

often have heavy and bulky designs that are difficult to safely wear outside clinical 

facilities [29]. Hence, researchers in this area are working develop SWRR, featuring soft 

actuators that are agreeable to the users as they have increased compliance, 

adaptability, comfort, safety, and less weight [38, 130, 139].  

Currently, SWRR relies mainly upon two soft robotic technologies, cable-driven and 

fluidic actuators. For a cable-driven system, the wire is embedded into clothes or tubes 

and attached to an anchor point. The other side of the wire is connected to an electric 

motor to generate the desired movement and force by pulling the cable [33, 37] (Figure 

3.1a). Alternatively, in fluidic actuation (Hydraulic/Pneumatic), a pressurized fluid is 

inserted into a chamber made of highly deformable material to generate a displacement 

[38-40] (Figure 3.1b). However, these require large and heavy external pumps and 

valves to compress the fluid [280]. Unfortunately, cable-driven and fluidic actuation 

require cumbersome components (e.g. electric motors, pumps, and valves) to work, 

compromising the portability of the systems when used in daily life [36].  
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FIGURE 3.1 A) ANKLE FOOT ORTHOSIS CABLE-DRIVEN SYSTEM SCHEMATIC PROVIDING PLANTAR-FLEXION 
AND DORSIFLEXION ASSISTANCE. REPRODUCED WITH PERMISSION. [37] COPYRIGHT 2019, SPRINGER 
NATURE. B) PNEUMATIC ACTUATOR BEFORE AND AFTER INFLATION. REPRODUCED WITH PERMISSION. [40] 
COPYRIGHT 2020, IEEE.  

Therefore, in recent years, research has been committed to developing new actuator 

technologies that can overcome the drawbacks of the current actuators used in SWRR. 

These technologies include AMSM. AMSM are soft actuators composed primarily of 

material with a low young modulus similar to that of soft biological materials (10^4-10^9 

Pa) that can sense and directly convert physical stimulus (e.g. light, electrical, heat) into 

physical displacement [41-45]. Some examples of smart materials are SMAs [54], DEAs 

[51], IPMCs [52], SMPs [55] and TCPs [56]. Due to their inherent properties and 

manufacturing processes, AMSM can be fabricated in various shapes, allowing them to 

be embedded into flexible and deformable wearable devices [46-49]. Furthermore, it is 

possible to fabricate robots with a relatively small weight and volume as they present a 

power density comparable to the skeletal muscles [50].  

Nevertheless, AMSMs for rehabilitation robots are still at the early stage of development. 

Some drawbacks specific to every smart material (e.g. low speed in SMA and TCPs and 

low force generation in DEAs and IPMC) need to be tackled if they are to become 

widespread technology utilized in SWRR [50, 231]. 
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The purpose of this paper was to review SWRR incorporating AMSM; seeks to a) identify 

the biomechanical requirements for these robots; b) identify the different AMSM 

technologies utilized; b) identify the AMSM limitations for these robots; c) describe the 

AMSM enhancement design techniques and d) discuss future trends for development in 

the field of SWRR based on AMSM. 

3.4 Methods 
 
An in-depth literature search was performed, following the search strategy of the 

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 

guidelines [117]. The literature search utilized Scopus and Web of Science databases, 

using the combination of the following keywords: (Artificial Muscle*) OR (actuat* AND 

(complian* OR elastic* OR soft)) and (robot* OR wearable OR "active ortho*" OR "active 

prosthe" OR exoskeleton) and (rehab* OR assistance) not pneumatic*. In order to make 

our search as complete as possible, a search through the university library databases 

was also conducted.  

To eliminate areas not linked sufficiently with the aims, papers in the following areas were 

excluded: 

• Non-actuated compliant systems  

• Non-wearable systems  

• Solutions where the soft actuator was relying on electric motors or fluidic systems 

(e.g., pneumatic and hydraulic) as the source of force generation 

• Studies that did not report any mechanical information on the robot 

• Studies not related to either assistance or rehabilitation 

 
3.5 Findings 
 
Based on the keywords, 2094 publications were found, with: 1193 publications from Web 

of Science, 948 publications from Scopus, and 4 from a search on the University library. 

First, a check was made for duplicated publications. Thereafter, the abstracts of 1466 

publications were screened, and 186 titles were selected for full-text reading. After 

carefully applying the exclusion criteria to the fully read papers, 36 publications were 

selected. Among the chosen publications, 8 were reviews, and 28 discussed the 

development and characteristics of the device (Figure 3.2 shows a flow diagram that 

illustrates the process of the selection of the papers).  
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FIGURE 3.2 LITERATURE SEARCH FLOW DIAGRAM 

Six of the eight reviews were focused on compliant actuators for rehabilitation systems 

and partially included AMSM as part of their scope. Peng et al. [42] focused on soft robots 

for rehabilitation and nursing care, but most of the analysis was centred on soft robots 

driven by electric motors and pneumatics. Shahid et al. [18] investigated the soft robotic 

devices designed for hand rehabilitation, where one device based on AMSM was 

included. Veale et al. [36] analysed the current technology on compliant actuators, 

addressing the potential of new smart materials to be used in wearable exoskeletons. 

Zhu et al. [45] look at the developments in soft wearable robots, covering the diverse 

application of AMSM where rehabilitation robots were included. Bardi et al. [281] 

researched SWRR for upper limb, where a section of devices using SMA was included. 

Finally, Aliseichik et al. [282] went through different AMs technologies including sections 

related to SMA and EAPs. Two reviews focused on specific smart materials, namely the 

SMA (Nematollahi et al. [283]) or DEA and plasticized PVC gel (Dong et al. [284]) in 

rehabilitation robots. The difference between the previous review papers and this work 
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is that the earlier papers only partially covered the SWRR based on AMSM, as their 

scope was more related to soft actuators in general without a focused analysis of AMSM.  

Within the twenty-eight focused articles, four different types of AMSM technologies were 

found. Moreover, seventeen SWRR were noticed, eleven systems were designed for the 

upper limb, especially for treating the wrist and fingers, five for the lower limb and one 

for the face. 

3.6 Discussion 
 
This section is divided into five parts. The first part (3.6.1) discusses the different 

biomechanical requirements used in the design of the SWRR. The second part (3.6.2) 

presents the different AMSMs and the SWRR that use each technology. The next part 

(3.6.3) focuses on the challenges that the SWRR faces. Followed by a part that (3.6.4) 

is concerned with how the robot's design can enhance the AMSM properties. Finally 

(3.6.5), future developments are discussed. 

3.6.1 Biomechanical Considerations  
 

During the last decade, wearable exoskeletons have gained popularity [274] in different 

fields, like military, industrial and rehabilitation [276]. Each of these fields has different 

applications and purposes, sometimes with partial overlap. Military exoskeletons are 

intended to enhance the physical capabilities and increase the mobility of soldiers during 

load carriage [285]. Industrial exoskeletons focus on augmentation and reinforcing a 

worker's performance to increase productivity and lower the risk of injury [276]. In 

contrast, the rehabilitation exoskeleton's purpose is to restore the functionality and 

mobility of people with a physical disability and whose functional performance is often 

severely affected [19]. 

Moreover, another difference between military and industrial robots compared to 

rehabilitation robots is the range of populations they cover. For instance, military and 

industrial systems are mainly focused on healthy adults as the beneficiary. Concerning 

rehabilitation robots, there is a vast spectrum within the target population requiring 

different amounts of assistance, from children to the elderly [105, 115], different levels of 

disability [202], and different types of disease [239].  

This variability in the target population has led to a different specification for each group 

as SWRR based on AMSM are in a developmental stage and still present limitations 

compared to traditional robots [36, 42]. Because of this, it is essential to appreciate the 

biomechanical requirements to develop a helpful SWRR. Furthermore, it will be valuable 

to understand the advantages and limitations of each AMSM. 
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Different biomechanical parameters can severely restrict the range of SWRR that could 

be utilized in rehabilitation. These parameters are the DOFs (number of planes of motion 

e.g. flexion, extension supination, pronation at the elbow joint), ROM, frequency (the

maximum frequency that the actuator can be excited continuously), angular velocity

(maximum during functional activity), the torque produced, device/system weight and

control scheme [286]. These parameters change depending on the joint, as each of them

moves limbs with different mass and lengths, often with different moments of inertia and

is used to perform different activities. In tables 3.1-3.7, the biomechanical parameters of

the biological joints and the SWRRs are presented to allow easy comparison between

them.

Degrees of Freedom (DOF) 

In respect of planes of motion, most robot DOFs vary from one to three, depending on 

the joint. Only three devices have covered all the DOFs observed in human joints. Of 

note, more DOFs are apparent in robots for the upper limb. This could be explained by 

the upper limb ADLs often requiring greater ranges of motion in multiple planes to 

perform different tasks like grasping and reaching [287]. In contrast, during many gait 

activities, the requirement for a larger range of motion is predominantly in the sagittal 

plane [73].  

 Range of Motion (ROM) 

For ROM, two different values could be considered, the overall ROM and the ROM 

required to meet the demands of most tasks. The overall ROM is the maximum value 

that a joint can reach in a plane. In contrast, the activity ROM is the range of motion 

needed to perform a specific activity, which can be much less than the whole ROM of the 

joint (Table 3.1-3.7).  

Therefore, in SWRR development, it is essential to know the ROM requirements for the 

tasks to be assisted [73, 287]. As the AMSM is starting the developmental phase, it is 

reasonable to focus on specific and uncomplicated tasks [288]. With this in mind, it may 

be easier to develop simple robots that can achieve the practical demands of the patient 

[289]. For example, consider the hip joint in the sagittal plane during flexion-extension 

movement, the full ROM is from ~120° flexion to ~20° extension. Yet, during walking, the 

required range would be approximately 40° flexion to 11° extension.  
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Joint Forces and Torques 

For AMSM to generate the ROMs sufficient to undertake tasks often performed in daily 

living, it must be able to generate sufficient forces/torques. These forces need to 

overcome those associated with gravity and the inertia of the limb being moved. In most 

research in this area, the reported value was torque. However, for the hand, some 

devices have been developed to replicate/ generate the force required for grasping and 

pinch activities. In the case of facial expressions, as with the finger joint, it is not 

measured on torque but the force that muscles generate in a direction to generate facial 

expressions.  

Regarding torques, as with ROM, two different values are most often considered by 

developers. Firstly, torque levels occurring during ADLs and the minimum torque that 

would move the limb against gravity. Interestingly, the ADLs torques are similar or less 

for many activities in the upper limbs than the passive torques. For example, considering 

the wrist in ADLs, the necessary torques were less than 1 Nm in all directions, but in the 

case of torque required to move it against gravity, they were in the order of 1.5N m [262, 

290, 291]. In contrast, in the lower limb, some muscles need to activate to a sufficient 

level to carry the person's body weight in the stance phase of gait activities and, at the 

same time, generate appropriate torque to produce the joint motion required for the gait 

activity being performed. For instance, the bigger discrepancy occurs during ankle 

plantarflexion, where a peak torque above 100 Nm is required, while for passive 

movement, the required torque is around 5 Nm [78, 176]. 

Frequency and Angular Velocity 

Human movements are dynamic tasks, and therefore these are characterized by 

temporal parameters like angular velocity and frequency of the movements. Even if these 

are related to each other, these are different concepts, and ideally, both should be 

reported. Angular velocity is the rate of flexion and extension of a joint, while frequency 

is related to the maximum trackable sinusoidal frequency of the amplitude of the 

movement. It is possible to approximate the angular velocity from the frequency with the 

next formula: 

𝜔𝜔 = 𝜆𝜆 ∗ 2 ∗ 𝐹𝐹 (3.1) 

Where 𝜔𝜔 is the angular velocity in °/s, 𝜆𝜆 is the amplitude of the sinusoidal wave in degrees 

and 𝐹𝐹 is the frequency in Hz. In the case of the velocities is possible to notice that it 

varies depending the on the extremity from around 120 °/s in the case of the ankle to 

more than 400 °/s for the elbow (Tables 3.1 and 3.7). However, in the case of the 
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frequencies, they remain similar, around 1.5 Hz [61]. This could be related to the fact that 

speeds are not constant during the movement, while the frequencies are related to the 

median speed of a movement limited in a specific ROM. In the case of the SWRR, when 

the frequency is provided is essential to look at the amplitude to estimate how fast a 

device is. 

Control strategies 
 

The control strategy is a crucial element during the design process of SWRR. The control 

strategy's objective is to track the device's trajectory [138] and/or forces [292] to plan the 

desired action to apply a stimulus to the actuator later to generate a movement. This 

process is similar to the motor control of the human body, where the central nervous 

system plans the movement base on the sensory information and sends the command 

to drive the muscles [293]. From the founded devices is possible to identify mainly three 

different control strategies, pulses, state machine and PID controllers. 

The pulse strategy is an open-loop control strategy as the system's output depends on 

the input, but the input is independent of the output. This scheme consists of applying a 

pulse or steps to generate a certain level of force or displacement from the AMSM. 

However, there is no feedback. Thus, it is impossible to compensate for the influence of 

external stimuli [60, 263].  

In the case of the state machine, the device can change between different states in 

response to an event. The simple state machine is an on-off switch that changes based 

on an external stimulus, such as the change between the gait swing and stance phases 

[294].  

PID is a closed-loop control mechanism employing feedback from the system output. 

The controller is continuously calculating an error value between the reference signal 

and the output and then applies a correction. PIDs are used to reject disturbances and 

to implement setpoint changes [262]. 

Weight 
 

The weight of the AM and overall device is critical to establishing its usability by patients. 

Excessive weight can negatively affect the motion of the limbs as significant weight 

generates inertial forces that increase energy consumption and could make it 

uncomfortable and unsafe for patients to use [82]. For instance, the threshold for an 

acceptable weight on the hand and forearm is around 400 g to 500 g [295]. Furthermore, 

in the case of the lower limbs, a weight of 4 kg on foot doesn't seem to affect the gait 

kinematics. However, the net metabolic rate increased by 36 % [296].  
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3.6.2 Soft wearable rehabilitation robots 

While biomechanical considerations are the main factors to consider in the design of 

SWRR, the system's capabilities depend more on the functional properties of the AMSM 

that are inherited from the material used to fabricate them. In this section, the different 

systems are presented and arranged by the material used to manufacture them to 

understand the advantages and disadvantages of each AMSM technology applied to 

SWRR. 

Tables 3.1-3.8 presents the material utilized, the system's weight, the control strategy, 

the ROM at the joint involved, frequency of motion, typical joint angular velocities, and 

the associated torques. These parameters are presented within subsections related to 

body parts upon which systems were designed. 
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Table 3.1 Shoulder Soft Wearable Robots Biomechanical Properties  

Research 
group 

Material DOF ROM 
[°] 

Torque/ Force Frequency Angular velocity 
[°/s] 

Control 
strategy 

Weight 
[Kg] 

Human 
Body [231, 291, 
297, 298] 

Skeletal 
muscle  
  

3  Typical values 
 
-60 to 180 
Extension/ 
Flexion 
 
0 to 180 
Adduction/ 
Abduction 
 
  
  

Minimum to lift the 
patient's limb against 
gravity   
 
 79.9 Nm 
Flexion 
 
74.9 Nm 
Extension 
 
73 
Abduction 
 
76.4 
Adduction  

Typical values  
 
< 20 Hz    

Typical values   
 
> 50     

N/A  N/A  

   ADLs  
 
-18.3 to 62.3 
Extension/ 
Flexion 
 
-14 to 133.6 
Adduction/ 
Abduction 
 

ADLs  
 
9.6 
Extension/ 
Flexion 
 
10.05 
Adduction/ 
Abduction 

ADLs  
 
≈ 1.1 Hz   
 

ADLs  
 
100 
Extension/ 
Flexion 
 
171.5 
Adduction/ 
Abduction 
 

  

KAIST [59] SMA 
(Spring)  

1  90 
Abduction  

10.1 Nm  N/A   18  N/A 0.675  
Wearable 
assembly 
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Table 3.2 Elbow Soft Wearable Robots Biomechanical Properties 
Research 

group 
Material DOF ROM 

[°] 
Torque/ Force Frequency Angular velocity 

[°/s] 
Control 
strategy 

Weight 
[Kg] 

Human Body [231, 
262, 287, 290, 291, 
299] 

Skeletal 
muscle 

3 Typical values 

0 to 150 
Flexion/ 
Extension 

-120 to 120
Pronation/
Supination 

Minimum to lift the 
patient's limb 
against gravity    

≈ 3.5 Nm  
Flexion/  
Extension  

≈ 1.85 Nm  
Pronation/ 
Supination  

Typical 
values  

< 20 Hz  

Typical values  

> 50

N/A N/A 

ADLs 

> 81
Flexion/
Extension

-13 to 53
Pronation/
Supination

ADLs  

≈ 3.7 Nm  
Flexion/ 
Extension 

≈ 0.04 Nm  
Pronation/ 
Supination 

ADLs  

≈ 1.25 Hz  

ADLs  

< 135 
Flexion/ 
Extension  

< 486 
Pronation/ 
Supination  

University of 
Delawarea) [263] 

DEA 1 19.5 1 N (applied)  
weight applied to 
the arm  

N/A 16.2 Pulse 
train 

N/A 

Carlos III University 
of Madrid [262] 

SMA 2 0 to 120 
Flexion/ 
Extension 

-50 to 50
Pronation/
Supination

3.5 Nm 
Flexion/ 
Extension 

1 Nm 
Pronation/ 
Supination 

100° at 0.2 
rad/s  
(0.0318 Hz)  

N/A BPID < 1 
(2.9 with 
power 
supply) 

KAIST [300] SMA 
(spring) 

2 60 to 150 
Flexion 

-27.6 to 27.6
Pronation/
Supination

3.2 Nm 
Flexion/ 
Extension 

0.5 Nm 
Pronation/ 
Supination 

N/A Full movement in 
10 s  

Step 
signal 

1.55 
Wearable 
assembly 
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Table 3.2 Elbow Soft Wearable Robots Biomechanical Properties (continued) 
Korea Institute of 
Machinery and 
Materials[301] 

SMA 
(spring) 

1 Strain of 26.1 % (47 
mm contraction) 

80 N N/A Full movement in ≈ 
5 s 
(With cooling 
system and an 
agonist-antagonist 
configuration) 

Step 
signal 

0.57 
Total 

a) Biomechanical Properties based on children 2 years old
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Table 3.3 Wrist Soft Wearable Robots Biomechanical Properties 

Research group Material DOF ROM 
[°] 

Torque/ Force Frequency Angular velocity 
[°/s] 

Control 
strategy 

Weight [Kg] 

Human Body[231, 
287, 290, 291, 
302]  

Skeletal 
muscle 

2 Typical values 

-38 to 40
Flexion/
Extension

-38 to 28
Ulnar deviation/
Radial deviation

Minimum to 
lift the patient's  
limb against gravity  

1.43 Nm 
Flexion/ 
Extension 

1.43 Nm  
Ulnar deviation/ 
Radial deviation 

Typical 
values  

< 20 Hz  

Typical values  

> 50

N/A N/A 

ADLs 

-38 to 40
Flexion/
Extension

-38 to 28
Ulnar deviation/
Radial deviation

ADLs 

≈ 0.2 Nm 
Flexion/ 
Extension 

≈ 0.3 Nm 
Ulnar deviation/ 
Radial deviation 

ADLs  

1-5 Hz 

ADLs  

< 232 
Flexion/ 
Extension  

< 203 
Ulnar 
deviation/ Radial 
deviation  

MENRVA[63] TCP 1 N/A 0.3 Nm ≈13 N at 
0.1 Hz  

N/A PID N/A 

Carlos III 
University of 
Madrid [303] 

SMA 2 80 
Flexion/ 
Extension 

-45 to 45
Ulnar deviation/
Radial deviation 

0.5 Nm in both 
directions 

50° at 
< 0.04 Hz  
Extension 

40° at 
≈ 0.04 Hz  
Ulnar 
deviation/ 
Radial 
deviation  

N/A BPID 0.960 
Total 
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Table 3.3 Wrist Soft Wearable Robots Biomechanical Properties (continued) 
KAIST [304] SMA 

(Spring) 
2 -33.8 to 30.4

Flexion/
Extension

21.4 to 15.4  
Ulnar deviation/  
Radial deviation  

1.32 Nm Extension  

0.61 Nm 
Flexion  

0.90 Nm 
Radial deviation  

0.62 Nm 
Ulnar deviation  

80° at 0.5 Hz  N/A Step 
signal 

0.151 
Wearable 
assembly 
(Whole 
device ≈ 1) 
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Table 3.4 Hand (Fingers) Soft Wearable Robots Biomechanical Properties  
Research group Material DOF ROM 

[°] 
Torque/ Force Frequency Angular 

velocity 
[°/s] 

Control 
strategy 

Weight [Kg] 

Human Body [231, 
305, 306] 

Skeletal 
muscle  

3 DOF  
Each 
finger  

Typical  
values  
  
Index finger  
  
DIP = 70  
PIP = 100  
MCP = 90  

Pinch of  
1.4N to 31.4 N  

Typical 
values   
   
< 20 Hz   
   
  
  

Typical 
 values  
  
> 50  

N/A  
  

N/A  
  

          ADLs   
  
> 1 Hz    
  

      

University of  
Pisa [307]  
  

DEA  1  N/A  
  

1 N  N/A  
  

N/A  
  

Step  
signal  

N/A  
  

Bio-robotics and 
Smart Systems 
Laboratory [60] 

TCP  3 DOF  
  
Each 
finger  

Index finger  
  
DIP = 11  
PIP = 21  
MCP = 41  
  

2 N  N/A  
  

Full movement in 
25 s  
(Pulsed 2s)  

Step  
signal/ 
Pulsed 
actuation  

≈ 0.1  
Wearable 
assembly 
  

Universidad 
Iberoamericana [62] 

TCP  1  N/A  
  

3 N  N/A  N/A  
  

Step  
signal  

N/A  
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Table 3.5 Hip Soft Wearable Robots Biomechanical Properties 
Research 

group 
Material DOF ROM 

[°] 
Torque/ Force Frequency Angular 

velocity 
[°/s] 

Control 
strategy 

Weight 
[Kg] 

Human Body [231, 
308-311]

Skeletal 
muscle 

3 Typical 
values 

-122 to 22
Flexion/
Extension

-44 to 26
Abduction/ Adduction

-33 to 34
Median rotation/
Lateral rotation

Minimum  
torque to lift  
the patient's  
limb against gravity 

80 Nm 
(120° flexion) 

≈ 10 Nm 
(40° Flexion) 

Typical values  

< 20 Hz  

Typical 
values 

> 50

N/A N/A 

ADLs

-37.8 to 10.5
Flexion/
Extension

-9.7 to 6.9
Adduction/ Abduction

-1.0 to 11.2
Median rotation/ Lateral
rotation

Walking 

80 Nm 
Flexion 

65 Nm 
Extension 

111 Nm 
Abduction 

68 Nm 
Adduction 

13 Nm 
Internal rotation 

18.35 Nm 
External rotation 

ADLs  

> 1.05 Hz 

Walking 

< 115 
Extension 

< 195 
Flexion 

Zhejiang University 
of Technology [294] 

PVC 1 N/A ≈ 70 Nm 
Flexion 

N/A N/A State 
machine 

0.6 
Wearable 
assembly and 
0.8 
for the 
controller and 
the battery 
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Table 3.6 Knee Soft Wearable Robots Biomechanical Properties  

Research 
group 

Material DOF ROM 
[°] 

Torque/ Force Frequency Angular velocity 
[°/s] 

Control 
strategy 

Weight [Kg] 

Human Body [61, 
309, 311, 312] 

Skeletal 
muscle  

1  Typical  
values  
  
-134 to 1  
Flexion/  
Extension  
  
  
  

Passive Torque  
  
≈ 50 Nm (≈ 50°)  
  
  
  
  

Typical 
values   
   
< 20 Hz   
   
  
  

Typical  
values  
  
> 50  
  
  
  

N/A  
  

N/A  
  

      Walking  
  
-64.6 to 0  
Flexion/  
Extension  
  

Walking  
  
45.15 Nm  

ADLs   
  
≈ 1.15 Hz   
  

Walking  
  
≈ 360  
Extension  
  
≈ 300  
Flexion  
  

    

Wyss Institutea) 
[313] 
  

SMA  
(spring)  

1  
  

-34 to 0  
Flexion  

N/A  
  

N/A  
  

2.56  Step  
signal  

N/A  
  

a) Biomechanical Properties based on children 4 years old  
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Table 3.7 Ankle Soft Wearable Robots Biomechanical Properties 
Research 

group 
Material DOF ROM 

[°] 
Torque/ Force Frequency Angular 

velocity 
[°/s] 

Control 
strategy 

Weight 
[Kg] 

Human Body  
[61, 73, 78, 176, 
311] 

Skeletal 
muscle 

3 Typical values 

-55 to 20
Plantarflexion/
Dorsiflexion

-23 to 12
Inversion/
Eversion

Passive Torque 

≈ 5 Nm (10°) 
Dorsiflexion 

≈ 5 Nm (30°) 
Plantarflexion 

Typical 
values  

< 20 Hz  

Typical values 

> 50

N/A N/A 

Walking 

-20 to 10
Plantarflexion/
Dorsiflexion

Walking 

Plantarflexion 
≈ 110 Nm 

ADLs  

≈ 1.75 Hz  

Walking 

≈ 310 
Plantarflexion 

≈ 190 
Dorsiflexion 

CNR Institute for 
Energetics and 
Interphases at 
Lecco [314, 315] 

SMA 1 -5 to 20
Plantarflexion/
Dorsiflexion

15 N with a lever 
arm of 10 cm 
(Torque = 1.5 Nm) 

N/A N/A Square pulse  N/A 

State Key 
Laboratory of 
Mechanism 
System and 
Vibration [316] 

SMA 1 -16 to 16
Plantarflexion/
Dorsiflexion

10.9 Nm 16° at 1 Hz  N/A SBH 
Feedforward + 
PID 

N/A 

Ajou University 
[317, 318] 

SMA 1 20 
Plantarflexion 

1 Nm N/A 100 
contraction 

Step signal 0.428 g 
Without 
power 
supply 
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Table 3.8 Facial Soft Wearable Robots Biomechanical Properties  
Research 

group 
Material DOF Displacement  Torque/ Force Frequency Angular 

velocity 
[°/s] 

Control 
strategy 

Weight 
[Kg] 

Human Body [319] Skeletal 
muscle  
  

N/A  N/A  1.1-3.5 N  N/A  N/A  N/A  N/A  

Artificial Intelligence 
Laboratory [320] 

SMA  N/A  20 mm  N/A  N/A  N/A  Feedback 
controller  

N/A  
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 Dielectric elastomer actuators 

EAPs are polymers that can be stimulated to change their shape using electrical energy. 

One of the most common types of EAPs is DEAs [321]. They consist of a compliant 

capacitor composed of a thin elastic dielectric film coated on both surfaces by compliant 

electrodes. When DC voltage is applied to the electrodes, both attract each other, 

increasing the pressure over the dielectric film (Maxwell pressure) due to the electrostatic 

force while reducing thickness and area expansion (Figure 3.3) [284, 322]. Maxwell 

pressure is related to the permittivity of the material and the strength of the applied 

electric field. The relation can be expressed as: 

FIGURE 3.3 WORKING PRINCIPLE OF THE DEAS, WHEN A VOLTAGE IS APPLIED A MAXWELL PRESSURE IS 
GENERATED BETWEEN THE ELECTRODES 

𝑃𝑃 = 𝜀𝜀0𝜀𝜀𝑚𝑚𝐸𝐸2 = 𝜀𝜀0𝜀𝜀𝑚𝑚(
𝑉𝑉
𝑑𝑑

)2  (3.2) 

Where P is the Maxwell pressure, 𝜀𝜀0 is the vacuum permittivity, 𝜀𝜀𝑚𝑚 is the material permittivity, 
E is the electric field strength that depends on the applied voltage V and the thickness of the film 
d. 

DEAS IN WEARABLES DEVICES 

DEA actuators are one of the most studied AMSMs due to their properties that, in most 

cases, surpass those of the muscle, with strain approaching 200 %, a high bandwidth up 

to the range of kilohertz, and high efficiency [14, 50, 231], which are all desirable 

properties for SWRR. However, they have limitations when placed in robotic applications 

that interact with people. DEAs need high voltage, in the order of hundreds of volts, 
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requires bulky and expensive electronics and are considered unsafe. Nevertheless, 

DEAs are challenging to produce in a compact size to generate appropriate amounts of 

power and force [36, 322].  

Two different research groups developed SWRR with this AMSM. Carpi et al. [307] 

developed a hand rehabilitation device based on folded DEAs to generate flexion and 

extension movements at the finger joints actively. The structure of the hand-split consists 

of a plastic-made wrist guard with support for the actuator in combination with an 

aluminium rod. Three folded DEAs actuators were connected to a miniature DC to High 

Voltage DC converter to provide the required high voltage. The converters were able to 

supply voltage in the range of 0-10Kv. With this configuration, the device could generate 

forces in a range of 1N and a contraction of 7 % to the original length using an input 

voltage ranging from 0 to 6Kv. 

Behboodi et al. [263] designed a platform for paediatric rehabilitation to generate flexion 

and extension movements of the elbow joint (Figure 3.4). The device used a bundle of 

stacked DEAs [322], with three parallel fibres consisting of 5 stacked DEAs in series. 

The bundle of actuators was mounted on a mannequin resembling the elbow joint of a 

2-year-old child, and it was able to flex the elbow 19.5° with an angular velocity of 16.2

°/s. These results were obtained by applying a square signal with 1230 V amplitude.
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FIGURE 3.4 EXAMPLE OF AN SWRR BASED ON DEAS. REPRODUCED UNDER THE TERMS OF THE CC BY 
LICENSE. [263] COPYRIGHT 2020. 

Plasticized Polyvinyl Chloride gel actuators 

Plasticized PVC gel actuators are EAPs similar to DEAs. PVC gels are produced by 

thermally or chemically melting PVC resins with liquid plasticizers. When PVC gel is 

placed between electrodes and an electric field is applied, a creeping deformation on the 

anode can be observed, and when the electric field is discharged, the PVC gel returns 
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to its original shape [323, 324] (Figure 3.5). The creep deformation can generate different 

types of deformation like bending, crawling and linear contractions [53]. 

FIGURE 3.5 DEFORMATION MECHANISM OF PVC GEL WHEN AN ELECTRIC STIMULUS IS APPLIED. 
REPRODUCED UNDER THE TERMS OF THE CC BY LICENSE. [324] COPYRIGHT 2015.  

Hashimoto et al. [325] developed an AMSM from PVC gel able to generate contractions. 

The PVC gel was sandwiched between a stainless mesh that acted as an anode, while 

a stainless foil served as a cathode. The cathode was located under the PVC gel, and 

the anode was above the gel. When the electric field is applied, the PVC gel creeps up 

the anode and moves into the mesh. The PVC electro-mechanical dynamics can be 

modelled as: 

𝛼𝛼
𝑇𝑇𝛼𝛼𝑠𝑠 + 1

∗
1

𝑅𝑅1𝑅𝑅2𝐶𝐶𝐶𝐶 + 𝑅𝑅1 + 𝑅𝑅2
𝐸𝐸(𝑠𝑠) = 𝛽𝛽𝛽𝛽(𝑠𝑠) + 𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒(𝑠𝑠) (3.3) 

where 𝑋𝑋(𝑠𝑠) and 𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒(𝑠𝑠) are the contraction strain and output stress, respectively. 𝐸𝐸(𝑠𝑠) is 

the applied electric field. The terms 𝑅𝑅1,𝑅𝑅2 and 𝐶𝐶 are the resistances and capacitance 

from an equivalent electric circuit. 𝑇𝑇𝛼𝛼 is the time constant of the system. 𝛼𝛼 and 𝛽𝛽 are 

gains that can be determined from the experimental results. 

PVC GELS IN WEARABLE DEVICES 

PVC gel actuators are a promising technology to be used as AMSM for SWRR, with their 

main advantages being relatively high actuation frequency (about 9 Hz), high strain (75 

%), low power consumption (2.9 𝜇𝜇𝜇𝜇 𝑚𝑚𝑚𝑚2⁄ ) and a very long-life span (> 5 million cycles). 

However, they require high voltages to work (~3600 v), have low stress (0.6 MPa) and 

additionally, the electro-mechanical deformation mechanism is not fully understood, 

making it challenging to generate controlled joint movement [53, 294].  

Only one SWRR has used this technology (Figure 3.6). Yi Li and Minoru Hashimoto are 

pioneers in using PVC gel actuators for wearable devices. In 2015, they presented their 

first prototype of a wearable system to assist in hip joint motion while walking [326]. Their 

latest development has been to upgrade the system with a new actuation unit [294]. The 
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actuation unit had a length of 200 mm, and to ensure appropriate fitting to the human 

body, it had a curved shape to mold more accurately to the body part. The whole device 

(for two legs) weighed 2 Kg (0.6 per actuation unit + 0.8 Kg for the control unit, including 

the battery). When the whole system was tested using a voltage of 400 V, the 

displacement of the assistive device was approximately 16 mm (8 %), the maximum 

output force was around 94 N, the response time was approximately 56 ms, and the 

power consumption was around 1.6W. The device was activated through a state machine 

controller strategy, switching the assistance on and off during the swinging and stance 

phase, respectively.  

 
FIGURE 3.6 EXAMPLE OF AN SWRR BASED ON PVC GEL ACTUATOR. REPRODUCED WITH PERMISSION. 
[327] COPYRIGHT 2016, IEEE. 

 

 Twisted and Coiled Polymer Actuators  
 

TCP actuators have emerged as a promising AMSM technology for SWRR. TCP 

actuators are constructed by continuously twisting polymer fibres or filaments (e.g. nylon 

fishing lines and sewing threads) until they form coils. The actuator works by converting 

a temperature change into strain or stress. In general, TCP actuators are driven by Joule 

heating (Figure 3.7a), adding a layer of a conductive material (e.g. silver) over the 

precursor fibre [328, 329] or by embedding a resistance wire within the actuator [330, 
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331] (Figure 3.7b). Consequently, the actuator can be modelled as an electro-thermal-

mechanical system. The electro-thermal dynamics can be represented as a first-order

linear system represented as [332, 333]:

𝐶𝐶𝑡𝑡ℎ
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑃𝑃(𝑡𝑡) − 𝜆𝜆(𝑇𝑇 − 𝑇𝑇0) (3.4) 

where 𝐶𝐶𝑡𝑡ℎ and λ are the actuator's thermal mass and absolute thermal conductivity, 

respectively. T is the actuator's temperature, 𝑇𝑇0 is the ambient temperature, and P(t) is 

the electrical input applied at a specific time t. To quantify the speed of the dynamics, the 

time constant, τ =  𝐶𝐶𝑡𝑡ℎ
𝜆𝜆

 can be adopted. τ can be obtained by examining the actuators' 

rise and fall response and is equal to the average time the actuator takes to reach the 

63 % of a steady-state value given a step input under a steady-state condition. 

In the case of the thermo-mechanical properties, this can be described as a spring-

damper system with an added temperature-dependent term, which is expressed as: 

𝐹𝐹 = 𝑘𝑘(𝑥𝑥 − 𝑥𝑥0) + 𝑏𝑏𝑥̇𝑥 + 𝑐𝑐(𝑇𝑇 − 𝑇𝑇0) (3.5) 

Where x and 𝑥𝑥0 are the loaded lengths and resting length of the actuator, respectively. K 

represents the stiffness, b is a damping term, and c denotes the thermal constant. Under 

steady conditions where 𝑥̇𝑥=0, the overall model can be obtained by combining (3.4) and 

(3.5):  

𝐹𝐹 = 𝑘𝑘(𝑥𝑥 − 𝑥𝑥0) +
𝑐𝑐
𝜆𝜆
𝑃𝑃 (3.6) 

FIGURE 3.7. A) TCP ACTUATOR LIFTING A 1 KG LOAD BY 15 % STRAIN AFTER HEAT IS APPLIED. B) 
SCANNING ELECTRON MICROSCOPE IMAGE OF A NYLON TCP ACTUATOR WITH A NICR EMBEDDED WIRE AS 
THE HEATING ELEMENT. 
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TCPS IN WEARABLES DEVICES 

TCPs are a recent discovery [334]. They have gained significant attention in the field of 

SWRR, with advantages such as high-power density (27 W/g) and stress (10 MPa), 

linear behaviour, and a high strain (21 %). In contrast, their main disadvantages are low 

efficiency (~1 %) [50, 56, 231] and the low frequencies (<3 Hz) at which they operate. 

Three promising examples of wearable devices based on TCPs were founded: 

The assistive wrist orthosis developed by Sutton et al. [63] used an arrangement of 16 

TCPs wires made of silver-coated Nylon 6.6 sewing thread (Figure 3.8a). The splint 

prototype consisted of 3D printed parts to mount the device on the arm and attachments 

for the nylon actuators. The device was designed to have one DOF and provide a torque 

of 0.3 Nm on the wrist joint in the flexion direction. The final prototype was able to 

produce torques around 0.32 Nm in 3.9s. Using a PID controller, the system could track 

a 0.1Hz with an amplitude of 10 N during actuation very closely, but during the relaxation 

time, the error increased due to the slow response time during the cooling down phase. 

The group of Saharan et al. [60] designed iGrab, an ergonomic orthotic device powered 

by TCPs, to assist flexion and extension movement of the fingers. The prototype 

comprised 3D printed parts and sewn parts with artificial tendons routed from the fingers 

to the wrist using polytetrafluoroethylene (PTFE) pipes. The tendons were connected 

with a metallic ring to the TCPs mounted on a forearm bracelet. The TCP muscles were 

wrapped around frictionless pulleys to utilize long actuators. Furthermore, to improve the 

energy consumption, the extension motion was facilitated with the help of rubber strips. 

When a 0.6 A step signal was applied to the TCPs, the fingers were able to reach their 

maximum displacement after 25 s (i.e. the index finger was able to move 40° for the MCP 

joint, 21° for the PIP joint and 11° in the case of the DIP joint). The results were improved 

when a pulsed signal was used, reducing the actuation time from 25 s to less than 5 s.  

Patiño et al. [62] also developed a wearable orthosis for hand rehabilitation movements, 

with a TCP actuator on each finger (Figure 3.8b). The exoskeleton is composed of two 

main parts fitted to the dorsum of the hand and the fingers. The dorsum of the hand was 

composed of five 3D printed plates, of which four are aligned with the fingers and one 

more adjustable plate that serves to fit the device to the user's hand. In the case of the 

fingers, each of them is composed of a silicone tube containing a TCP and a filament 

strain sensor. The TCP inside the finger structure could produce forces of around 3 N 

when a step input of 0.3 A was applied.  
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FIGURE 3.8 EXAMPLES OF SWRR BASED ON TCP, A) MENRVA GROUP SWRR FOR WRIST. REPRODUCED 
WITH PERMISSION. [63] COPYRIGHT 2016, IEEE). B) UNIVERSIDAD IBEROAMERICANA SWRR FOR HAND. 
REPRODUCED WITH PERMISSION. [62] COPYRIGHT 2018, IEEE). 

Shape Memory Alloys 

SMAs are metallic materials that use the memory effect property to generate motion. The 

shape memory property is defined as the material's property to recover a previously 

described shape when an external stimulus is applied. Nickel-Titanium alloys are the 

most popular SMAs, and they recover their original "memorized" shape after being 

deformed when heated above their transformation temperature [283, 335] . SMA can be 

used as single fibres (Figure 3.9a) or as springs (Figure 3.9b) to generate linear 

displacement. SMA elements are generally heated through the Joule effect, where an 

electric current is applied to the SMA actuator. However they present a high thermal 

hysteresis between the transition that occurs from martensite (low temperatures) to 

austenite (high temperatures) and the one occurring from austenite to martensite [336] 

(Figure 3.9c). When using a model is essential to take into consideration the nonlinear 

hysteresis properties of the material as the system's behaviour in both phases is 

different. [316, 337].  

Zhang et al. [316] propose a sigmoid-based hysteresis model for single SMA fibre where 

he introduce two different sigmoidal curves representing the major hysteresis properties: 

𝑦𝑦 =  
𝑘𝑘 (𝜎𝜎,𝑓𝑓)

1 + 𝑒𝑒−𝑎𝑎+(𝜎𝜎,𝑓𝑓)[𝑢𝑢−𝑟𝑟+(𝜎𝜎,𝑓𝑓)]  𝐹𝐹𝐹𝐹𝐹𝐹 𝑢̇𝑢 ≥ 0 
(3.7) 

𝑦𝑦 =  
𝑘𝑘 (𝜎𝜎,𝑓𝑓)

1 + 𝑒𝑒−𝑎𝑎−(𝜎𝜎,𝑓𝑓)[𝑢𝑢−𝑟𝑟−(𝜎𝜎,𝑓𝑓)]  𝐹𝐹𝐹𝐹𝐹𝐹 𝑢̇𝑢 < 0 
(3.8) 

Where 𝑢𝑢 is the input voltage, 𝑦𝑦 is the output displacement. 𝑘𝑘, represent maximum 

displacement. 𝜎𝜎, signifies the prestress applied to the fibre. 𝑓𝑓, denotes the driving 

frequency. 𝑎𝑎+/− and 𝑟𝑟+/− represent curve slopes and voltage values at peak 
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transformation of martensite to austenite and austenite to martensite. Besides, the 

hysteresis gap can be represented by ∆𝑟𝑟(𝜎𝜎, 𝑓𝑓), which is defined as follow:  

∆𝑟𝑟(𝜎𝜎, 𝑓𝑓) = 𝑟𝑟+(𝜎𝜎, 𝑓𝑓) − 𝑟𝑟−(𝜎𝜎, 𝑓𝑓)  
 

(3.9) 

 

In order to compensate for the minor hysteresis properties two suitable scaling factors 

𝛽𝛽+/− (where 𝛽𝛽+/− ∈ [0,1] ) are introduced. Hence Equations 3.7 and 3.8 can be rewrote 

as: 

 

𝑦𝑦 =  𝛽𝛽+
𝑘𝑘 (𝜎𝜎, 𝑓𝑓)

1 + 𝑒𝑒−𝑎𝑎+(𝜎𝜎,𝑓𝑓)[𝑢𝑢−𝑟𝑟+(𝜎𝜎,𝑓𝑓)]  𝐹𝐹𝐹𝐹𝐹𝐹 𝑢̇𝑢 ≥ 0  

 

(3.10) 

𝑦𝑦 =  𝛽𝛽−
𝑘𝑘 (𝜎𝜎, 𝑓𝑓)

1 + 𝑒𝑒−𝑎𝑎−(𝜎𝜎,𝑓𝑓)[𝑢𝑢−𝑟𝑟−(𝜎𝜎,𝑓𝑓)] + (1 − 𝛽𝛽−)𝑘𝑘 (𝜎𝜎, 𝑓𝑓) 𝐹𝐹𝐹𝐹𝐹𝐹 𝑢̇𝑢 < 0  

 

(3.11) 

 

For SMA springs, Koh [337] introduced a model derived by combining the conventional 

coil spring equation and a large deformation term for the austenite (3.12) and martensite 

(3.13) phases, respectively: 

𝐹𝐹𝐴𝐴 =
𝐺𝐺𝐴𝐴𝑑𝑑4

8𝐷𝐷3𝑛𝑛
�

𝑐𝑐𝑐𝑐𝑐𝑐3𝛼𝛼𝑖𝑖
𝑐𝑐𝑐𝑐𝑐𝑐2𝛼𝛼𝐴𝐴𝐴𝐴(𝑐𝑐𝑐𝑐𝑐𝑐2𝛼𝛼𝐴𝐴𝐴𝐴 +  𝑠𝑠𝑠𝑠𝑠𝑠2𝛼𝛼𝐴𝐴𝐴𝐴/(1 + 𝑣𝑣))

� 𝛿𝛿𝐴𝐴  

 

(3.12) 

𝐹𝐹𝑀𝑀 =
𝐺𝐺𝐴𝐴𝑑𝑑4

8𝐷𝐷3𝑛𝑛
�

𝑐𝑐𝑐𝑐𝑐𝑐3𝛼𝛼𝑖𝑖
𝑐𝑐𝑐𝑐𝑐𝑐2𝛼𝛼𝑀𝑀𝑀𝑀(𝑐𝑐𝑐𝑐𝑐𝑐2𝛼𝛼𝑀𝑀𝑀𝑀 +  𝑠𝑠𝑠𝑠𝑠𝑠2𝛼𝛼𝑀𝑀𝑀𝑀/(1 + 𝑣𝑣))

�𝛿𝛿𝑀𝑀 −
𝜋𝜋𝑑𝑑3

8𝐷𝐷
𝐺𝐺𝑀𝑀𝛾𝛾𝐿𝐿𝜉𝜉𝑆𝑆𝑆𝑆   

(3.13) 
 

 

Where the material properties are: 𝐺𝐺, the shear modulus, 𝑣𝑣, the Poisson´s ratio and 𝛾𝛾𝐿𝐿, 

the residual strain. Then the design parameters determined by the user are: 𝑑𝑑, wire 

diameter, 𝐷𝐷, the coil diameter, 𝛼𝛼𝑖𝑖, initial pitch angle and 𝑛𝑛, the number of the coils. Lastly 

the variables are 𝐹𝐹, the force, 𝜉𝜉𝑆𝑆𝑆𝑆, the detwinned martensite volume fraction, that 

changes with temperature and stress, 𝛿𝛿, the displacement and 𝛼𝛼𝛼𝛼, the final pitch angle. 

Subscripts 𝐴𝐴 and 𝑀𝑀 denote the austenite and the martensite, respectively.  

The deformation of the coil can be represented with 𝛿𝛿, 𝛼𝛼𝛼𝛼, 𝛾𝛾. Although this variable are 

dependent variables, combining them complicates the equations. The pitch angle 𝛼𝛼𝛼𝛼 is 

the term that describes the large deformation of the spring, the 𝛿𝛿 is the original spring 

force-displacement and 𝛾𝛾 is the shear strain for the detwinning term. Equations, to 

describes the relationship of these three variables are provided so that they can be 

converted as needed. 𝛼𝛼𝛼𝛼 can be converted to 𝛿𝛿 with Equation (3.14). Also, the final pitch 

angle can be converted to 𝛾𝛾 with Equation (3.15): 
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𝛿𝛿 =
𝜋𝜋𝜋𝜋𝜋𝜋
𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼𝑖𝑖

�𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼𝑓𝑓 − 𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼𝑖𝑖� (3.14) 

𝛾𝛾 =  
𝑑𝑑
𝐷𝐷

𝑐𝑐𝑐𝑐𝑐𝑐2𝛼𝛼𝑖𝑖(sin 𝛼𝛼𝑓𝑓 + 𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼𝑖𝑖)

𝑐𝑐𝑐𝑐𝑐𝑐2𝛼𝛼𝑓𝑓 �𝑐𝑐𝑐𝑐𝑐𝑐2𝛼𝛼𝑓𝑓 +
𝑠𝑠𝑠𝑠𝑠𝑠2 𝛼𝛼𝑓𝑓
1 + 𝑣𝑣 �

(3.15) 

Furthermore the 𝐹𝐹 can be converted to 𝜏𝜏 with Equation (3.16): 

𝜏𝜏 =
8𝐷𝐷𝐷𝐷
𝜋𝜋𝑑𝑑3

(3.16) 

The detwinned martensite volume fraction (𝜉𝜉𝑆𝑆𝑆𝑆) is commonly a function of 𝜏𝜏 and 

temperature. However, to simplify the model 𝜉𝜉𝑆𝑆𝑆𝑆 is modified to be a function of 𝛾𝛾 as 

follows: 

𝜉𝜉𝑆𝑆𝑆𝑆 =  
1
2

cos�
𝜋𝜋

𝛾𝛾𝑠𝑠𝑐𝑐𝑐𝑐 − 𝛾𝛾𝑓𝑓𝑐𝑐𝑐𝑐
 �𝛾𝛾 − 𝛾𝛾𝑓𝑓𝑐𝑐𝑐𝑐�� 

(3.17) 

Where 𝛾𝛾𝑐𝑐𝑐𝑐 is critical strain for detwinning start (𝛾𝛾𝑠𝑠𝑐𝑐𝑐𝑐) and finish 𝛾𝛾𝑓𝑓𝑐𝑐𝑐𝑐, which a property the 

SMA. Summarizing, Equations (3.12) and (3.14) are used to plot the force-displacement 

relationship for the fully austenite phase and Equations (3.13) to (3.15) and (3.17) are 

used to plot the force-displacement relationship for the fully martensite phase. Equations 

(3.14) to (3.16) are used to convert the force-displacement relationship to a shear stress, 

shear strain relationship. 
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FIGURE 3.9 SMA ACTUATORS FUNCTIONING AFTER AND BEFORE APPLYING JOULE HEATING. AS A) WIRES 
OR B) SPRINGS. A) REPRODUCED WITH PERMISSION. [316] COPYRIGHT 2013, ELSEVIER. B) REPRODUCED 
UNDER THE TERMS OF THE CC BY LICENSE. [304] COPYRIGHT 2019. C) TEMPERATURE STRAIN 
RELATIONSHIP OF SMA ACTUATORS (AS = AUSTENITE START, AF = AUSTENITE FINISH, MS = MARTENSITE 
START, MF = MARTENSITE FINISH). REPRODUCED UNDER THE TERMS OF THE CC BY LICENSE. [337] 
COPYRIGHT 2018. 

 

SMAS IN WEARABLES DEVICES 
 

SMAs are superior to mammals' muscles and other AMSM in terms of power density and 

stress, these being as high as 50 W/g and 200 MPa, respectively. Consequently, SMA 

actuators have been successfully used in automotive, aerospace, and biomedical fields 

[338]. However, they have limitations in respect of robotic rehabilitation, and these are 

low efficiency, a small strain range (up to 8 %) and high thermal hysteresis making them 

difficult to control [36, 50, 231]. Nevertheless, SMA is the most used AMSM for 

rehabilitation robots, and it has been used within nine different devices.  

Jayatilake et al. [320] investigated the ability of a device based on spring SMAs to help 

people with facial paralysis recover the ability to make facial expressions (Figure 3.10a). 

The device consisted of a wearable robotic external mask. The mask included six SMAs 

per side, and these were arranged in a specific position to replace or reproduce the face 

muscles' activity. The authors reported that it was possible to generate some facial 

expressions with a contraction of 20 mm, using a feedback controller. However, to create 

complex facial expressions, several SMAs are required. 
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Pittaccio et al. [314, 339] developed SHADE, an ankle orthosis capable of providing 

active and passive exercise for the dorsiflexion movement. The system used an SMA 

wire mounted on an insulated aluminium cartridge with dimensions of 150x20x15 mm. 

Inside the cartridge, the wire was led back-and-forth between two arrays of ten mini-

pulleys, making it possible to store a long wire within a limited space. The prototype 

consisted of two cartridges and two thermoplastic shells hinged at the ankle joint. Later, 

three adult patients tested the prototype. During these trials, the prototype provided 

passive dorsiflexion movements in the range of 0°-23° to all the patients with speeds 

similar to the movement's natural speed. The control signal used during the experiments 

was a square signal with a current injection of 0.7 A for 7 s and a coiling phase of 30 s. 

Zhang et al. [316] proposed using SMAs on an SWRR to assist the ankle dorsiflexion 

movement. To power the SWRR, an actuation unit composed of 2x250 mm SMA wires 

were developed. The system consisted of two parallel units and a bias spring mounted 

in two light-weight thermoplastic shells with articulated joints. To compensate for the 

hysteresis of the SMA, the prototype employed a Sigmoid-Based Hysteresis (SBH) 

feedforward controller with a PID controller. With this control configuration, the system 

was tested by following a sinusoidal signal with a peak-to-peak value of 30° at 0.2 Hz 

and 16° at 1 HZ. The system tracked the signal with a maximum tracking error lower than 

16 % and the root-mean-square tracking error lower than 7.3 % in both cases. 

Regarding plantarflexion at the ankle joint, Koo et al. [317, 318] produced a lower 

extremity SWRR using SMA wire. The system was light, silent and flexible. A prototype 

was built using a multi-layered structure consisting of functional fabrics, seam sealing 

tape, Velcro straps, Teflon tubes, and an SMA cable. The SMA was wrapped around the 

lower limb with both ends of the SMA anchored at the waist, and the middle part of the 

cable was attached to the ankle. The feasibility of the prototype was evaluated using an 

adult-like PVC mannequin. Joule heating was employed to activate the system, and 

when a 1A current was applied, an angular displacement of around 20° (plantar flexion) 

within 0.2 s was achieved.  

For the knee joint, Stirling et al. [313] investigated the use of spring SMA on an Active 

Soft Orthotic (ASO) device. The ASO comprised four sets of actuators on the dorsal 

surface of the knee (to assist flexion) and one set on the frontal surface (to help 

extension). Each group of actuators consisted of four SMA springs with a length of 17.5 

cm. The system was tested on a robotic leg resembling the size and mass of that of a 

four years old child. With the four sets of actuators activated through joule heating, the 

ASO flexed the knee by 34° in approximately 25s. The results were obtained after 

applying a step signal of 0.4 A to each set of actuators.  
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The Carlos III University of Madrid group has published a number of papers concerning 

SWRR actuated by SMA [262, 303, 335, 340, 341]. Recently, a wrist rehabilitation robot 

[303] was designed to assist flexion, extension, ulnar deviation, and radial deviation

movement (Figure 3.10b). The rehabilitation robot consisted of a 3D printed mechanical

structure sewed onto a glove. The device used three SMA wires, one for the extension

movement and a pair to generate the ulnar/ radial deviation movements. A sinusoidal

signal with a frequency of 0.04 Hz and a ROM of -10° to 40° was used to test the flexion-

extension and the radial-ulnar deviation movements. The SWRR was able to track the

extension movement, but it could not follow the signal input during flexion due to the slow

cooling process of SMA. In ulnar/ radial deviation movement, it tracked the whole

movement as it presented an agonist-antagonist structure, improving the performance

compared to a single wire.

Another paper from this research group concerned an elbow SWRR [262] (Figure 3.10d) 

that had two DOFs (flexion/extension and pronation/supination). Each DOF had a pair of 

antagonists SMA actuation units. The units utilized a set of SMA wires encapsulated 

inside a PTFE tube. The number of SMA wires inside the actuation unit differed according 

to the direction of the movement. In the case of the flexion-extension, the actuation units 

were configured with a bundle of three SMA wires 1.5m in length for flexion and two for 

the extension. For the pronation-supination movement, each direction was actuated by 

a single SMA wire with a length of 2 m. To test the device, a sinusoidal signal with an 

amplitude of 100° and a frequency of 0.2 rad/sec was applied while performing a flexion-

extension movement. The device could follow the pattern with an error of less than 4 

degrees. In both devices, to control the contraction of the SMA wires, they used a four-

term Bilinear PID (BPID). The BPID controller is a combination of a standard linear PID 

controller cascaded with a bilinear compensator to counteract the hysteresis behaviour 

of the SMA. 

A group from the Korea Advanced Institute of Science and Technology (KAIST) [300, 

304, 342] has designed SWRRs to assist patients who have difficulty moving the upper 

limb using SMA springs. The first SWRR they developed was a device to assist wrist 

movements [304, 342] (Figure 3.10e). They chose to use single SMA springs to generate 

a high contraction strain. The SWRR consisted of a wearable fingerless glove worn on 

the hand and a wearable strap placed on the forearm. Five actuators were used to 

provide the required movements, three over the forearm and two under the forearm. A 

cooling system pumping mineral oil was employed to improve the speed of the SMA 

springs. The device could provide torques of 1.32, 0.61, and 0.90, and a 0.62 Nm for 

extension, flexion, radial deviation, and ulnar deviation movements. Regarding the ROM 

while the SWRR was worn, it was 33.8°, 30.4°, 21.4°, and 15.4° for flexion, extension, 
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radial deviation, and ulnar deviation, respectively. To achieve a cycling performance of 

0.5 HZ, a step signal of 4 A was applied to the SMA springs during the heating phase, 

while a step signal of 2.7 W was used for the pump during the cooling phase. 

After the wrist device, the KAIST group developed a two DOFs SWRR to assist during 

the elbow's flexion and pronation/supination movements [300]. The device used AM units 

composed of a bundle of four SMA springs inside of a coolant-based vessel containing 

mineral oil. The robot presents three different AM units attached to soft braces to mimic 

the motions of human muscles. One unit is used by itself to assist elbow flexion, while 

the other two are arranged in an agonist/antagonist structure to help with the forearm 

pronation/supination. The device was able to provide torques up to 3.2 Nm with a ROM 

in the range of 60° to 150° for the flexion movement. Meanwhile, for the 

pronation/supination, the ROM was from -26.7° to 26.7° with a torque up to 0.5 Nm. The 

result from the forearm was obtained by applying a current of 1.5 A for 10 s in ambient 

temperature. 

Finally, KAIST developed a four-bar linkage-based SWRR to assist with shoulder 

abduction [59]. An actuator was designed to generate the required forces using a bundle 

of 14 SMA springs. Each actuator produced an output force of 270 N when the actuator 

was stretched by up to 150 %. The system consisted of a four-bar linkage-based 

supported hinge and an actuator unit. Where the four links are constructed by the arm, 

the torso and two extra 100 mm and 200 mm connected linkages. Furthermore, the 

actuator was placed in the middle of the 200 mm link and the upper arm. With this 

configuration, the mechanism could produce assistive torque up to 10.1 Nm and a ROM 

of 90° during shoulder abduction. An electrical current of 1.5 A was supplied to each 

spring to activate the device. The effect of assistance was evaluated by measuring and 

analysing the difference in the EMG activity between assisted and unassisted activity. 

However, there were no significant differences between the two conditions.  

At the Korea Institute of Machinery and Materials, Park et al. [301, 343] presented a 

SWRR made of fabric muscle with a cooling acceleration structure for elbow extension 

assistance (Figure 3.10c). The device is actuated by fabric muscle that consists of SMA 

spring bundles, conductive fabrics, cover fabrics, and electrical wiring. Furthermore, to 

improve the cooling rate of the fabric, two small fans are attached to each piece of fabric. 

The final exosuit consists of a shoulder anchor, forearm anchor, two overlapped biceps 

fabric muscles, one triceps fabric muscle, battery, and controller (with a total weight of 

0.57 kg). The biceps fabric muscles were set on an agonists-antagonist configuration to 

improve the system's speed. Furthermore, when the fans were used, the system could 

contract 47 mm (26 % strain) and generate a force of 80 N while flexing the elbow in 5 
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s. This was achieved by applying 10 A to the bicep’s fabric for 3 s and fan cooling and

activating the triceps fabric (10 A) for 3 s.

FIGURE 3.10 EXAMPLES OF SMA BASED SWRR. A) ARTIFICIAL INTELLIGENCE LABORATORY SMILE RECOVERY 
DEVICE. REPRODUCED WITH PERMISSION. [320] COPYRIGHT 2008, IEEE. B) CARLOS III UNIVERSITY OF 
MADRID WRIST DEVICE. REPRODUCED WITH PERMISSION. [303] COPYRIGHT 2018, IEEE. C) KOREA 
INSTITUTE OF MACHINERY AND MATERIALS ELBOW ROBOT. REPRODUCED UNDER THE TERMS OF THE CC BY 
LICENSE. [301] COPYRIGHT 2022. D) CARLOS III UNIVERSITY OF MADRID ELBOW SWRR. REPRODUCED 
UNDER THE TERMS OF THE CC BY LICENSE. [262] COPYRIGHT 2019. E) KAIST WRIST SWRR. REPRODUCED 
UNDER THE TERMS OF THE CC BY LICENSE. [304] COPYRIGHT 2019. 

Other Smart Materials 

While those materials presented above have been utilized for SWRR, there are other 

materials that had been highlighted as possible option in previous papers [282, 344], like 

IPMC [345], Hydraulically Amplified Self-healing Electrostatic (HASEL) [344] and SMP 

[346] that presents attractive properties as they have been use in similar applications

(grippers, robotic hands, or as compliance mechanism inside a rehabilitation robot).

However, their current limitations prevent their use on SWRR.

IPMCs are EAPs made by coating a thin sheet of ionic polymer with metal electrodes. 

When an external electric field is applied, ions of the same charge begin to move from 

the anode to the cathode. As a result, the system undergoes a fast-bending deformation, 

followed by a slow relaxation [347, 348] (Figure 3.11a). They have compelling 

advantages, such as efficiency, low working voltage (1-5 V), high working frequency up 

to 100 HZ, and considerable strain up to 40 %. Nevertheless, they present some 
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problems, such as relaxation under direct current (DC) voltage, low power density (0.02 

W/g) and solvent evaporation that complicate their use in not watery environments [50, 

349, 350]. He et al. [351] developed a microgripper using an air-operating IPMC actuator 

with consecutive channels. However, under this environment the actuator by itself was 

only able to produce a strain of 0.44 % and a force of 12.06 mN at 1 Hz using 5v input 

which is lower than what skeletal muscles can generate. Nevertheless, the actuator 

proved its functionality operating on air, as it was used on a microgripper (0.14 g) that 

was able to pick up and transfer a nut (0.656 g) 4.69 times its own weight (Figure 3.11b).  

 

 
FIGURE 3.11 A) IPMC ACTUATOR BENDING IN RESPONSE TO AN ELECTRICAL INPUT WITH OPPOSITE 
POLARITIES (LEFT AND RIGHT) AND AT REST (MIDDLE). REPRODUCED UNDER THE TERMS OF THE CC BY 
LICENSE. [348] COPYRIGHT 2019. B) AIR-OPERATING IPMC SOFT GRIPPER ASSEMBLED WITH A MOBILE 
MECHANICAL ARM. REPRODUCED WITH PERMISSION. [351] COPYRIGHT 2020, IOP. 

 

Recently introduced, HASEL actuators are fabricated from dielectric liquids filling 

pouches made of polymer films and partially covered by electrodes [352] (Figure 3.12a). 

HASEL actuators behave similarly to DEAs. They generate a Maxwell pressure when 

high voltage is applied, increasing the volume of the pouches and decreasing the length 

of the actuator [353]. Their main advantages for rehabilitation devices are their high linear 

strain (over 24 %) and high bandwidth (126 Hz). Nevertheless, as with the DEAs, their 

main limitation are low stress (<1 MPa) and the high voltage (in the range of KV) required 

to drive them [354]. To understand the advantages and disadvantages of the HASEL 

actuator in rehabilitation robots, Yoder et al. [355] compared the HASEL actuator with 

DC motors, activating the Bebionic v2 Prosthetic hand (Figure 3.12b). In this comparison, 

the HASEL actuator surpassed the speed (HASEL= 1,587 °/s, Motor = 150 °/s) and the 

energy consumption (HASEL= 0.94 mW, Motor =9,200 mW) of the motor. The ROM 

attained was similar in both cases (HASEL=77.17°, DC Motor = 85°). However, the force 

provided by the HASEL actuator was lower than the generated by the motor 

(HASEL=0.91 N, DC Motor = 13 N), and below that required to perform ADLs (Table 3.4).  
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FIGURE 3.12 A) HASEL ACTUATOR SCHEMATIC SHOWN AT THREE DIFFERENT APPLIED VOLTAGES (WHERE 
V1<V2<V3). REPRODUCED WITH PERMISSION. [352] COPYRIGHT 2018, THE AMERICAN ASSOCIATION 
FOR THE ADVANCEMENT OF SCIENCE. B) AN ARRAY OF PEANO-HASEL ACTUATORS, DRIVING A CUSTOM 
PROSTHETIC FINGER. REPRODUCED UNDER THE TERMS OF THE CC BY LICENSE. [355] COPYRIGHT 2020. 

 

Like SMA, SMP can recover a predetermined shape after certain stimuli are applied, 

such as light, moisture, electricity and heat [356, 357] (Figure 3.13a). Due to their 

versatility of activation to different stimuli and the possibility of being produced from 

biodegradable materials, SMPs have been used in different biomedical applications such 

as drug delivery, self-tightening sutures, stents and cellular surgery [358]. However, in 

the field of rehabilitation robotics, even though they have a high strain, which is a 

desirable feature (>10 %), they are still not used because they present the problem of 

low stress (1-3 MPa) and slow recovery response (<1Hz) [50]. An example of 

incorporation of this technology into rehabilitation set up is the soft facial rehabilitation 

robot developed by Firouzeh et al. [346]. They incorporate SMPs into a soft robot 

actuated by a cable driven system to improve the compliance of the system. The 

prototype had five points of actuation which each of them incorporate an SMP to control 

the stiffness (Figure 3.13b). The multiple DOFs presented by the robot allowed for initial 

reconfiguration and activation of different movement patterns depending on the needs of 

each patient and training. Nevertheless, the switch between different training position 

was time consuming (≈ 10 s) due to the slow transition of the SMP.  
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FIGURE 3.13 A) PHOTO-THERMAL EFFECT ORIGINATES FROM THE THERMAL ENERGY PRODUCED BY A 
BZT/HDPE FILM AFTER EXPOSURE TO A UV LIGHT. REPRODUCED WITH PERMISSION. [357] COPYRIGHT 
2020, ELSEVIER. B) EXPERIMENTS USING A SINGLE ROBOT FINGER FOR PERFORMING THE INITIAL 
RECONFIGURATION UTILIZING A SMP. REPRODUCED WITH PERMISSION. [346] COPYRIGHT 2017, IEEE. 

3.6.3 SWRR based on AMSM Limitations 

AMSMs have outstanding flexibility and are light-weight, making them a promising choice 

to power the next generation of compliant rehabilitation robots. However, the use of these 

materials is still at the early stage of development, and the devices employing them have 

fundamental limitations that prevent their successful application. 

Most of the robots utilizing AMSM were unable to generate the ROM to perform ADLs. 

For instance, this problem is related to the limited strain that most AMSM can produce, 

which is under the skeletal muscle's typical strain (20 %). Another requirement that is 

influenced by the actuator's strain is torque. As the displacement generated by the 

actuators is linear, and the robots require angular displacements, making the necessary 

structures to transform linear to angular displacements can lead to a loss of force in the 

transition. Nevertheless, the main factor in producing the desired torque is the force 

generated by the AMSM. Concerning the required torque, most of the devices could 

produce the necessary torque to move the limb against gravity, except for the elbow 

developed by Behboodi et al. [263]. Therefore, most of the evaluated AMSM can 

generate enough force to be used on wearable robots, except for DEAs that can not 

deliver high forces with small actuators. 

The biggest obstacle for devices based on AMSM seems to be the actuation speed, as 

most of the reported frequencies and angular velocities were far from the required for 

ADLs (Tables 3.1-3.7). However, a possible option would be to use them for rehabilitation 

therapies where the required speeds to perform the exercises are slower, usually under 

100 °/s and frequencies below 0.2 HZ [234, 359-361]. This limitation could also be related 

to the mathematical models that explain the actuation principles of the AMSM. As the 
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different technologies suffer from different problems like non-linearity, hysteresis, and 

electro-mechanical instability that are difficult to model. The mathematical models are 

necessary to develop robust control strategies required for high-performance 

applications [53, 336, 362]. Hence, most of the evaluated devices used open-loop control 

schemes toggling between two different predefined levels to alter the length of the 

AMSM. 

Generally, it is possible to categorize the current AMSM for SWRR into two categories 

EAPs (DEAs and PVC gels) and thermally activated actuators (SMAs and TCPs). These 

two groups of actuators translate their limitation into the SWRR. The EAPs present a 

high actuation speed but low forces (high angular velocity/frequency but low torques). 

Contrary to the thermally activated actuator that shows low speeds but high forces (low 

angular velocities/frequency but high torques). Furthermore, the strain seems to be a 

general limitation (restrict ROM). Nevertheless, these constraints could be lessened with 

a proper design of the SWRR, as will be explored in the next section. 

3.6.4 Artificial Muscles enhancements technics 

Although some SWRRs has initially demonstrated their potential as an assistant 

rehabilitation tool, all of them have been used in experimental setups in the laboratory 

environment only. New materials vary in their ability to meet the biomechanical 

requirements to be useful in the clinical setting. However, SWRRs made of AMSM show 

great potential for rehabilitation, thanks to their inherent compliance and light-weight. 

Currently, an AMSM covering all the essential characteristics to behave like the skeletal 

muscles does not exist (Table 3.9). However, some of the deficiencies in smart materials 

can be remedied through the SWRR design. 

The required torque depends on two different aspects, the generated force and the lever 

arm. In the case of force, SMA is the best material to generate forces, unlike DEAs that 

struggle to generate high forces. To overcome this limitation, the most used strategy is 

to employ bundles of actuators that generate the required force [59, 63, 262, 307]. An 

alternative to increase the torque is to use a larger lever arm. Nevertheless, this strategy 

presents the drawback that the lever arm length negatively influences the ROM 

generated by the AMSMs linear displacement [294, 316]. The relation of torque and 

linear displacement with relation to the lever arm could be expressed: 

�∆𝑙𝑙 = 𝑎𝑎 sin∆𝜃𝜃
𝑇𝑇 = 𝐹𝐹𝐹𝐹 

(3.18) 

Where ∆𝑙𝑙, is the required linear displacement of the AMSM, 𝑎𝑎 the lever arm, ∆𝜃𝜃 angular 

displacement of the joint, T torque and F is the force. 
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The linear displacement is related to the strain of the AM. This is another aspect that 

limits the use of AMSM, as they usually have decreased strain compared to skeletal 

muscles (< 20 %). However, thanks to their flexibility and softness, it is possible to place 

long actuators in small spaces, allowing the device to attain the required displacement 

without impacting the actuator's performance [60, 314]. For SMA, another option to 

increase the strain is to fabricate springs made of single wires, similar to TCP, when 

coiled around a mandrel, with the disadvantage of reducing the generated force [313, 

363].  

In the case of the speed of the motion, it is mainly related to the frequency of the AMSM. 

DEAs and PVC gel actuators surpassed the frequencies observed in skeletal muscles. 

In contrast, TCP and SMA actuators experience frequency as the main limitation. The 

lower frequency of this technology is related to the slow cooling time of the actuators. To 

improve the speed of the system, actuators with small diameters with lower thermal mass 

could be utilized as they cool faster [318, 334]. Alternatively, one could use external 

cooling systems [342, 364], but they introduce two issues: increases in weight and power 

consumption of the device. 

In general, to improve the performance of the actuators is necessary to implement 

closed-loop control strategies that allow the system to provide faster, accurate and 

efficient responses [60, 262, 332]. Applying these closed-loop control strategies usually 

requires different sensors to read external variables like position and force. Nevertheless, 

one of the advantages of AMSM is that they present self-sensing properties, allowing for 

more compact designs as they can be used as sensors and actuators simultaneously 

[365-367]. 
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Table 3.9 Comparison of Artificial Muscles properties 
Device Actuator 

technology 
Strain 

[%] 
Force 

[N] 
Stress 
[MPa] 

Frequency 
[Hz] 

Size (Length and area or 
diameter) 

Human Body [231] Skeletal 
Muscles 

20 N/A 0.1 20 Maximum N/A 

Korea Institute of 
Machinery and Materials 
[301] 
(2022) 

SMA 
(spring) 

50 0.2 N/A 23.4 s L: 26 mm 
DSMA:0.08 mm 
DSpring:0.44 mm 

KAIST [59] 
(2022) 

SMA 
(spring) 

N/A 19.28 N/A N/A L: N/A 
DSMA:0.5 mm 
DSpring:2 mm 

 University of Delaware 
[322] [263] (2020)

DEA 5 10 0.0346  < 100 L: 39 mm 
A: 17 x 17 mm 

University of Pisa [307] 
(2008) 

DEA N/A 0.33 0.000982 N/A L: 85 mm 
A: 16 × 21 mm 

 Zhejiang University of 
Technology [294] (2017) 

PVC 10 80 0.080 9 L: 200 mm 
A: 0.001m2 

 Universidad 
Iberoamericana 
[62](2018) 

TCP 10 5.4 1.1 ≈ 0.02 L: N/A 
D:2.5 mm 

Bio-robotics and Smart 
Systems Laboratory [60] 
(2017) 

TCP 16 3 2 ≈ 0.04 L:380 mm 
D:1.35 mm 

MENRVA Group [63] 
(2016) 

TCP 15. 0.9 N/A 0.1 N/A 

KAIST [300] (2022) SMA  
(spring) 

90 mm contraction 11.67 N/A N/A L:120 mm (unstreched) 
DSMA:0.5 mm 
DSpring:2 mm 

 Ajou University 
[318](2020) 

SMA  5 10.5 594 ≈ 1 L:800 mm 
D:0.15 mm 



Chapter 3 

88 | P a g e

Table 3.9 Comparison of Artificial Muscles properties (continued) 
Carlos III University of 
Madrid [262] (2019) 

SMA 4 35.6 181.3 ≈ 0.046 rad/sec 
(0.007) 

L:1.5m flexion/extension 
L:2m pronation/Supination 
D:0.5 mm 

KAIST [304] (2019) SMA  
(spring) 

33 10 2 0.5 (cooling system with 
mineral oil) 

L:150 mm 
DSMA:0.5 mm 
DSpring:2.5 mm 

Carlos III University of 
Madrid [303] (2018) 

SMA 5 35.6 181.3 ≈ 0.04 L: 2.2m flexion 
L:1.7m 
Ulnar radial deviation 
D:0.5 mm 

State Key Laboratory of 
Mechanism System and 
Vibration [316] 
(2013) 

SMA 10 13.72 280 > 0.1
(free convection)
5
(cooling system with
water)

L: 220 mm 
D:0.25 mm 

Wyss Institute [313] 
(2011) 

SMA  
(spring) 

≈ 66 5 11 ≈ 0.02 L:175 mm 
DSMA:0.25 mm 
DInnerSpring:0.51 mm 

CNR Institute for 
Energetics and 
Interphases at Lecco 
[314] (2009)

SMA ≈ 3 10 203 ≈ 0.025 L:2.5 m 
D:0.25 mm 

Artificial Intelligence 
Laboratory [320] (2008) 

SMA 20 mm contraction N/A N/A N/A N/A 
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3.6.5 Summary and future developments 
 

The majority of exoskeletons are heavy and bulky, which may cause earlier fatigue or 

damage to the weak muscles of people with physical disabilities [29, 112]. AMSMs have 

emerged as a solution for this problem thanks to their properties of compliance and light-

weight. Nevertheless, they require high voltages and present high-power consumption, 

making necessary the use of cumbersome equipment such as batteries and High-

Voltage amplifiers, which are the main contributors to the final weight of the device. 

Furthermore, the power consumption and the high-voltages are problematic from other 

perspectives. They can limit the device's use time as well as its autonomy. In some 

instances, tethering to a power supply may be required [60], and in the case of the 

voltages, it may pose a safety risk to the users. However, energy storage and energy 

transmission are continually being developed, with improvements in the energy density 

[368, 369] and miniaturization of batteries [370-372], as well as downsized electronic 

systems [355], which will ultimately lead to the implementation of SWWR based on 

AMSM being feasible in the early future. 

A specific problem for the thermal base AMSM (SMA and TCP) is the temperatures that 

they can reach. To generate the maximum force/displacement, they generate 

temperatures over the pain threshold of humans ( 44 °C at the dermal/epidermal 

interface of the skin) [60, 373]. For this reason, is still necessary to research into design 

and materials that help to incorporate the AMs seamlessly into the SWRR that can 

insulate the actuator from the users allowing for comfortable use [317, 374].  

AMSM actuators have some properties exceeding those of the skeletal muscles (e.g. 

SMA generates higher output stress, and DEAs can work at higher frequencies than 

skeletal muscle). However, currently, there is no AMSM that can integrate all the 

properties needed to achieve the body's musculoskeletal movement (e.g. AMSM still 

have a lower strain). Furthermore, there is still a lack of mathematical models that can 

represent all the physical transformations that the actuators present [53, 336, 362]. 

Hence, research on new theoretical models and manufacturing processes that permit or 

use different compounds to improve the performance of AMSM is still needed. 

Based on the data concerning biomechanical requirements related to human movement 

and the current capability of existing devices (Tables 3.1-3.7), it is still challenging to use 

AMSM in SWRR. Nevertheless, using them could be feasible if a proper control strategy 

is implemented and the assistive task is specific and simple [60, 316]. An example is 
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assisting ankle dorsiflexion through the swing phase of gait to help people with "foot 

drop" [72]. This task is in only one plane of motion, does not require fast movement nor 

high forces given the mass of the foot, and the ROM required is relatively small. Another 

possibility to start exploring the use of AMSM is to integrate them into hybrid devices with 

two or more actuation technologies. For instance, it is possible to find devices where the 

primary actuator generates the forces, and the movements are electric motors, with a 

smart material to add compliance to the device [346]. 

3.7 Conclusion  
 
It can be concluded that AMSMs are promising actuators to be used in SWRR. However, 

a better understanding of the minimum biomechanical requirements is necessary to 

design solutions that can provide a reasonable level of assistance to specific tasks. It 

seems logical to address relatively simple tasks first before moving toward more complex 

multi-faceted movements that may require high forces, high angular velocities of joint 

motion with rapid acceleration and decelerations. There is applicability waiting to improve 

the quality of life of the elderly as well as younger individuals with diseases and injuries 

that have left them notably disabled due to muscle weakness. 

3.8 Limitations 
 

The sources analysed in regard to AMSM are limited to their relationship with SWRR. 

Therefore, it is not representative of the whole cohort of AMSM currently available for 

other applications. 

On the other hand, as this work mainly focuses on the functionality and the gap in the 

technology of SWRR based on AMSM, AMs for rehabilitation with better performance 

could exist. 

3.9 Chapter Summary 
 

This chapter presents an exhaustive examination of AMSM technologies were conducted 

for their potential integration into SWRR. Through this evaluation, TCPs emerged as the 

preferred choice, attributed to their noteworthy force generation and linear behaviour. 

The selection of TCPs as the preferred AMSM option partially addresses research 

question two in this study. However, specific properties of TCPs, namely strain and 

temperature, necessitate careful consideration for the optimal functionality of the device. 

These properties are further explored in Chapter 4. 
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Chapter 4 : Artificial Muscles Performance based on TCP-
NiCr Actuators. 

4.1 Preface 

The content of this Chapter is based on the conference article “Artificial Muscles 

Performance based on TCP-NiCr actuators”, published in the proceedings of the 2021 

43rd Annual International Conference of the IEEE Engineering in Medicine and 

Biology Society (EMBC) [375]. All the sections of the article were expanded to provide 

a more extensive content and discussion on the effects of NiCr wire on TCP actuators. 

Given the TCPs inherent requirement for a heat source for activation, a prevalent 

technique involves incorporating a controllable thermoelectric element. This technique is 

executed through two methods: one involves applying a layer of silver paint, while the 

other entails wrapping a resistance wire around the TCP. Notably, the silver paint in the 

first method exhibited a tendency to peel over time, leading to changes in electrical 

properties. In contrast, the metallic wire did not exhibit this issue. 

However, an absence of studies on how the metallic wire affects TCP performance 

prompted further investigation. A comprehensive literature review revealed that 

implementing an embedded wire influences strain. The subsequent Chapter explores the 

impact on strain and thermoelectric response following the embedding of a NiCr wire 

with varying diameters using the same precursor fibre. This investigation aims to 

contribute valuable insights for informed decision-making concerning the size of the 

embedded NiCr wire. 

4.2 Abstract 

Exoskeleton technology has advanced significantly during the last years, providing a new 

variety of solutions to assist or rehabilitate people with physical disabilities. However, the 

current devices rely on the use of rigid robotic. The lack of wearability and portability, 

makes difficult to use them outside of clinical settings. This challenge has driven 

researchers to investigate compliant mechanisms, including soft actuators and AMs. 

TCP is becoming a viable solution to improve exoskeleton technology due to their high 

power to weight ratio, linear behaviour, and considerable strain. A recent introduced 

method to activate the TCP is to use an embedded metallic wire. This work presents an 

experimental setup to study the performance of TCP actuators with different NiCr wire 
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diameters and analyses the strain and the response time under a constant weight and 

applied power. The results could be used as a guideline to design TCP based AMs. 

4.3 Introduction 

In the last decade, exoskeletons have gain interest in the field of healthcare [274]. The 

technology is expected to improve the outcomes from rehabilitation therapies as they 

allow for massed practice and help people during ADLs [33]. However, most of the 

current exoskeleton's reliance on rigid, bulky, and heavy elements (e.g., DC motor) 

makes it difficult to overcome problems related to adaptability, comfort, safety, and 

efficiency that make easy their integration into wearable devices. Consequently, 

researchers started to pay attention to more complaints elements such as soft actuators 

[36]. 

AMs are soft actuators composed primarily of material with low young modulus similar 

to soft biological tissues (104 – 109 Pa) [41]. AMs encompasses soft actuators such as 

SMAs, DEAs, and Pneumatic ones. They offer many advantages over conventional rigid 

actuators (e.g., electric motors) like, high power-to-weight ratio, inherent compliance, 

and noiseless operation. Unfortunately, the use of AMs in rehabilitation robots are still at 

the early stage of development. Some drawback specific to each type of AM need to be 

tackled to become widespread [50]. 

Pneumatic, SMA and DEAs are promising solutions. However, they suffer from limitation 

to be used on exoskeletons for rehabilitation. Pneumatic AMs suffer from low portability 

as they need to use compressors or fluid tanks to generate pressure. In the case of 

DEAs, they are limited by the required high voltage power and manufacturing processes 

that are currently unable to produce a reliable actuator of a size that can provide valuable 

amounts of power and force. Finally, SMAs, present the problems of low efficiency, high 

thermal hysteresis that makes them hard to control, and a small strain range [50]. 

In 2014, TCP actuators were presented by Haines et al. [56]. TCP actuators are 

fabricated by inserting a twist in precursor fibre while attaching a dead weight at the end 

until it forms a coil structure, followed by heat treatment. TCPs are thermally driven 

actuators with high power to weight ratio like SMA. Nevertheless, in contrast to SMA, 

TCPs present a considerable strain, low hysteresis and low cost [56]. 

TCP can be fabricated by two different methods, auto-coiling and mandrel coiling. Auto-

coiling is the process by which a filament is twisted to the point where it begins to coil 

onto itself. Conversely, mandrel coiling is the practice of wrapping a twisted fibre around 

a shaft or spindle for coiling. Mandrel coiling brings the advantage of larger stroke and 
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the possibility of fabricating TCP able to expand. However, mandrel coiled TCPs 

generate less force [56]. 

 
Table 4.1 Fabrication parameters used by different investigators 

Author Heating 
Method 

Precursor fibre material Precursor fibre 
diameter (µm) 

Strain 
(%) 

Wu et al.[57] Nichrome 
wire 

Nylon 6 fishing line 860 40 

Liu et al. 
[376] 

Copper 
wire 

Nylon fibre 500 9.4 

Chossat et 
al. [377] 

Nichrome 
wire 

UHMWPE braided fibres 200 5.5 

Tang et al. 
[378] 

Nickel 
wire 

Nylon fibre 500 11.4 

Wu et al. 
[379] 

Silver 
Coated 

2-ply Nylon 6,6 conductive 
sewing thread 

850 8-14 

 

In the case of auto-coiling, there are several factors to take into account during the 

manufacturing process, like the material of the precursor fibre, the diameter of the fibre, 

the load applied during the manufacturing process [56], the velocity of the motor during 

the twisting and coiling process and the heating method [380]. Regardless of the heating 

method, most authors active the TCP muscles through Joule heating using silver-coated 

sewing thread [381]. Another option that recently is gaining attention is to use metallic 

embedded wires into the TCP actuators, especially NiCr wire, as it is low-cost and 

accessible [62, 382-384], and therefore a viable solution for AMs in assistive and 

rehabilitations devices. However, this method can affect the actuators’ performance, 

changing the actuator's strain in a wide range (from 5.5% to 40% [377, 385, 386]). For 

the understanding of the muscle behaviour, the fabrication parameters from various 

research groups (Table 4.1) is provided. 

Although the TCP wire embedded manufacturing procedures are well described there is 

a lack of characterization of TCPs performance. Related guidelines for design AMs 

based on TCPs wire embedded has not been described. The main goal of this study is 

to evaluate the strain and the response time of TCPs in relation with the embedded 

metallic wire as the Joule heating element. 

4.4 Muscle fabrication process 
 

The fabrication process follows the one described by Chossat et al. [377]. Nylon fishing 

line was used as the precursor fibre (Mono fishing line 20lb, BURNSCO Ltd., New 

Zealand) with a diameter of 440 µm. The nylon fibres were twisted and coiled along with 

a NiCr wire. For the experiments, different diameters of NiCr wires were used (42-34 

AWG, WIREOPTIM, USA). One side of the nylon fibre was fixed at the end of the output 

shaft of a NEMA17 motor. The other end is set on a slider, with a weight of 250 g (≈20 
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MPa). The NiCr wire was also suspended from the motor shaft but only straightened 

using a small weight (≈1.2 MPa) and were left free to untwist. The fibres were twisted 

and coiled at a slow speed of 250 rpm [380]. The actuator was annealed through joule 

heating using the embedded NiCr wires, using the same weight during the twisting and 

coiling process. The actuator was annealed in five consecutive five-minute-long periods, 

with an annealing power of 0.16 W/cm each period. Between every period, a cooling 

phase of 1 minute was applied. For each NiCr wire diameter. A total of 5 TCP samples 

and an extra double-wire one (TCP 2xAWG42, in Table 4.2), were fabricated. Table 4.2 

provides the properties of each one.  

4.5 Muscle performance testing 
 

All the samples fabricated for the study were tested using a custom made experimental 

test bench, see Figure 4.1 The experimental setup consists of a displacement sensor 

(0d80 15p850, Sick Optex, Ltd. Japan) connected to a current sensor (INA169 Analog 

DC current sensor), an Arduino NANO connected to the computer, and an electrical 

circuit to control the voltage coming from the power supply. The actuator was hanging 

above the sensor, with a weight of 250 g. A square signal of 90 seconds on and 90 

seconds off was applied. The power applied for all the test was equal to 1.5 W for all the 

different TCPs actuators. Furthermore, the temperature for the 1.5 W was measured for 

each sample using a thermal camera (i7, FLIR, USA). 

 
Table 4.2 TCP Muscle fabrication parameters used during this study 

Property TCPAW
G42 

TCPAW
G40 

TCPAW
G38 

TCPAW
G36 

TCP 
AWG34 

TCP 2xAWG42 

Precursor fibre diameter (µm) 440 440 440 440 440  440  
Precursor fibre length 
(mm) 

300  300  300  300  300  300  

Coiled length  
before annealing 
(mm) 

90.1 89.8 89.2 88.4 88.16  91.0  

Coiled length after annealing 
(mm) 

106.64  117.92  111.3 100.1 97.56  108.6 

Total No. of twists 350 346 341 332 329 346 
Annealing current 
(mA) 

100  140  180  220  280  150  

Wire diameter 
(µm) 

63  80  100  127  160  2 * 63  

Resistance 
(Ω) 

148.8  83.56  52.1 30.96  21.26  65.86  

Mass on the wire (g) 0.4  0.7  1.05  1.6 2.5  2 * 0.4 
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FIGURE 4.1 STRAIN TEST TESTBENCH DIAGRAM. 
 

 

4.6 Results 
 

Several performance tests were carried out on all the samples of equal lengths and under 

the same applied power of 1.5 W and load of 250 g. In Figure 4.2, it can be seen the 

contraction of the TCP actuator belonging to each group of different NiCr wire diameter 

after the square signal of 1.5 W were applied. It can be noticed how the contraction is 

reduced with the increment in the wire diameter. The maximum obtained contraction was 

around 14 mm with the NiCr wire diameter of 0.06 mm, and it is reduced gradually with 

the increase of the diameter.  

 Strain is obtained as the relation of the measured displacement Disp, and the fully 

extended TCP under loading Flen, Equation 4.1. The relationship between strain and the 

NiCr wire diameter for the five different samples is plotted in Figure 4.3. The figure shows 

how the strain decrease as the wire increase on the dimeter. However, it is interesting to 

notice how this relation is not linear, and there is a valley between 0.08 mm and 0.10 

mm. 
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𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (%) =
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

∗ 100 (4.1) 

FIGURE 4.2 THE DISPLACEMENT OF DIFFERENT MUSCLE WHEN A SQUARE SIGNAL OF 1.5 W IS APPLIED 
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FIGURE 4.3 STRAIN OF THE TCP MUSCLES THAT FABRICATED WITH DIFFERENT NICR WIRE DIAMETERS. 

Additionally, to the strain analysis of the TCP, the response time of the actuators was 

measured. In Figure 4.4, it notices how the response time is reduced from 0.06 mm to 

0.08 mm, but after this slight reduction in the response time, it starts to increase as the 

wire diameter increases. The temperature was the same for all the different samples 

(around 60 °C) when they reached a stable state after few seconds. 

In order to compare the performance of one single wire against a double wire embedded 

configuration, an extra two wires 42 American Wire Gauge (AWG) TCP set of actuators 

were analysed. The test showed identical properties for each one (TCP 2xAWG42 properties 

described in Table 4.2). From Figure 4.3 and Figure 4.4, it can be seen how the 

performance also declines both in contraction and response time. The behaviour was 

similar to the TCP with the 36 AWG (d=0.1 mm). After applying 1.5 W power, the reached 

temperature was the same as previous experiments (Figure 4.5). 
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FIGURE 4.4 RESPONSE TIME OF THE TCP MUSCLES FABRICATED WITH DIFFERENT NICR WIRE DIAMETERS 

 

  
a) b) 

FIGURE 4.5 THERMAL IMAGE TAKEN 50 SECONDS AFTER POWER ACTIVATION OF A TCP USING A) ONE 42 
AWG NICR WIRE AND B) TWO 42 AWG NICR WIRE.  

 

4.7 Discussion and conclusion 
 

This study provides a pilot guidance for manufacturing reproducible joule heating TCPs 

with metallic embedded wires. The TCPs elaborated with this technique were able to 

reach strains (14 %) comparable with previous joule heating techniques like the use of 

silver coating treads (Tables 4.1 and 4.2). The method followed will allow to fabricate in 

a simple manner TCP actuator made of fishing line and NiCr that are both also accessible 

and inexpensive materials.  
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The study shows how the metallic wire negatively affects the TCP performance, both in 

response time and strain, as the wire diameter increases. It suggests one single thin wire 

configuration could be the option for the design of AMs.  

The strain reduces proportionally to the increment of wire diameter, what could be related 

with the increase of the TCP stiffness. To confirm it, further investigation with a larger 

sample range will be required.  

The relations strain, and response-time, against wire diameter, does not seem to be 

linear. In both cases strain (Figure 4.3) and response-time (Figure 4.4), the discontinuity 

occurs at 0.08 mm. Without the 0.08 mm, the system could be approximated with a linear 

equation: 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (%) =  −0.0924 𝑑𝑑𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 18.56 (4.2) 
 

𝜏𝜏 = 0.0054 𝑑𝑑𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 8.8978 (4.3) 
 

Equation 4.2 for strain and Equation 4.3 for response-time respectively. 

As mentioned, the behaviour with two embedded wires was explored as well. It is 

interesting to notice how the two wires 42 AWG TCP behave similarly to the TCP with 

only one 38 AWG. This performance can be explained as the 38 AWG have a cross-

sectional area (0.0079 mm2) similar to the sum of two 42 AWG cross-sectional area (0. 

0.003147 mm2 * 2 = 0.006294 mm2). Furthermore, the resultant resistance of the TCP 

was also similar, around 65 Ω for the two 42 AWG TCP, and around 50 Ω for the TCP 

with the 38 AWG wire. Consequently, the use of two embedded wires could be seen as 

using a single wire with a double-cross section area. 

According to: 

𝑃𝑃 =
𝑉𝑉2

𝑅𝑅
 

(4.4) 

 

The use of a high resistance value could make the necessary voltage to power the 

system higher than the standards of batteries (from 1.5 V to 24 V). This constrain 

indicates that it could be necessary either to implement an extra electric circuit, to 

increase the nominal voltage value, or to optimize the diameter in the design process of 

AMs for specific applications (for instance, portable and/or untether rehabilitation robotic 

devices).  
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Although this study has it owns limitations and only one diameter of precursor fibre was 

used, it provides a pilot guideline for the design of AMs with TCPs for rehabilitation robotic 

devices. To better understand the relationship between the metallic wire and the 

performance of TCPs, the use of different precursor fibres of different sizes will be 

required. The size of the precursor fibre is an important characteristic to consider as it is 

tied to the force and response time that the final TCP actuator can reach [334]. Further 

research is needed to obtain a relation between the size of the precursor fibre, the 

metallic wire diameter, and how these variables affect the strain and response-time of 

the TCPs AMs. 

4.8 Chapter Summary 

The outcomes presented in this chapter indicated that a reduction in the thickness of the 

embedded NiCr wire, compared to the precursor fibre, resulted in an observable 

enhancement in strain. However, it is essential to note that while strain is indicative, it 

does not directly correlate with angular displacement, as angular displacement depends 

on linear contraction (contingent upon the actuator length and strain) and design 

parameters of the SWRR, as seen in Chapter 3. By synthesizing the insights gained from 

previous Chapters 3 and 4, it becomes feasible to address research question two. The 

exploration in Chapter 5 will commence by addressing research question three. 
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Chapter 5 : Improved Performance in Temperature and 
Speed of TCP Artificial Muscles for Soft Wearables Robots 
by Length Modification 
 

5.1 Preface  

The content of this Chapter is a copy of the article “Improved Performance in 

Temperature and Speed of TCP Artificial Muscles for Soft Wearables Robots by Length 

Modification”, published in the journal Smart Materials and Structures [387]. 

In Chapter 5, enhancements are introduced to augment the operational speed and 

temperature management of TCPs by leveraging two distinct properties: 

(a) the first entails the enlargement of the TCP fibre,  

(b) while the second involves the integration of a PID controller.  

Despite extensive exploration of various fibre characteristics in the existing literature, 

such as the force generated by a thicker actuator, the influence of polymer material on 

response time, and the impact of tension in the manufacturing process on strain, the role 

of actuator length has remained largely unaddressed. Drawing on insights from research 

on other AMSMs, wherein length has been employed to enhance displacement in cases 

where strain is constrained, this Chapter delves into exploring the impact of actuator 

length on TCP actuators. Moreover, the extension of actuator length opens avenues for 

employing displacement offset to enhance speed. However, it is imperative to implement 

a control strategy for accurate tracking of the required displacement at the utilized 

speeds. Consequently, the following article focuses on implementing an offset technique 

with a PID controller and evaluates the role of actuator length in this context. 

5.2 Abstract 
 
AMs provide a unique solution for Wearable Rehabilitation Robots (WRRs) because they 

are compliant, compact, and lightweight. TCPs are AMs from thermally activated polymer 

fibres. They present high power density, linearity, stress and strain compared to other 

AMs. Nevertheless, as TCPs require heat to start, their main barrier for widespread use 

in WRRs are their slow reaction times and the high temperatures they reach. Previous 

studies have analysed different parameters, like fibre material, fibre diameter, and 

various cooling systems, to improve TCP frequency response and working temperature. 
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Nevertheless, the length of the actuator has not been explored as a possible parameter 

to enhance the actuation performance in this regard. 

This work focuses on studying the behaviour of TCPs with different lengths and how the 

performance in frequency response and temperature can be improved using the length 

as a primary parameter, as they are critical for wearable robots. First, a characterisation 

of the TCPs was performed. Then, a method to improve frequency response, based on 

offsets on long actuators was implemented and validated using a chirp signal. The 

experimental results show that the mechanical characteristics are similar regardless of 

the actuator’s length. They reached a strain of 10 % with a power of 0.16 W/cm. However, 

the electrothermal properties changed as the power needed to increase temperature was 

higher when the actuator was enlarged. Therefore, an improvement in the required 

temperature was found, able to reduce the temperature with the same frequency 

response. Regarding the technique to enhance the speed of the actuator, it was possible 

to increase the frequency by 0.0006 Hz for each mm applied as an offset. Hence, the 

frequency response for the same displacement was increased linearly as the actuator 

was elongated. 

5.3 Introduction 
 

People with a physical disability caused by conditions like CP, Stroke, Muscular 

Dystrophy, or ageing; face reduced quality of life due to limited mobility and 

independence [262]. The standard rehabilitation therapies used to manage the 

musculoskeletal system’s deterioration and improve or maintain physical ability, include 

physiotherapy [37]. These therapies often involve intensive stretching and strengthening 

exercises facilitated by the physiotherapist to improve motor skills [8]. These 

interventions are often highly labour-intensive and challenging to perform [13].  

During the last decade, WRRs have gained popularity in rehabilitation [274]. WRRs are 

expected to improve the outcomes of rehabilitation therapies as they allow for mass 

practice with reduced intervention of the physiotherapists and help people during ADLs 

[33]. However, most current WRRs use electric motors and rigid links to actuate them 

and often have heavy and bulky designs that are difficult to wear outside clinical facilities 

safely [29]. Consequently, researchers started to develop SWRR through the use of 

more compliant elements such as AMs [36] like SMAs [262], DEAs [263], pneumatic 

[233], and TCPs. 

TCPs are AMs fabricated by inserting a twist in precursor polymer fibre while attaching 

a dead weight at the end until it forms a coil structure, followed by heat treatment [56]. 
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To activate the TCPs is necessary to use an external source of heat as they are made 

of plastic thread. One option is to utilise joule heating by applying an electric current 

through a conductive heating element embedded into a TCP, such as metallic wires (e.g., 

Nichrome wires). This method presents the advantage of making the actuators 

electrically controllable [57, 58]. In comparison to other AMs, TCPs stand out due to their 

high power density (27 W/g), high stress (10 MPa), large strain (21%), and linear 

behaviour with low hysteresis [50]. Nevertheless, they suffer from low frequencies (< 1 

Hz) and high temperatures (> 65 °C), all critical aspects for SWRR [50, 59, 60]. 

For SWRR applications, there are biomechanical considerations that need to be fulfilled, 

like torque/force, ROM/displacement, and velocity/frequency [273, 286]. Due to their 

advantages, TCPs have gained attention in the SWRR area, as they present high forces 

and strains. However, they still require improvements in their overall performance as it 

is still not optimum for the SWRR applications. The main drawbacks are the frequency 

response and the working temperature. 

To overcome these drawbacks, researchers have investigated how different TCPs 

parameters and techniques impact the actuators’ frequency response and working 

temperature to be used on SWRRs. Hiraoka et al. [388] used hard linear low-density 

polyethene (LLDPE) fibres to improve the operating temperature. Haines et al. [334] 

demonstrated that the response time depends on the fibre diameter. Yip et al. [332] used 

a closed-loop control strategy to improve the speed of the fibres during the heating 

phase. Edmonds et al. [389] showed how an active cooling system can increase the 

maximum frequency where the TCPs can work. 

Even if length is one of the primary parameters to consider when designing an 

application, there is no literature exploring the use of length to improve the response time 

and temperature of the TCPs. Therefore, this article explores how different lengths 

impact the actuator’s temperature and response time behaviour. Furthermore, a new 

methodology is presented to improve the TCP frequency response based on the 

actuator’s length without using external cooling systems. 

This work is divided into four parts: the first one, Section 5.4, aims to investigate the 

length impact on the TCPs behaviour by using TCPs of three different lengths (75, 180 

and 295 mm) in isotonic contraction (i.e., the muscle contract generating a 

displacement). The second part, Section 5.5, implements a methodology to improve the 

frequency response and manage the operational temperature base on the length of the 

actuator and a PID displacement control. Then, Section 5.6 discusses the advantages 

of longer fibres in SWRR. Finally, a conclusion is presented in section 5.7. 
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5.4 Actuator Characterisation 

An isotonic contraction test was applied to the TCPs to characterise the actuators and 

understand their properties in force, strain, response time and temperature, as they are 

the main requirements for SWRR. 

5.4.1 Materials and Methods 

The TCP actuators to be analysed were fabricated similarly to the process described by 

Chossat et al. [377]. 1.25 m Nylon fishing line was used as the precursor fibre (Trilene 

Big Game fishing line 50 lb) with a diameter of 700 µm. The nylon fibres were twisted 

and coiled along with a 36 AWG (127 µm) NiCr 80 wire (Fogslord). One side of the nylon 

fibre was fixed at the end of the output shaft of a NEMA17 (T-Trees Technology) motor. 

The other end is on a slider weighing 800 g (≈20 MPa). The NiCr wire was also 

suspended from the motor shaft but only straightened using a small weight of 1.6 g (≈1.2 

MPa) and was left free to untwist. The fibres were twisted and coiled at a slow speed of 

250 rpm [380]. The embedded NiCr wire generated joule heating for the annealing 

phase. The annealing process involves applying five consecutive five-minute-long 

periods with an annealing current of 240 mA each. Between every period, a cooling 

phase of 1 minute was used.  

After this process, TCPs with an average length of 330 mm were obtained (Figure 5.1a). 

They were manually trimmed into three sizes of approximately one-quarter, two-quarters, 

and three-quarters of the initial measurement. They resulted in actuators with a length of 

75 mm, 165 mm, and 250 mm. Then the outcoming actuators were clamped with 

insulated male spade electric terminals, reducing the functional area by 10 mm as each 

electrical terminal required 5 mm to be crimped (Figure 5.1b). The final active lengths of 

the TCPs were 65 mm, 155 mm and 240 mm with resistance values of 25 Ω, 59 Ω and 

92 Ω respectively, meaning that all of them present a resistivity ρ ≈ 0.38 Ω/mm. The 

relation between length and resistance can be described with a linear approximation: 

𝑅𝑅 = 0.38281 × 𝐿𝐿 − 0.0305  (5.1) 

where R is the resistance (in ohms), and L is the actuator’s length (in mm). 
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FIGURE 5.1 TCP ACTUATORS, A) INITIAL ACTUATOR, B) ACTUATORS OF DIFFERENT SIZES WITH SPADE 
ELECTRIC TERMINALS. 

 

Three TCP actuators of each size were manufactured, following the mentioned method. 

All the samples fabricated for the study were tested using a custom-made experimental 

test bench. The experimental setup consists of a displacement sensor (Sick Optex 0d80 

15p850) connected to a current sensor (Texas Instruments INA269), an Arduino NANO 

connected to the computer, and a transistor (Vishay Siliconix IRF540) to control the 

voltage coming from the power supply. The actuator was hanging above the sensor, 

weighing 700 g. Furthermore, the temperature and the power to activate the TCP were 

measured using an NTC thermistor (5K3A1, TE Connectivity) and an extra current 

sensor (Texas Instruments INA269). 

A square signal of 150 s on and 150 s off was applied to obtain the strain and power 

relation. The 150 s was chosen to give enough time to the system to reach a stable 

condition. The experiment was repeated for different current levels ranging from 160 mA 

to 220 mA with increments of 20 mA. After applying the load (700 g), the actuator’s length 

was 75 mm, 180 mm and 295 mm. The loaded lengths were the ones used in the results 

section. Throughout the trial, the TCA temperatures, power consumed, and the weight 

distance from the sensor were logged into a computer using an Arduino NANO with a 

sampling time of 50 ms. This test was performed for every actuator of different sizes. 
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5.4.2 Results 

After performing all of the trials for each different size, the resulting power, displacement, 

and temperature values were obtained (Figure 5.2). The power consumption was derived 

from the applied current and the resistance values of the different actuators. When full 

power was applied to the actuators (1.2 W, 2.8 W and 4.5 W, respectively), the maximum 

achieved displacements were 7.12 mm, 17.1 mm, and 28.9 mm for the 75 mm, 180 mm, 

and 295 mm, respectively. The maximum strain of all the TCP of different sizes was ≈ 

10 % of the initial length. Regarding the temperature (Figure 5.2g-5.2i), the maximum 

average temperatures obtained were 81.26 °C, 80.36 °C, and 76.83 °C for the 75 mm, 

180 mm, and 295 mm TCP actuators, respectively.  

Other interesting information that can be obtained from the data is the rise (𝜏𝜏𝑟𝑟) and fall 

(𝜏𝜏𝑓𝑓) response times of the actuators. This is the average time the actuator takes to reach 

63% of a steady-state value given a step input. For the 75 mm actuators, 𝜏𝜏𝑟𝑟 = 17.98 𝑠𝑠 

and 𝜏𝜏𝑓𝑓 = 14.51 𝑠𝑠. In the case of the 180 mm actuators, the 𝜏𝜏𝑟𝑟 and 𝜏𝜏𝑓𝑓 were 22.59 s and 

16.10 s, respectively. Finally, for the 295 mm actuators, the 𝜏𝜏𝑟𝑟 and 𝜏𝜏𝑓𝑓 were 23.58 s and 

16.49 s. 

 

 
FIGURE 5.2 POWER CONSUMED BY THE ACTUATORS DURING THE ISOTONIC CONTRACTION TESTS A) 75 MM, 
B) 180 MM, C) 295 MM. RESULTANT CONTRACTION FROM THE ACTUATOR DURING THE ISOTONIC 
CONTRACTION TEST D) 75 MM, E) 180 MM, F) 295 MM. REACHED TEMPERATURES FROM THE ACTUATOR 
DURING THE ISOTONIC CONTRACTION TEST G) 75 MM, H) 180 MM, I) 295 MM. 
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The stroke and power levels were calculated for each set of actuators. Then, a linear 

regression was applied to the mean values of each set of actuators to determine a linear 

model. In Figure 5.3a, the linear relation between the applied power in W and the 

generated stroke can be seen. From this relation, it is possible to observe that, 

independently of the length of the actuator, the applied power will generate the same 

amount of stroke. This relation can be represented as (R2 =0.9708): 

𝐷𝐷 = 6.1033 × 𝑃𝑃 − 1.6426  (5.2) 

where D is the generated stroke in mm, and P is the required power in watts. 

Furthermore, the idea remains that the relationship between the stroke and the applied 

power is independent of the actuator length. The TCP length normalised the stroke and 

the power during the experiments (Figure 5.3b), and the following linear relation was 

obtained (R2 = 0.9821): 

𝑆𝑆 = 75.2979 × 𝑁𝑁𝑁𝑁 − 2.6920 (5.3) 

In this case, S is the strain of the actuator, and NP is the normalised power (W/cm). The 

strain of the system is the relation between the initial length (L) of the actuator and the 

generated stroke (∆𝐿𝐿) when activated, expressed in % as follows: 

𝑆𝑆 =
∆𝐿𝐿
𝐿𝐿

× 100 
(5.4) 

FIGURE 5.3 MAXIMUM DISPLACEMENT RELATION WITH RESPECT TO POWER, WITH OVERLAID LINEAR 
REGRESSION, B) NORMALISED TO TCP LENGTH RELATION. 

Regarding the temperature, a linear trend was found between the temperature and the 

applied normalised power (R2 = 0.9624): 

𝑇𝑇 = 326.9759 × 𝑁𝑁𝑁𝑁 + 27.0464 (5.5) 
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Where T is the temperature in °C and NP is the normalised power. Finally, a linear 

relation was found between temperature and strain (R2 = 0.9296): 

 
𝑆𝑆 = 0.2204 × 𝑇𝑇 − 8.2573 (5.6) 

 
With the observed relation (Equation 5.3), it is possible to witness that independently of 

any unit of length, the strain stay the same due to the asymmetric thermal expansion of 

polymer monofilaments [56]. Nevertheless, when it comes to the thermal properties, they 

will change with the length of the actuator [390]. The central values on the electrothermal 

relation (Equation 5.7) are dependent on the length (thermal resistance (𝑅𝑅𝑡𝑡ℎ) and thermal 

capacitance (𝐶𝐶𝑡𝑡ℎ)) (Figure 5.4a). The dependency on length could be seen in Equation 

5.8 and Equation 5.9 as it forms part of the surface area and volume; respectively. 

 

𝐶𝐶𝑡𝑡ℎ
𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

= 𝑃𝑃(𝑡𝑡) −
�𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡) − 𝑇𝑇∞�

𝑅𝑅𝑡𝑡ℎ
  

(5.7) 

 
Where Cth is the thermal capacitance, P is the applied power, 𝑅𝑅𝑡𝑡ℎ is the thermal 

resistance, Ttcp is the surface temperature of the TCP and T∞ the ambient temperature. 

 

𝑅𝑅𝑡𝑡ℎ =
1

𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 𝑥𝑥 (ℎ + 𝜀𝜀𝑡𝑡𝑡𝑡𝑡𝑡  ×  𝜎𝜎 ×  �𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑇𝑇∞�  ×  (𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡2 + 𝑇𝑇∞2))
 

(5.8) 

 
Rth can be calculated using the surface area Atca, the thermal convection coefficient h, 

the emissivity εtcp, the Stefan Boltzmann’s constant σ, and the temperatures generated 

by the TCP 𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡 and the environmental temperature T∞. Moreover  Atca can be calculated 

with: 

 
𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 = 2𝜋𝜋𝜋𝜋𝜋𝜋 + 2𝜋𝜋𝑟𝑟2 (5.9) 

 
Being the 𝑟𝑟 the radius of the TCP cross sectional area and the actuator length 𝐿𝐿 .  

  
𝐶𝐶𝑡𝑡ℎ =  𝜌𝜌 𝑥𝑥 𝑐𝑐 𝑥𝑥𝑥𝑥 (5.10) 

 
Finally, 𝐶𝐶𝑡𝑡ℎ is obtained multiplying the 𝜌𝜌 density, the specific heat capacity c and the 

volume of the sample 𝑣𝑣. 

 

It is possible to see the advantages of implementing long actuators into WRR. It is 

feasible to obtain the same stroke using the same amount of power from a more 

extended actuator rather than a small actuator’s full stroke range and reduce the 

generated temperature from the TCP actuator (Figure 5.4b-5.4d) without increasing the 

time. The main disadvantage of the actuator’s increases in length, is the Rth decrease 
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as the surface area increase (Equation 5.8). The change in Rth will cause an increase in 

power consumption to generate the same temperature (Equation 5.7). Nevertheless, the 

response time will remain similar: 

  
𝜏𝜏 =  𝐶𝐶𝑡𝑡ℎ 𝑥𝑥 𝑅𝑅𝑡𝑡ℎ (5.11) 

 
where is possible to notice from Equation 5.8 and Equation 5.9 that the increased and 

decreased values of 𝐶𝐶𝑡𝑡ℎ and 𝑅𝑅𝑡𝑡ℎ will change in the same linear manner with the length 

of the actuator. 

 
 
 
 
 
 

 
FIGURE 5.4 A) SIMPLIFIED THERMAL MODEL OF THE TCP, CONSISTING OF THE THERMAL CAPACITANCE 𝑪𝑪𝒕𝒕𝒕𝒕, 
THE THERMAL RESISTANCE 𝑹𝑹𝒕𝒕𝒕𝒕, THE TCP SURFACE TEMPERATURE 𝑻𝑻𝒕𝒕𝒕𝒕𝒕𝒕 AND THE AMBIENT TEMPERATURE 

𝑻𝑻∞. TEMPERATURE RELATIONS DURING THE ISOTONIC CONTRACTION TEST. B) TEMPERATURE AGAINST THE 
NORMALISED POWER, AND C) STRAIN VERSUS TEMPERATURE. D) GENERATED DISPLACEMENT WITH THE 
THREE DIFFERENT LENGTHS AGAINST THE TEMPERATURE. 
 

5.5 Displacement Control Implementation 
 

In the previous section, the characterisation of the TCP actuators was performed. 

Furthermore, the advantage of a reduction in temperature using longer actuators was 

found. However, one of the main disadvantages of TCPs is the low frequencies at which 
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they can work (<1 Hz). A strategy to increase the response time could be to briefly apply 

a pulsed signal with high power peaks [48, 57]. However, the continuation of a high-

power pulse will produce an overheating of the actuator, causing it to break or burn out 

[62]. Hence, a control strategy should be applied to avoid overheating the actuator and 

work under safety actuation ranges. However, this strategy can only be used during the 

rising time but not during the falling time, as TCPs are unidirectionally actuated. A 

popular approach to reducing the response time during the falling time is to implement a 

cooling system, decreasing the overall response time, with the constraint of requiring 

external equipment like pumps or fans [332, 389].  

This section investigates a method to improve the actuation speed but using long 

actuators. From the isotonic test in the previous section, it could be seen that length 

impacts the actuation temperature, as it is possible to obtain a more significant 

displacement with a lower temperature. Furthermore, Cho et al. [391] show that the 

falling time in the temperature of the TCPs depends on how different the final 

temperature is from the starting temperature. Moreover, Tang et al. [378] proposed to 

constrain the range of the activation to improve the speed of a crawling robot. 

Considering the previous concepts, a method combining both approaches is presented 

and analysed on how the actuator length could benefit from them and increase the 

frequency without needing an external cooling system. The technique consists of 

actuating a specific displacement using different distance-offsets on the actuators. As 

the actuator lengthens is possible to add more offsets, which will change the actuation 

range in temperatures, and therefore increasing the actuation speed as the cooling time 

is reduced. 

5.5.1 Materials and Methods 
 

After characterising, in section 5.4, the strain production of the actuator in an open-loop 

system, a closed-loop control scheme to operate the displacement output of the actuator 

is provided. Two different experiments were performed to test the response of the 

controlled system. First, a step signal was used to analyse the response time while 

heating, and later a chirp signal was used to analyse the system’s frequency response 

on the proposed control method based on the actuator length. 

The test bench was the same as in the characterisation experiments (section 5.4), with 

two differences. The sensor reading the current across the TCP was removed due to the 

higher power values needed to activate the actuator when the PID controller is on. 

Instead of using the MOSFET as a digital on-off switch, a power Pulse Width Modulation 

(PWM) strategy was implemented (100 ms cycle time). It allows the usage of high-power 
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signals controlled by the microcontroller. The power was constrained to 0.86 W/cm, 

equal to 6.5 W, 16.4 W, and 25.5 W for the 75 mm, 190 mm and 295 mm, respectively. 

The maximum applied power was chosen due to limitations with the power supply at full 

power. 

5.5.2 System Identification  
 
The controller was constructed based on the stroke characterisation experiment results, 

which generated a time-domain relationship between stroke output and the input power. 

The input signal was the maximum applied power for each actuator size, and the output 

signal was the generated displacement. Later, the curves’ pairs were input into the 

System Identification Toolbox in MATLAB, which derived the power–displacement 

transfer functions GPD (s) for each actuator length (Table 5.1). The proposed model by 

Yip et al. [332] was used as the initial guess to find the order of the transfer function. In 

this work, the model was divided into a temperature-force relation, a power-force relation, 

and a force-movement relation.  

First, a temperature-force relation was modelled as a spring and damper model with the 

addition of a linear temperature-dependent term: 

 
𝑓𝑓(𝑡𝑡) = 𝑘𝑘(𝑥𝑥 − 𝑥𝑥0) + 𝑏𝑏𝑥̇𝑥 + 𝑐𝑐(𝑇𝑇(𝑡𝑡) − 𝑇𝑇0) (5.12) 

 

Where f is the force of the system, k is the spring constant, b is the damping coefficient, 

c is the thermal constant, x is the position, x0 is the initial position and ẋ is the speed. 

When the wires are held in isometric tension, the force can be modelled by: 

 

𝑓𝑓(𝑡𝑡) = 𝑐𝑐(𝑇𝑇(𝑡𝑡) − 𝑇𝑇0)  (5.13) 
 

 To obtain the power-force relation, Equation 5.13 is combined with the thermoelectric 

model of the actuators (Equation 5.7): 

 
𝐹𝐹(𝑠𝑠)
𝑃𝑃(𝑠𝑠)

=
𝑐𝑐

𝐶𝐶𝑡𝑡ℎ𝑠𝑠 + 1
𝑅𝑅𝑡𝑡ℎ

  (5.14) 

 
Then to obtain the force-displacement relation can be modelled as a second-order mass-

spring-damper system: 

 

𝑓𝑓 = 𝑚𝑚
𝑑𝑑2𝑥𝑥
𝑑𝑑𝑡𝑡2

+ 𝑏𝑏
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝑘𝑘(𝑥𝑥 − 𝑥𝑥0)  
(5.15) 



Chapter 5 
 

112 | P a g e  
 

 
That will result in the following transfer function: 

 
𝑋𝑋(𝑠𝑠)
𝐹𝐹(𝑠𝑠)

=
1

𝑚𝑚𝑠𝑠2 + 𝑏𝑏𝑏𝑏 + 𝑘𝑘
  (5.16) 

 
Finally, combining Equation 5.14 and Equation 5.16, a third-order system of the following 

form is obtained: 

 
𝑋𝑋(𝑠𝑠)
𝑃𝑃(𝑠𝑠)

=
𝐴𝐴

𝐵𝐵𝑠𝑠3 + 𝐶𝐶𝑠𝑠2 + 𝐷𝐷𝐷𝐷 + 𝐸𝐸
 

(5.17) 

 
A, B, C, D, and E are values derived from the model constants. 

The initial estimation of the system was a third-order transfer function with no zeros. 

However, it was noticed that adding a zero increased the system’s accuracy (Table 5.1). 

Hence the used models were those with one zero. 
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Table 5.1 Frequency domain transfer functions for the power–stroke relationships GPD(s) with one or non-zero for each actuator size 
Actuator size (mm) GPD (no zero) Accuracy GPD (1 zero) Accuracy 
75 0.2815

𝑠𝑠3 + 4.295 𝑠𝑠2 + 1.232 𝑠𝑠 + 0.4748
94.8% 5.947 𝑠𝑠 + 3.119

𝑠𝑠3 + 55.48 𝑠𝑠2 + 13.73 𝑠𝑠 + 0.5228
96.47% 

180 0.0003572
𝑠𝑠3 + 0.162 𝑠𝑠2 + 0.0061 𝑠𝑠 + 5.77𝑒𝑒−5

93.82% 1.326 𝑠𝑠 + 0.1758
𝑠𝑠3 + 7.25 𝑠𝑠2 + 0.8503 𝑠𝑠 + 0.02774

98.98% 

295 0.0003575
𝑠𝑠3 + 0.1514 𝑠𝑠2 + 0.00643 𝑠𝑠 + 5.55𝑒𝑒−5

97.85% 14.53 𝑠𝑠 + 2.132
𝑠𝑠3 + 89.27 𝑠𝑠2 + 11.24 𝑠𝑠 + 0.3366

98.93% 
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5.5.3 Control strategy 
 

When using the transfer functions, a PID controller was tuned using the Control system 

toolbox in MATLAB. Then the closed loop with the PID controller system was simulated 

in MATLAB/Simulink. In particular, special care was taken to minimise the overshoot, 

settling error of the controller, and the necessary power to activate the system, as errors 

of that nature would result in an incorrect application of force to the user, which could 

cause harm. 

Applying the maximum power, the speed to achieve the highest contraction (10 % of the 

initial length) was 7.5 s. However, the values for a reaction time of 1 s equivalent to a 

frequency of 1 Hz were also investigated and applied in the chirp test. As most ADLs 

frequencies are around 1 Hz [61, 302]. According to Table 5.2, the PID values are similar 

for all the different lengths. The values obtained for the 295 mm model were used, as 

this model was the best of the 3 cases obtaining accuracies over 83% when fitting to the 

data. 

Table 5.2 PID controller values 

Actuator length (mm) Speed (s) KP KI KD 
75 7.5 1.394 0.08267 0 

180 7.5 1.309 0.07955 0 

295 7.5 1.484 0.08365 0 

295 1 12.05 4.408 0 

 

After the closed-loop controller was tuned, it was implemented on an Arduino NANO 

microcontroller. Two different tests were performed. First, a step input test was applied 

to determine their performance in controlling the actuator, and then a chirp test was used 

to test the bandwidth of the actuator. 

5.5.4 Results  
 

 Step Response 
 

The step response was applied to the full stroke (a strain of 10 %). Figure 5.5a shows 

the position reference and the output when a step signal was applied for the different 

actuator sizes. It can be observed that the output follows the reference, but the system 

presents an underdamped response. The time from 0 to 10 % of the initial length was 

less than 10 seconds. Contraction time can be minimised by changing the controller 
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gains, but an aggressive control signal will increase the peak power required to produce 

the change. 

Nevertheless, the falling time was the same as the open-loop system and depended on 

the convective air to cool down the system. From Figure 5.5c, it is possible to notice the 

difference between the required power to make a fast movement and the power to 

maintain a steady state. In the case of the steady-state power, once the actuator reaches 

a steady-state, the consumed power is similar to the power required on the open-loop 

system (approx. 1.2 W, 2.13 W and 3.1 W for the 75 mm, 180 mm and 295 mm, 

respectively). The consumed power was calculated as a function of the percentage of 

the duty cycle on the PWM. Figure 5.5d shows the percentage of the PWM duty cycle, 

and it can be noticed that the PWM values are similar for all the sizes. Finally, Figure 

5.5b shows the reached temperatures during the experiments. They were comparable 

to those obtained during the open-loop experiments, with the difference of a faster 

temperature increase at the beginning due to the higher applied energy. Interestingly, in 

any case, the temperature surpassed 70°C-80°C, which were the maximum 

temperatures before the actuator failed. 

 

 
FIGURE 5.5 A) STEP RESPONSE AND B) TEMPERATURE FROM DIFFERENT SIZES OF TCPS WHEN THE PID 
CONTROLLER STRATEGY IS APPLIED. PWM CONTROL SIGNAL EXPRESSED C) IN CONSUMED POWER AND D) IN 
% OF THE PWM. 
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Chirp response  

The benchmarking for the actuator speed using the proposed variable length method 

was performed by applying a linear chirp signal [292]. It consists of a sinusoidal sweep 

signal that varies its frequency over time, which can be expressed as follow: 

𝑐𝑐ℎ𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡) = A sin �2𝜋𝜋 �
𝑐𝑐
2
𝑡𝑡2 + 𝑓𝑓0𝑡𝑡�� (5.18) 

Were 𝑓𝑓0 is the final frequency, A is the amplitude of the sinewave, and c is the chirp rate, 

described by: 

𝑐𝑐 =
𝑓𝑓𝑒𝑒 − 𝑓𝑓0
𝑇𝑇

(5.19) 

where 𝑓𝑓𝑒𝑒 is the final frequency, and T is the time it takes to sweep from 𝑓𝑓0 to 𝑓𝑓𝑒𝑒. 

The sinewave amplitude was 6 mm for testing, making the base displacement 1 mm - 7 

mm. This was chosen to use the whole stroke of the 75 mm actuator. From here, offsets

of 60 mm were applied to the longer actuators. Hence, in the case of the 180 mm,

experiments with a maximum displacement of 7, 13 and 19 mm were performed.

Moreover, with the 290 mm, a maximum displacement of 25 mm was added.

The initial chirp frequency was 0.01 Hz. This frequency was chosen as it is lower than 

0.05 Hz, which is the inverse of the response time of the actuator (τf = 23.58 s). 

Furthermore, the final frequency is equal to 0.1 Hz, near the maximum frequency of the 

controller speed of 7.5 seconds (0.133 Hz). In the case of the final frequency, it was 

chosen to be lower than the inverse of the maximum rate with the controller, as the 

controller only works in the contraction direction, making it slow when cooling down. The 

maximum working frequency for each TCP was established when the actuator lost -3dB 

in amplitude (when the active actuator range was reduced by half) in the frequency 

analysis of the output signal. 

As with the previous experiments, the behaviour of the lower range in the 180 mm and 

290 mm actuators was similar to using a 75 mm (except the maximum temperature), and 

the same applies to the 180 mm to with the 290 mm, meaning that the linear behaviour 

of different lengths is still valid. Due to these similarities, Figure 5.6 presents only the 

result of the 290 mm TCP at various levels. 
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FIGURE 5.6 A) POSITION RESPONSE WITH CHIRP SIGNAL REFERENCE (0.01-0.1 HZ) TO DIFFERENT OFFSETS 
ON THE 295 MM TCP WITH A 7.5 S RESPONSE TIME PID CONTROLLER. B) MAGNITUDE BODE PLOT FOR THE 
295 MM WITH DIFFERENT OFFSETS. C) POWER CONSUMPTION CORRESPONDS TO THE CHIRP TEST RESPONSE 
(0.01-0.1 HZ). D) REACHED TEMPERATURES DURING THE CHIRP TEST. 

After analysing the data of the 190 mm TCP, there was a slight difference between the 

120 and 180 mm offset, and neither reached the -3 dB in amplitude (Figure 5.6a-5.6b). 

Furthermore, during the test, the maximum power was only applied at the beginning of 

the test to reach the offset. After that, the used power was less than half of the maximum 

power (Figure 5.6c). Hence, a new chirp was used, but this time with a maximum 

frequency of 1 Hz, PID values were changed to those that allowed the actuator for 1 s 

reaction times (Table 5.2). In the case of the temperature, as the speed increases, it 

reaches temperatures as if a step signal were applied. This is because the system can 

not respond to those frequencies and starts behaving like a DC voltage signal (Figure 

5.6d).  

Table 5.3 shows the maximum temperature reached during the test, the frequency at -

3dB, and the peak power consumption at this frequency for each actuator and offset. 
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Table 5.3 Maximum values of the 1 Hz Chirp Test 

Actuator (offset) Maximum temperature (°C) Frequency at -3dB 
(Hz) 

Power at -3dB 
(W) 

75 mm 72.74 0.051 4.0 

180 mm 45.5 0.046 4.16 

180 mm 
(60 mm) 

60.35 0.09 7.63 

180 mm 
(120 mm) 

71.4 0.127 10.15 

295 mm 40.03 0.043 4.27 

295 mm 
(60 mm) 

52.17 0.082 7.78 

295 mm 
(120 mm) 

63.23 0.11 10.19 

295 mm 
 (180 mm) 

71.07 0.15 13.64 

 
After increasing the chirp frequency and the PID controller, the difference between 120 

and 180 mm offset increases. Both reach the mark of -3dB in amplitude at different 

frequencies, 0.11 and 0.15 Hz, respectively (Figure 5.7a-5.7b). It is possible to 

appreciate how the response time of the actuator change as the offset is increased in 

both time (Figure 5.7a) and frequency domains (Figure 5.7b). In this case, as the speed 

increases, the maximum power starts to be used during the activation time to achieve 

the actuation at the high frequencies (1 Hz). Nevertheless, during relaxation times, the 

cooling process is slow. This slow cooling process is what sets the frequency. The 

temperature was not pictured for the 1 s PID as the temperature tends to be a constant 

similar to that achieved during the step test. 
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FIGURE 5.7 A) POSITION RESPONSE WITH CHIRP SIGNAL REFERENCE (0.01-1 HZ) TO DIFFERENT OFFSETS ON 
THE 295 MM TCP WITH A 1 S RESPONSE TIME PID CONTROLLER. B) MAGNITUDE BODE PLOT FOR THE 295 
MM WITH DIFFERENT OFFSETS. C) POWER CONSUMPTION FOR THE 295 MM WITH DIFFERENT OFFSETS 
(0.01-0.5 HZ). D) LINEAR RELATIONSHIP BETWEEN OFFSET INCREMENT AND FREQUENCY INCREMENT.  

When they reached frequencies (F) are compared to the given offset a linear relation 

was found (R2 = 0.9809):  

𝐹𝐹 = 0.0006 ×  𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 + 0.0477 (5.20) 

For every mm increased as an offset a gain of 0.0006 Hz is obtained. In the proposed 

example, the initial frequency of the 6 mm displacement was 0.051 Hz, and it improved 

to 0.15 Hz with the 295 mm actuator (approximately three times faster). The change in 

the frequency is due to the displacement range used. The relation is independently of 

the length of the actuator, it can be seen the trend of the 180 mm and 295 mm actuator 

are similar for the first two offsets. Furthermore, the maximum temperature was almost 

the same for the faster test on the 295 mm than in the case of the 75 mm, providing an 

advantage as it is possible to reduce the temperature with the same or better 

performance in speed. However, the consumed power will increase (Figure 5.7c) as 

higher frequencies require more significant offsets. 
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5.6 Discussion  
 

This work presents the properties of long TCP actuators to increase the bandwidth and 

reduce the working temperature to explore their use on WRR.  

From the result of the characterisation test, the length does not affect the maximum 

stroke that an actuator can generate, as all the different sizes presented a strain of ≈ 

10% of the initial length. Furthermore, the mechanical properties are maintained, and a 

linear relationship was found between the applied power and the achieved stroke.  

Another advantage is the temperature reduction to generate a particular stroke as the 

actuator length increases. This advantage is a crucial design feature for SWRR using 

thermally activated actuators, as the temperature for the pain threshold of humans is 44 

°C at the dermal/epidermal interface of the skin [60]. Meanwhile, if the actuator is 

activated at its full range, it can reach a temperature above 70° C (Figure 5.4b). 

For example, in the case of a wrist SWRR, which requires a ROM of 40° extension and 

38° flexion during ADLs, a stroke of ≈ 23 mm is needed [389]. From the used actuators, 

the most similar to get this length with the maximum stroke will be 180 mm; at its 

maximum stroke ≈ 18 mm, the temperature is ≈ 82°. In contrast, if the 295 mm actuator 

is used to obtain the same displacement, the temperature will be ≈ 62°. And it can be 

reduced more if a longer actuator were to be used. Furthermore, space should not be a 

constraint. Like SMA [314], TCP actuators could be wrapped around pulleys [60, 392] to 

utilise longer muscle lengths allowing larger strokes. 

Regarding the speed of the actuators, during open-loop activation, there is no difference 

between the different lengths of actuators as the time response is similar, independently 

of the length. In the case of the fabricated actuators, it was around 20 s. Nevertheless, 

reaching high contraction speeds independently of the length is possible with a correct 

closed-loop control strategy and high-power values. Furthermore, as the 

electromechanical model is similar for all the lengths, using the same PID controller is 

possible. 

As noticed from previous research [332, 389], the problem with the TCP actuators is the 

cooling time to recover the initial length, which is found during the isotonic contraction 

tests. The typical method to improve the speed is to reduce the TCP diameter with the 

disadvantage of reducing the force or using a cooling system that will increase the 

system’s complexity. In this work, a different strategy is proposed for single TCP 

actuators. The proposed approach uses actuators to produce more significant 
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contractions than the required ones. It is possible to provide offsets and use different 

activation regions to improve the closed-loop bandwidth for the whole movement and not 

only the contraction [58]. Using offsets equal to the required contraction, it was found 

that the base bandwidth increases linearly by 0.0006 Hz. In the case of the used 

actuators, the bandwidth improves from 0.051 Hz to 0.15 Hz without requiring any 

external cooling system and keeping the output force. However, if speed is the main 

objective, it could use thinner TCP actuators. For instance, if an offset of 1 m is use, the 

final frequency will be 0.6477 Hz. This frequency is useful for physical rehabilitation 

therapy and low frequency ADLs, as the minimum frequency for these activities is 0.5 

Hz [48, 342].  

Considering that contraction speeds depend on the controller and the applied power, 

another option to improve the system’s speed is using agonist and antagonist fibres that 

allow the system to actuate in two different directions. Their main disadvantage is that 

they accumulate heat, preventing the actuators’ recovery and making them unable to 

finish the whole pattern after three cycles [262]. The use of long actuators could also 

benefit this structure. It will be possible to obtain the same displacement as with a smaller 

actuator but with the advantage of reducing the temperature. It will be harder to saturate 

the actuators, and it will be possible to go for higher frequencies. Moreover, as noticed 

from both the isotonic and the closed-loop controllers’ experiments, the consumed power 

is related to the produced stroke rather than the length of the actuator, so in theory, the 

power consumption will not increase if the activation frequencies are the same. 

Nevertheless, research on the variable stiffness actuator and stiffness control algorithm 

is missing to implement a system of this characteristic. 

5.7 Conclusion  

The work in this paper presents the study on the usage of longer TCP actuators to 

improve the frequency and temperature characteristics of the TCP actuators, where it 

was found that the strain is independent of the length. However, electrothermal 

properties change with the length. As a result, the activation temperature to obtain 

displacement can be reduced with longer actuators. Furthermore, a new strategy to 

increase TCP actuators’ speed without external cooling systems is presented. The model 

takes into consideration the advantages of long actuator fibres. This was done by 

estimating an electromechanical system model through an isotonic contraction test. The 

model was invariant on the length, meaning that the actuators behave similarly 

independently of the size. Then a PID controller was implemented to control the 

displacement of the actuator, in the case of the contraction is dependent on the applied 

power. However, it was found that the cooling time can also be improved by varying the 
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activation section of the used actuator, so having long actuators can improve linear 

movement by increasing its length. Furthermore, the temperature generated by the TCP 

fibres is reduced by increasing length. 

5.8 Chapter Summary 

The findings presented in this chapter highlight that the length of the actuator does not 

significantly impact its mechanical characteristics, as evidenced by similar outcomes 

(reaching 10% strain) under the same load conditions. Notably, the power required to 

achieve equivalent displacement in actuators of varying lengths remains consistent. 

Additionally, the time needed for contraction and relaxation of the actuator remains 

unchanged, irrespective of its length. Building upon these findings - a novel approach 

incorporating displacement offsets and a PID control strategy was employed to enhance 

the overall speed of the actuators. This discovery offers a valuable foundation for 

addressing research question three, as rapid and controlled contractions are imperative 

for generating precise movements in the ankle. 



Chapter 6 
 

123 | P a g e  
 

Chapter 6 : Paediatric Ankle Rehabilitation System based 
on Twisted and Coiled Polymer Actuators. 
 

6.1 Preface 
 

The content of this Chapter is a copy of the article “Paediatric Ankle Rehabilitation 

System Based on Twisted and Coiled Polymer Actuators”, published and peer-reviewed 

in journal Smart Materials and Structures [393]. 

Chapter 6 synthesises the knowledge derived from the antecedent Chapters, with the 

principal research objective centred on evaluating the feasibility of integrating SWRR 

tailored for children with physical disabilities. Chapter 2 delineates the paediatric 

requisites for SWRR, pinpointing weight, safety, and operability as pivotal attributes. 

Subsequent exploration of AMSM in Chapter 3 underscores their potential to meet these 

requirements due to their lightweight, compliant, and deformable characteristics. This 

exploration culminates in selecting TCPs as the technology capability of generating 

higher forces than skeletal muscles, notwithstanding challenges such as the need for 

elevated temperatures, lower strain compared to skeletal muscles, and low working 

frequencies, explained in Chapters 4 and 5. 

With a comprehensive understanding of TCP advantages and limitations, the 

subsequent phase entails the development of the prototype of a paediatric ankle SWRR 

based on TCPs. The mechanical design intricately aligns with TCP characteristics 

related to force and strain, meticulously tailored to fulfil biomechanical specifications 

detailed in Chapter 3. The TCPs and the associated control strategy are then formulated 

based on the insights learned in previous Chapters 4 and 5. Furthermore, to cover all 

the main parts of a SWRR, a surface electromyography HCI was implemented. The 

outcomes of subsequent tests yield promising results, pushing further technological 

advancement. However, the realisation of TCP technology in a practical SWRR setting, 

potentially enhancing the quality of life for children with physical disabilities, necessitates 

ongoing and future work. 

6.2 Abstract 
 

Rehabilitation is crucial for children with physical disabilities arising from various 

conditions. Traditional exoskeletons, reliant on electric motors and rigid components, 

making them cumbersome, heavy, and unsuitable for use outside clinical facilities. To 

overcome these, researchers are turning to SWRRs with artificial muscles based on 
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smart materials like TCPs. TCPs offer enhanced compliance, adaptability, comfort, 

safety, and reduced weight—critical for paediatric use. Despite facing challenges like low 

operating frequencies and high temperatures, TCPs are explored as potential artificial 

muscles for SWRRs, due to their advantages on the force they can generate, the strain 

and a linear behaviour. This study details a proof of concept for a paediatric rehabilitation 

system for ankles based on TCPs, including the actuator characterization, mechanical 

design, control strategy, and HCI. The resulting device achieved a 1.4 Nm torque, a 10° 

range of motion in dorsiflexion within 5 seconds, and integrated electromyographic HCI. 

This research marks a promising step towards innovative, soft wearable rehabilitation 

solutions for children with physical disabilities. 

 

6.3 Introduction 
 

Ongoing paediatric physical disabilities can result from various causes, including 

neurological conditions like Cerebral Palsy [394], strokes [395], acquired brain injuries 

[396], neuromuscular diseases such as Duchenne Muscular Dystrophy [397] and Spinal 

Muscular Atrophy [398], as well as traumatic injuries. Children with physical disabilities 

often face limitations in performing daily activities independently, which can impede their 

typical development. Mobility and exploration are crucial aspects of a child's 

development, contributing to cognitive, physical, social, and emotional growth[64]. 

Rehabilitation plays a vital role in assisting these children in recovering or maintaining 

functionality, enabling them to interact with their environment, and ultimately improving 

their quality of life and autonomy [3]. Rehabilitation exoskeletons have gained significant 

attention for their potential to address mobility challenges in individuals with physical 

disabilities. They offer advantages such as enabling extensive practice for children with 

substantial disabilities, reducing the effort required from therapists during exercises, and 

providing a quantitative assessment of the patient's motor function[25]. 

However, most existing rehabilitation exoskeletons rely on electric motors and rigid 

components for their functionality. Unfortunately, these designs are often cumbersome, 

heavy, and unsuitable for use outside clinical facilities [128]. To overcome these 

limitations, researchers are now focusing on developing SWRRs that incorporate 

AMSMs. AMSM provides increased compliance, adaptability, comfort, safety, and 

reduced weight [273]. 

Due to this advantages they are interesting to be used in paediatric devices as the main 

characteristics that differentiate them from the adults version are safety, operability, 

weight and motivation [82]. Safety can be improved thanks to the compliance of the 
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materials [13]. And the weight can be reduce drastically preventing abnormal movements 

pattern and increase energy consumption[129, 399]. Due to this advantages they are 

interesting to be used in paediatric devices as the main characteristics that differentiate 

them from the adults version are safety, operability, weight and motivation [82]. Safety 

can be improved thanks to the compliance of the materials [13]. And the weight can be 

reduce drastically preventing abnormal movements pattern and increase energy 

consumption[129, 399].  

AMSMs are soft actuators composed primarily of material with a low Young’s modulus 

like that of soft biological materials (10^4–10^9 Pa) that can sense and directly convert 

physical stimulus (e.g., light, electrical, heat) into physical displacement[41, 43, 44]. 

SMAs [283] and DEAs [284] are indeed promising AMSM solutions for SWRR. However, 

they each have limitations that hinder their widespread use in this context. 

DEAS present desirable characteristics with strain reaching 200 %, a high bandwidth up 

to the range of kHz and high efficiency [14, 50, 231]. However, DEAs need high voltage, 

in the order of hundreds of volts, requires bulky and expensive electronics. Moreover, 

DEAs are challenging to produce in a compact size to generate appropriate amounts of 

power and force [36, 322]. 

SMAs present the advantages of power density and stress, these being as high as 50 

W/g and 200 MPa, respectively. [50, 338]. These advantages have made them the most 

popular option on SWRR prototypes [273]. However, they have limitations to be used on 

SWRR, as they have low efficiency, a small strain range (up to 8 %) and high thermal 

hysteresis making them difficult to control [36, 50, 231]. SMAs present the advantages 

of power density and stress, these being as high as 50 W/g and 200 MPa, respectively. 

[50, 338]. These advantages have made them the most popular option on SWRR 

prototypes [273]. However, they have limitations to be used on SWRR, as they have low 

efficiency, a small strain range (up to 8 %) and high thermal hysteresis making them 

difficult to control [36, 50, 231].  

Another noteworthy type of AMSM is the TCPs. TCPs are created by twisting precursor 

polymer fibres and applying heat treatment [56]. To activate TCPs, an external heat 

source, such as metallic wires, is employed to induce joule heating, thereby enabling 

precise electrical control. TCPs offer several advantages, including high power density 

(27 W/g), stress (10 MPa), strain capacity (21 %), and linear behaviour with minimal 

hysteresis. However, they do face certain limitations, such as low operating frequencies 

(<1 Hz), low power efficiency (< 1.32 %) and high operating temperatures (> 80 °C) [50, 
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60, 231]. Due to their advantages three promising examples of wearable devices based 

on TCPs were founded: 

Sutton et al. [63] developed an assistive wrist orthosis with a single degree of freedom. 

This device employed 16 TCP) actuators made of silver-coated Nylon 6.6 sewing thread. 

It generated a torque of 0.3 Nm to the wrist joint in the flexion direction within 3.9 

seconds. They implemented a PID controller to accurately follow a 0.1 Hz sinusoidal 

signal with a 10 N amplitude. The prototype was able to track the movement during 

activation but encountered challenges with slow response times during the relaxation 

phase. 

IGrab [60], an ergonomic orthotic device to assist in finger flexion and extension 

movements, was designed by Saharan et al. The device featured a combination of 3D-

printed components and sewn parts, including artificial tendons routed from the fingers 

to the wrist. The finger tendons were linked to TCP actuators, which were mounted on a 

forearm bracelet. Frictionless pulleys optimised TCP actuation, and rubber strips 

enhanced energy efficiency. When applying a 0.6 A step signal, the fingers reached their 

maximum displacements within 25 seconds (i.e., the index finger was able to move 40° 

for the metacarpophalangeal joint, 21° for the proximal interphalangeal joint, and 11° in 

the case of the distal interphalangeal joint), with further improvements observed when 

using pulsed signals, reducing actuation time to under 5 seconds. 

Patiño et al. [62] developed a wearable orthotic device for hand rehabilitation featuring 

individual TCP actuators for each finger. The orthosis consisted of two main components: 

one fitted to the dorsum of the hand and another for the fingers. Each finger incorporated 

a silicone tube housing a TCP and a filament strain sensor. The TCP actuators within the 

finger structure could generate forces of approximately 3 N when a 0.3 A step input was 

applied. 

The orthotic devices mentioned demonstrate the application of TCPs in hand and wrist 

rehabilitation. However, there is a notable absence of studies exploring the feasibility of 

TCP utilization in the lower limb or paediatric systems. Moreover, previous literature has 

extensively investigated TCP as an actuation type and its mechanical design (inherent 

to the explored joint). Nevertheless, other critical components remain insufficiently 

explored in these works. These unexplored parameters may include considerations 

related to control strategy and HCI, which are crucial for successfully developing and 

implementing paediatric SWRR systems[82, 400] (Figure 6.1). 
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FIGURE 6.1 SWRR COMPONENTS  

 

This paper explores the feasibility of TCPs as artificial muscles to drive SWRRs for 

children with physical disabilities. It highlights the advantages and the current limitations 

of TCPs on SWRR. The paper presents the design process of a prototype for paediatric 

ankle SWRRs based on TCPs covering the main parameters of SWRRs being the 

actuator characterization, the mechanical design based on the biomechanical 

requirements for paediatric ankle dorsiflexion, the implementation of a control strategy 

that is merged with an HCI, with this covering the essential parameters that require a 

paediatric SWRR. 

 

6.4 Design of the Device and Methods 
 

This section presents a description of the TCP manufacturing process and its behaviour. 

Then, the biomechanical structure of the ankle and a dummy based on it are given as 

they are required to design and test the SWRR. Later, the design process of the SWRR 

is presented. Finally, the behaviour of the prototype and a mathematical model are 

shown.   

    
6.4.1 TCPs manufacturing 
 

The TCP actuators were fabricated using the process similar to Chossat et al. [377]. A 

1.5 m Nylon fishing line as the precursor fibre (EDGE Mono trace 80 LB) with a diameter 

of 840 µm. The nylon fibres were twisted and coiled alongside a 36 AWG (127 µm) NiCr 

80 wire (Fogslord). One end of the nylon fibre was firmly attached to the output shaft of 
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a NEMA17 motor, while the other end was connected to a slider carrying a 1000 g weight 

(17.68 MPa, value according with: Force (1Kg*9.8m/s2)/ Fibre Cross Sectional Area 

(π*(420x10-4 m)2)). The NiCr wire was also suspended from the motor shaft but was 

only weighted with 1.6 g (1.2 MPa) to maintain it in a straightened state. The nylon fibres 

were twisted and coiled at a slow rotation speed of 250 RPM. The twisting and coiling 

process was stopped manually once the precursor fibre was fully coiled.  

For the annealing process, the embedded NiCr wire was employed to produce Joule 

heating. This annealing process consisted of five consecutive five-minute periods, each 

applying an annealing current of 240 mA. A 1-minute cooling phase was inserted 

between each annealing period. After this treatment, TCPs with an average length of 44 

cm and a diameter of 1.97 ± 0.04 mm were produced, the measurement were taken with 

a digital calliper (Duratool). The resulting actuators were trimmed to 39.5 cm and 

clamped with insulated male spade electric terminals. Each electrical terminal required 

5 mm for crimping, which led to a 10 mm reduction in the functional area. Table 6.1 depict 

the main manufacturing parameters of the fabricated TCPs.  

 
Table 6.1 TCP Manufacturing Parameters  
Parameter  Value 
Precursor fibre material Nylon 
Precursor fibre diameter (mm) 0.84 
Precursor fibre length (mm) 1500 
Precursor fibre tension (g/ MPa) 1000/17.68 
Resistance wire material Nichrome 80 
Resistance wire diameter (AWG/ µm) 36/127 
Resistance wire length (mm) 1670 
Resistance wire tension (g/MPa) 1.6/1.2 
RPM 250 
Motor turns 726 ± 6 
TCP after coiling length (mm) 375± 5 
TCP after annealing length (mm) 440 ± 5 
Annealing current (mA) 240 
TCP resistance (Ω) 137.1 ±7.8 
TCP diameter (mm) 1.97 ± 0.04 

 
To test the fabricated samples, a custom-made experimental test bench was utilised to 

measure force and displacement (Figure 6.2a). In both cases, an Arduino NANO served 

as the data acquisition system. A transistor (Vishay Siliconix IRF540) regulated the 

voltage from the power supply, while an NTC thermistor (TE Connectivity, 5K3A1) was 

employed to monitor the temperature of the TCP. 
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FIGURE 6.2 A) TEST BENCH BLOCK DIAGRAM FOR 1) FORCE, 2) DISPLACEMENT AND 3) ANGULAR 
DISPLACEMENT TEST. B) FORCE TEST BENCH. C) DISPLACEMENT TEST BENCH. 

 

In the force test (Figure 6.2b), one end of the actuator was fastened to a fixed hook, and 

the other end was connected to a 10 Kg load cell (TAL220). This load cell was interfaced 

with the Arduino through an analog-to-digital converter (Avia semiconductor, HX711). For 

the displacement test (Figure 6.2c), the actuator was suspended with a weight above a 

laser displacement sensor (Sick OD mini OD1-B100C50I14), which was connected to a 

current sensor (Texas Instruments INA269) interfacing with the Arduino. The calibration 

process for the sensor can be found in the supplementary information (Calibration 

Procedures, Appendix B).   
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Both force and displacement tests applied a square signal of 2400 seconds on and 240 

seconds off to observe the strain and power relationship. The 240-second duration was 

chosen to allow the system to reach a stable condition. Experiments were repeated at 

different power levels ranging from 160 mA to 240 mA with the applied current 

incrementing by 20 mA.  

Throughout the experiments, data on TCA temperatures, power consumption, and the 

weight distance from the sensor were continuously recorded using an Arduino NANO 

with a sampling time of 50 ms. In the case of the displacement test, various weight values 

ranging from 600 g to 1000 g were employed to assess the actuator's performance. Each 

test (force and strain) was performed using 5 different actuators, each one used 4 times, 

for 20 trials per test. 

 
6.4.2 TCP Behavior 
 

Characterising the performance of the manufactured actuators is essential to determine 

their suitability for the SWRR requirements. In these tests using TCPs as linear 

actuators, two primary parameters of interest are force and strain, which will later be 

converted into torque and ROM. The mean of the last 50 samples before turning off the 

applied power was averaged to calculate the maximum in both tests. This average 

represents the system's steady state after the step signal was applied. Then, from the 

20 maximum values, the mean and standard deviation of the maximum force, 

temperature, displacement, and strain were obtained.   

Figure 6.3 displays the results obtained from the force test. The TCP actuator's maximum 

force output is 7.9 ± 0.5 N (807.9 ± 57.6 grams) when a current of 240 mA is applied. 

However, it's important to note that when considering the prestress of the fibre (0.7 ± 0.2 

N or 76.8 ± 21.2 g), the maximum change in force is 7.1 ± 0.4 N (730.0 ± 46.3 grams) 

(Figure 6.3a). To assess the response times for heating (𝜏𝜏ℎ) and cooling (𝜏𝜏𝑐𝑐), the analysis 

focused on the average time required for the actuator to reach 63% of a steady-state 

value after a step input. The analysis results indicate that the average 𝜏𝜏ℎ is 31.42 ± 1.02 

seconds, and 𝜏𝜏𝑐𝑐 is 28.2 ± 0.4 seconds. At the highest applied power level, the generated 

temperature reached 78.35 ± 2.07 °C (Figure 6.3b).  
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FIGURE 6.3 FORCE POWER RELATIONSHIP A) AND TEMPERATURE POWER RELATIONSHIP DURING

THE ISOTONIC FORCE TEST. CONFIDENT INTERVALS (CI) INCLUDED. 

In contrast, the results from the displacement test highlight the noticeable impact of pre-

strain (generated by the weights) on the actuator's length, causing it to contract from 

386.0 ± 3.7 mm to 380.2 ± 3.7, 373.88 ± 4.08, 365.3 ± 4.8, 357.9 ± 5.3 mm. This pre-

strain has a direct effect on the actuator's contraction. When a current of 240 mA was 

applied with different loads, the maximum displacements were as follows 38.7 ± 1.9, 39.8 

± 0.8, 40.4 ± 2.1, 43.5 ± 2.4, 44.5 ± 1.1 mm for weights of 1000 g, 900 g, 800 g, 700 g, 

and 600 g, respectively (Figure 6.4a). Nevertheless, when the final elongation is 

considered, the strain can be obtained using the following formula:  

𝑆𝑆 =  
∆𝐿𝐿
𝐿𝐿

 𝑋𝑋 100 
(6.1) 

Here, strain (S) represents the relationship between the initial length (L) of the actuator 

and the resulting stroke (∆L) when activated, expressed as a percentage. Analysing the 

strain data, the results were as follows: 10.02 ± 0.45, 10.4 ± 0.1, 10.9 ± 0.6, 11.7 ± 0.7, 

12.3 ± 0.3 % for weights of 1000 g, 900 g, 800 g, 700 g, and 600 g, respectively (Figure 

6.4b). It's noteworthy that these strain values align with the findings from the maximum 

force analysis, where the maximum generated force was observed at 7.1 N (730.0 ± 46.3 

grams). After this point is possible to see a fall in the displacement and strain. The 

average response times (𝜏𝜏ℎ) and (𝜏𝜏𝑐𝑐) are measured at 39.2 ± 1.3 s and 20.6 ± 0.5 s, 

respectively.  

a) b)
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FIGURE 6.4 A) DISPLACEMENT-WEIGHT RELATIONSHIP AND B) STRAIN-WEIGHT RELATIONSHIP. CONFIDENT 
INTERVALS (CI) INCLUDED. 

 

6.4.3 Ankle Biomechanics  
 

The ankle, characterised by its intricate anatomy, comprises the tibiotalar joint and the 

transverse tarsal joint, collectively affording a broad spectrum of multidirectional motion. 

Critical motions within the ankle joint complex encompass plantar- and dorsiflexion, 

occurring predominantly in the sagittal plane, as well as ab-/adduction in the transverse 

plane and inversion-eversion in the frontal plane. Combinations of rotations across the 

subtalar and tibiotalar joints generate three-dimensional motions called supination and 

pronation[27, 73].  

However, it's worth mentioning that the majority of ankle movement primarily occurs 

within the sagittal plane, with plantar and dorsiflexion being predominantly governed by 

the tibiotalar joint. The total ankle ROM in the sagittal plane typically spans from 65° to 

75°, encompassing 25° to 30° of dorsiflexion and 40° to 45° of plantarflexion. 

Nevertheless, during activities like walking, the required ROM in the sagittal plane is 

considerably reduced to approximately 25°. In this context, adult ankles generally move 

from 20° of plantar flexion to 10° of dorsiflexion, while children exhibit a range of 5° 

dorsiflexion. Regarding ankle stiffness, which pertains to the mechanical resistance to 

passive movement, achieving 10° of dorsiflexion necessitates 6.21 Nm of torque for 

adults, whereas children require 1.5 Nm  [79, 401].  

The plantar-dorsiflexion movement within a 66° range is commonly observed during daily 

activities such as walking, climbing stairs, etc. These activities typically occur at a 

frequency of around 1.75 Hz. However, it's important to note that during rehabilitation 

sessions, these movements are often executed at much lower frequencies, usually falling 

below 0.2 Hz [273, 314, 359]. 

 

a) b)
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6.4.4 Dummy testing platform 
 

For conducting trials on the paediatric ankle SWRR, a mannequin designed to replicate 

the lower limb proportions of an average 10-year-old child was employed. Accurate 

measurements for the leg were derived from the WHO child growth standards [402] and 

the anthropometric data provided by Winters [403].  These references guided the 

determination of limb dimensions, resulting in a crus length (knee to ankle) of 40 cm, foot 

length and width of 22 cm and 7cm respectively. Thet total foot weight 300 g. The used 

dummy is shown in Figure 6.5. 

 

 
 
FIGURE 6.5 PAEDIATRIC LEG DUMMY AND CAD DESIGN OF THE SWRR BRACES 

 

To assess the exoskeleton's response to various torques, diverse weights were added 

to the foot, situated 10 cm from the ankle's centre of rotation. The weights ranged from 

500 g to 3000 g, incremented in 500 g intervals. This weight variation corresponded to 

a torque spectrum from 3 Nm to 0.5 Nm. 

 
6.4.5 Paediatric Ankle SWRR Design 
 

The SWRR consisted of two 3D-printed braces that wrapped around the top part of the 

crus brace (CB) and the second one on top of the foot instep brace (FIB), Figure 6.5. 
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The FIB was positioned 5 cm away from the centre of rotation of the ankle.  Both braces 

use Velcro to maintain the position over the mannequin. Furthermore, the braces are 

divided into two different parts: the brace and the lid. This design allowed the connection 

of the TCPs in series using copper tape between both parts as the electrical connection. 

The computer-aided design (CAD) model of both braces is displayed in Figure 6.5. The 

entire device weight was 300 grams (without a power supply or battery), making each 

brace weight 150 grams. 

 
FIGURE 6.6 FREE BODY DIAGRAM FOR A) DISPLACEMENT AND B) FORCES ACTING ON THE DUMMY 

 

On Figure 6.6 an ankle model is showed. P1 is the point at where the TCPs are 

connected to FIB, P2 is the point where the TCP is connected to CB and P0 the point at 

the centre of rotation with coordinate (0,0). The coordinate of P1(𝑋𝑋𝑝𝑝1,𝑌𝑌𝑝𝑝1) is: 

 
𝑋𝑋𝑝𝑝1 = 𝑟𝑟 cos𝜃𝜃1 ,𝑌𝑌𝑝𝑝1 = 𝑟𝑟 sin𝜃𝜃1 (6.2) 

 

Then 𝐿𝐿𝑇𝑇𝑇𝑇𝑇𝑇 can be written as: 

 

𝐿𝐿𝑇𝑇𝑇𝑇𝑇𝑇 =  ��𝐿𝐿𝐻𝐻 − 𝑋𝑋𝑝𝑝1 �2 + �𝐿𝐿𝑉𝑉 + 𝑌𝑌𝑝𝑝1 �2 
(6.3) 

 

And 𝜃𝜃2: 

𝜃𝜃2 = tan−1 �
𝐿𝐿𝑉𝑉 + 𝑌𝑌𝑝𝑝1 
𝐿𝐿𝐻𝐻 − 𝑋𝑋𝑝𝑝1

�  
(6.4) 
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Where  𝑟𝑟 is the radius between the centre of rotation and P1, 𝜃𝜃1 is the angle of the foot 

during dorsiflexion, 𝜃𝜃2 is the angle between the TCPs and the braces, 𝐿𝐿𝑉𝑉 is the distance 

between P1 and p2 when 𝜃𝜃1 = 0, 𝐿𝐿𝐻𝐻 is the distance between the centre of rotation and 

the connection of the TCP on CB (x axis). Finally, 𝐿𝐿𝑇𝑇𝑇𝑇𝑇𝑇 is the length of the TCPs.  

In the case of the generated Torque (𝑇𝑇), the system can be evaluated as follows: 

 

𝑇𝑇 = 𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇 𝑥𝑥 sin𝜃𝜃2 𝑥𝑥 𝑟𝑟 𝑥𝑥 cos𝜃𝜃1 − 𝐹𝐹𝑤𝑤 𝑥𝑥 𝑟𝑟𝑤𝑤  𝑥𝑥 cos𝜃𝜃1 − 𝐹𝐹𝑓𝑓  𝑥𝑥 𝑟𝑟𝑓𝑓  𝑥𝑥 cos 𝜃𝜃1
−  𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑥𝑥 𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹 𝑥𝑥 cos 𝜃𝜃1 

(6.5) 

 

Where 𝐹𝐹𝑊𝑊 is the force generated by the weight used on the experiments, 𝑟𝑟𝑊𝑊 the distance 

of the weight to the centre of rotation, 𝐹𝐹𝑓𝑓 is the force generated by the weight of the foot 

and 𝑟𝑟𝑓𝑓 is the foot centre of gravity, 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 is the force generated by the weight of the FIB 

and 𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹 the distance of the weight to the centre of rotation, 𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇 is the force generated 

by the TCPs.  

With the mechanical model of the SWRR, the behaviour of the TCP and the requirements 

given in Section 6.4.3. Then The SWRR was designed to provide dorsiflexion movement 

of children with the following characteristics: i) Being able to provide an angular 

displacement of 10° in the plantarflexion direction, ii) providing a torque of 1.5 Nm. 

Hence, five TCPs of 30 cm, when unloaded, were used for this. The number of fibres 

was constrained to five as the biggest challenge for TCPs is the speed. Keeping in mind 

that the width of the leg was 7 cm, a gap of 12 mm was left to prevent heat crosstalk and 

improve the cooling time [334]. Furthermore, this study is centred on reaching 

frequencies that can be used in a rehabilitation set-up of 0.2 Hz. Hence, a PID controller 

was developed to achieve the desired angular displacement in 5 seconds (Section 6.5). 

 
6.4.6 SWRR Test 
 

The performance assessment of the paediatric ankle SWRR was carried out using the 

testing setup described in section 6.4.4. The electronic components used were nearly 

identical to those employed in the force and displacement tests for the unit TCP. These 

components included an Arduino, a MOSFET, and a thermistor. However, a key 

distinction lies in the sensor utilised to record angular displacement (Figure 6.2). To fulfil 

this purpose, a 9-degree-of-freedom Inertial Measurement Unit (IMU), was employed 

(LSM9DS1, STMicroelectronics). 
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Both testing procedures followed the application of a square signal, consisting of 180 

seconds on and 180 seconds off, to establish the strain-power relationship. The selection 

of the 180-second duration allowed sufficient time for the system to reach a stable 

equilibrium. The experiments were conducted across various current levels, spanning 

from 160 mA to 240 mA (incrementally adjusted by increasing the current in 20 mA steps), 

encompassing all the different TCP actuators. Throughout the test, data about TCA 

(Thermally Activated Contractile) temperatures, power consumption, and the angular 

displacement of the foot were recorded and stored on a computer, with the data 

acquisition performed using an Arduino NANO at a sampling rate of 50 ms. The testing 

protocol encompassed a range of torque conditions, spanning from 0.5 Nm to 3.0 Nm in 

0.5 Nm increments. In addition to the torque generated by the load, it's essential to 

account for the total negative torque produced by the combined weight of the foot and 

the FIB (300 grams from the dummy and 150 grams from FIB), which amounts to 

approximately 0.4 Nm. 

Each test was conducted four times utilizing the identical set of actuators. The mean of 

the last 50 samples before deactivating the applied power was computed to determine 

the maximum in both tests. This average reflects the system's steady state following the 

application of the step signal. Subsequently, from the 4 maximum values obtained, the 

mean and standard deviation of the maximum angular displacement, and temperature 

were calculated. 

The results depicted in Figure 6.7a sows the effect of the load on the TCPs fibres, 

stretching the fibres decreasing the initial starting point to -15, -27°, -33°, -37.5°, -40° 

and -42.5° respectively to the applied torque of 0.5 Nm, 1 Nm, 1.5 Nm, 2 Nm, 2.5 Nm, 

and 3 Nm. After removing this offset figure 6.7b illustrate that the maximum ROM was 

attained under a 1.0 Nm load. These findings align with the design objectives, as they 

are closest to the specified 1.5 Nm torque requirement, registering at around 1.4 Nm. 

The resulting angular displacement was of 25.1 ± 0.3°. The observed behaviour 

resembled that of the linear displacement of the TCP; as the load increased, 

displacement decreased, and elongation increased (indicated by a shift to a higher 

negative angle in the starting position). Conversely, when the load was too low (e.g., 0.5 

Nm), the device experienced saturation. The relation between the input power and 

displacement can be seen as a linear relation. For example, the linear equation for the 

1.0 Nm load will be equal to: 

 
𝛼𝛼 = 0.1916 (𝑚𝑚𝑚𝑚) − 20.397 (6.6) 
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Where 𝛼𝛼 is the angular displacement in degrees, furthermore the 𝑅𝑅2 if the linear equation 

is 0.9896 and a RMSE of 0.556. 

The values for 𝜏𝜏ℎ and 𝜏𝜏𝑐𝑐 ranged between 19 and 30 seconds (Figure 6.7c). Additionally, 

the relationship between input power and temperature resembled that of the single fibre 

configuration, having its maximum temperature at 83.7 ± 0.2 °C when the 240 mA was 

applied (Figure 6.7d). 

FIGURE 6.7 TCPS RELATIONS DUMMY TEST CHARACTERISTICS. A) ANGULAR DISPLACEMENT-TORQUE 
RELATION WHEN THE MAXIMUM CURRENT OF 240 MA IS APPLIED. B) ANGULAR DISPLACEMENT-POWER 
RELATION AND C) TEMPERATURE-POWER RELATION WHEN A TORQUE OF 1 NM IS APPLIED. CONFIDENT 
INTERVALS (CI) INCLUDED. 

6.4.7 SWRR Model. 

After acquiring experimental data from the SWRR prototype, a computer model was 

developed by establishing a connection between ROM and input power. For this 

purpose, the 1.0 Nm load scenario was selected, as it closely approximated to the 

required torque of 1.5 Nm when the weight of the foot is taken into account and offered 

a) b)

c) d)
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the most significant ROM (25°, sufficient for full dorsiflexion). The input signal comprised 

the applied power, while the output signal represented the resulting angular 

displacement. This dataset was then processed using the System Identification Toolbox 

in MATLAB. The Toolbox produced a power-angular displacement transfer function 

denoted as TFPD(s). The best model was as follows: 

 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇(𝑠𝑠) =
0.01406 𝑠𝑠 +  0.000249

𝑠𝑠4 +  0.6203 𝑠𝑠3 +  0.0327 𝑠𝑠2 +  0.0003954
 

(6.7) 

 

The model provides an accuracy of 92.83 %. 

 

6.5 Control strategy and results 
 

Utilising the transfer function 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇(𝑠𝑠) , a PID controller was tuned with the aid of the 

Control System Toolbox in MATLAB. Subsequently, a closed-loop system with the PID 

controller was simulated in MATLAB/Simulink. The simulation was focused on minimising 

potential issues such as overshoot, controller settling error, and power requirements, as 

any such errors could lead to the incorrect application of force to the user, potentially 

causing harm. To attain the desired maximum ROM of 10°, it took 5 seconds, 

corresponding to an inverse of 0.2 Hz. The proportional, integral, and derivative 

components of the controller were configured as follows: Kp = 17.14, Ki = 1.489, Kd = 

33.84. 

After the closed-loop controller was tuned, it was implemented on an Arduino NANO 

microcontroller. A maximum power limit of 148 W was imposed, as determined by the 

capacity of the available power supply (60 V, 2.46 A). A PWM strategy was employed to 

apply the requisite power. Three distinct tests were conducted: a step input test to 

evaluate the controller's performance, followed by a chirp test to assess the actuator's 

bandwidth. Lastly, an HRI was established using an EMG sensor MyoWare 1.0 

(MyoWare) to capture muscle signals from the calf, demonstrating its potential as a 

control mechanism for the SWRR. Ag/AgCl electrodes were used, with bipolar electrodes 

situated on the belly of the tibialis anterior muscle and a reference electrode placed on 

the tibia. The EMG signal acquisition was performed with a 33-year-old male subject, 

using the same test bench employed for SWRR characterisation, now including the EMG 

sensor for the HCI test (as show in Video S1, https://content.cld.iop.org/journals/0964-

1726/33/7/075009/revision2/smsad50b0supp2.mp4?Expires=1719200057&Signature=

RmaPWfq15urT4z6PAiUkES7HZoH~EQqHwkHPY3aA3Wl5W0TZf7HG3Yk~G7cBzh8

mMskcoSEFlif9Ll71-

https://content.cld.iop.org/journals/0964-1726/33/7/075009/revision2/smsad50b0supp2.mp4?Expires=1719200057&Signature=RmaPWfq15urT4z6PAiUkES7HZoH%7EEQqHwkHPY3aA3Wl5W0TZf7HG3Yk%7EG7cBzh8mMskcoSEFlif9Ll71-jNjHEMhaUu3EINARq33j2SrVUAvqc9V0r%7EHv9s45oGmhpCrNHLB0iIgczcyRcgXwCgf5lTz7izJXtebStWD08IfWk9t0r3Rq5JyvALpcxIn7GfbvA-z-8Yt1FIiO1kUiKzywMNVFiDsxp0nNqMI8ZAMvS1iMDfYQtyooK25XoYbuAU3nWshj89%7EkhuDArNLRGe9LpemKb7gNJDP9ns8vStTjj5KX7OA4%7Ej8vfnWVO7nmppjCSuLmAXMrRIkDsKSibg5ZA__&Key-Pair-Id=KL1D8TIY3N7T8
https://content.cld.iop.org/journals/0964-1726/33/7/075009/revision2/smsad50b0supp2.mp4?Expires=1719200057&Signature=RmaPWfq15urT4z6PAiUkES7HZoH%7EEQqHwkHPY3aA3Wl5W0TZf7HG3Yk%7EG7cBzh8mMskcoSEFlif9Ll71-jNjHEMhaUu3EINARq33j2SrVUAvqc9V0r%7EHv9s45oGmhpCrNHLB0iIgczcyRcgXwCgf5lTz7izJXtebStWD08IfWk9t0r3Rq5JyvALpcxIn7GfbvA-z-8Yt1FIiO1kUiKzywMNVFiDsxp0nNqMI8ZAMvS1iMDfYQtyooK25XoYbuAU3nWshj89%7EkhuDArNLRGe9LpemKb7gNJDP9ns8vStTjj5KX7OA4%7Ej8vfnWVO7nmppjCSuLmAXMrRIkDsKSibg5ZA__&Key-Pair-Id=KL1D8TIY3N7T8
https://content.cld.iop.org/journals/0964-1726/33/7/075009/revision2/smsad50b0supp2.mp4?Expires=1719200057&Signature=RmaPWfq15urT4z6PAiUkES7HZoH%7EEQqHwkHPY3aA3Wl5W0TZf7HG3Yk%7EG7cBzh8mMskcoSEFlif9Ll71-jNjHEMhaUu3EINARq33j2SrVUAvqc9V0r%7EHv9s45oGmhpCrNHLB0iIgczcyRcgXwCgf5lTz7izJXtebStWD08IfWk9t0r3Rq5JyvALpcxIn7GfbvA-z-8Yt1FIiO1kUiKzywMNVFiDsxp0nNqMI8ZAMvS1iMDfYQtyooK25XoYbuAU3nWshj89%7EkhuDArNLRGe9LpemKb7gNJDP9ns8vStTjj5KX7OA4%7Ej8vfnWVO7nmppjCSuLmAXMrRIkDsKSibg5ZA__&Key-Pair-Id=KL1D8TIY3N7T8
https://content.cld.iop.org/journals/0964-1726/33/7/075009/revision2/smsad50b0supp2.mp4?Expires=1719200057&Signature=RmaPWfq15urT4z6PAiUkES7HZoH%7EEQqHwkHPY3aA3Wl5W0TZf7HG3Yk%7EG7cBzh8mMskcoSEFlif9Ll71-jNjHEMhaUu3EINARq33j2SrVUAvqc9V0r%7EHv9s45oGmhpCrNHLB0iIgczcyRcgXwCgf5lTz7izJXtebStWD08IfWk9t0r3Rq5JyvALpcxIn7GfbvA-z-8Yt1FIiO1kUiKzywMNVFiDsxp0nNqMI8ZAMvS1iMDfYQtyooK25XoYbuAU3nWshj89%7EkhuDArNLRGe9LpemKb7gNJDP9ns8vStTjj5KX7OA4%7Ej8vfnWVO7nmppjCSuLmAXMrRIkDsKSibg5ZA__&Key-Pair-Id=KL1D8TIY3N7T8
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jNjHEMhaUu3EINARq33j2SrVUAvqc9V0r~Hv9s45oGmhpCrNHLB0iIgczcyRcgXwCgf5l

Tz7izJXtebStWD08IfWk9t0r3Rq5JyvALpcxIn7GfbvA-z-

8Yt1FIiO1kUiKzywMNVFiDsxp0nNqMI8ZAMvS1iMDfYQtyooK25XoYbuAU3nWshj89~k

huDArNLRGe9LpemKb7gNJDP9ns8vStTjj5KX7OA4~j8vfnWVO7nmppjCSuLmAXMrRI

kDsKSibg5ZA__&Key-Pair-Id=KL1D8TIY3N7T8 ). 

 
6.5.1 Step signal 
 

The reference signal for the step response was set at 10°, representing the ROM 

commonly observed during walking activities. In Figure 6.8a, the plot illustrates the 

position reference and the system's output when subjected to a step signal in the SWRR. 

The output closely tracks the reference signal; however, the system exhibits an 

overshoot response. It takes approximately 5 seconds to move from 0° to 10°. The power 

graph reveals that the controller initially requires the maximum available power of 148 

W, which decreases to an average of 17 W (Figure 6.8b). 

Concerning temperature, it experiences a rapid rise initially but stabilises at 60°C (Figure 

6.8a). Notably, the power and temperature values in the steady state closely resemble 

those observed during the open-loop test (with a step input of 180 mA). 

 
 

 
FIGURE 6.8 A) ANGULAR DISPLACEMENT AND TEMPERATURE OF THE SWRR AFTER APPLYING A STEP SIGNAL 
OF 10° USING A PID CONTROLLER. B) POWER WAS APPLIED TO GENERATE THE 10° DISPLACEMENT. 

 

6.5.2 Chirp signal 
 

A chirp test was used to benchmark the working frequency of the whole system to 

understand its capabilities. A chirp signal consists of a sinusoidal sweep signal that varies 

its frequency over time, which can be expressed as follows: 

a) b)

https://content.cld.iop.org/journals/0964-1726/33/7/075009/revision2/smsad50b0supp2.mp4?Expires=1719200057&Signature=RmaPWfq15urT4z6PAiUkES7HZoH%7EEQqHwkHPY3aA3Wl5W0TZf7HG3Yk%7EG7cBzh8mMskcoSEFlif9Ll71-jNjHEMhaUu3EINARq33j2SrVUAvqc9V0r%7EHv9s45oGmhpCrNHLB0iIgczcyRcgXwCgf5lTz7izJXtebStWD08IfWk9t0r3Rq5JyvALpcxIn7GfbvA-z-8Yt1FIiO1kUiKzywMNVFiDsxp0nNqMI8ZAMvS1iMDfYQtyooK25XoYbuAU3nWshj89%7EkhuDArNLRGe9LpemKb7gNJDP9ns8vStTjj5KX7OA4%7Ej8vfnWVO7nmppjCSuLmAXMrRIkDsKSibg5ZA__&Key-Pair-Id=KL1D8TIY3N7T8
https://content.cld.iop.org/journals/0964-1726/33/7/075009/revision2/smsad50b0supp2.mp4?Expires=1719200057&Signature=RmaPWfq15urT4z6PAiUkES7HZoH%7EEQqHwkHPY3aA3Wl5W0TZf7HG3Yk%7EG7cBzh8mMskcoSEFlif9Ll71-jNjHEMhaUu3EINARq33j2SrVUAvqc9V0r%7EHv9s45oGmhpCrNHLB0iIgczcyRcgXwCgf5lTz7izJXtebStWD08IfWk9t0r3Rq5JyvALpcxIn7GfbvA-z-8Yt1FIiO1kUiKzywMNVFiDsxp0nNqMI8ZAMvS1iMDfYQtyooK25XoYbuAU3nWshj89%7EkhuDArNLRGe9LpemKb7gNJDP9ns8vStTjj5KX7OA4%7Ej8vfnWVO7nmppjCSuLmAXMrRIkDsKSibg5ZA__&Key-Pair-Id=KL1D8TIY3N7T8
https://content.cld.iop.org/journals/0964-1726/33/7/075009/revision2/smsad50b0supp2.mp4?Expires=1719200057&Signature=RmaPWfq15urT4z6PAiUkES7HZoH%7EEQqHwkHPY3aA3Wl5W0TZf7HG3Yk%7EG7cBzh8mMskcoSEFlif9Ll71-jNjHEMhaUu3EINARq33j2SrVUAvqc9V0r%7EHv9s45oGmhpCrNHLB0iIgczcyRcgXwCgf5lTz7izJXtebStWD08IfWk9t0r3Rq5JyvALpcxIn7GfbvA-z-8Yt1FIiO1kUiKzywMNVFiDsxp0nNqMI8ZAMvS1iMDfYQtyooK25XoYbuAU3nWshj89%7EkhuDArNLRGe9LpemKb7gNJDP9ns8vStTjj5KX7OA4%7Ej8vfnWVO7nmppjCSuLmAXMrRIkDsKSibg5ZA__&Key-Pair-Id=KL1D8TIY3N7T8
https://content.cld.iop.org/journals/0964-1726/33/7/075009/revision2/smsad50b0supp2.mp4?Expires=1719200057&Signature=RmaPWfq15urT4z6PAiUkES7HZoH%7EEQqHwkHPY3aA3Wl5W0TZf7HG3Yk%7EG7cBzh8mMskcoSEFlif9Ll71-jNjHEMhaUu3EINARq33j2SrVUAvqc9V0r%7EHv9s45oGmhpCrNHLB0iIgczcyRcgXwCgf5lTz7izJXtebStWD08IfWk9t0r3Rq5JyvALpcxIn7GfbvA-z-8Yt1FIiO1kUiKzywMNVFiDsxp0nNqMI8ZAMvS1iMDfYQtyooK25XoYbuAU3nWshj89%7EkhuDArNLRGe9LpemKb7gNJDP9ns8vStTjj5KX7OA4%7Ej8vfnWVO7nmppjCSuLmAXMrRIkDsKSibg5ZA__&Key-Pair-Id=KL1D8TIY3N7T8
https://content.cld.iop.org/journals/0964-1726/33/7/075009/revision2/smsad50b0supp2.mp4?Expires=1719200057&Signature=RmaPWfq15urT4z6PAiUkES7HZoH%7EEQqHwkHPY3aA3Wl5W0TZf7HG3Yk%7EG7cBzh8mMskcoSEFlif9Ll71-jNjHEMhaUu3EINARq33j2SrVUAvqc9V0r%7EHv9s45oGmhpCrNHLB0iIgczcyRcgXwCgf5lTz7izJXtebStWD08IfWk9t0r3Rq5JyvALpcxIn7GfbvA-z-8Yt1FIiO1kUiKzywMNVFiDsxp0nNqMI8ZAMvS1iMDfYQtyooK25XoYbuAU3nWshj89%7EkhuDArNLRGe9LpemKb7gNJDP9ns8vStTjj5KX7OA4%7Ej8vfnWVO7nmppjCSuLmAXMrRIkDsKSibg5ZA__&Key-Pair-Id=KL1D8TIY3N7T8
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𝑐𝑐ℎ𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡) = 𝐴𝐴 sin �2𝜋𝜋 �
𝑐𝑐
2
𝑡𝑡2 + 𝑓𝑓0𝑡𝑡�� (6.8) 

 

Here 𝑓𝑓0 is the final frequency, A is the amplitude of the sinewave, 𝑡𝑡 is the time, and c is 

the chirp rate, described by: 

 

𝑐𝑐 =
𝑓𝑓𝑒𝑒 − 𝑓𝑓0
𝑇𝑇𝑠𝑠

 
(6.9) 

 

where 𝑓𝑓𝑒𝑒 is the final frequency, and 𝑇𝑇𝑠𝑠 is the time it takes to sweep from 𝑓𝑓0 to 𝑓𝑓𝑒𝑒. 

The sinewave had an amplitude of 10°, aligning with the required displacement, covering 

from a baseline of 0° to 10°. The frequency range was from 0.001 Hz to 0.1 Hz (Figure 

6.9a). The cutoff frequency was identified when the magnitude decreased to -3 dB. 

During the test, the actuator reached the -3 dB threshold at a frequency of 0.025 Hz 

(Figure 6.9b). Regarding temperature, the actuator maintained an average temperature 

of 53°C, indicating that the TCP struggled to track the chirp signal precisely (Figure 6.9c). 

The power response was distinct, as the system attempted to operate at that frequency 

by oscillating between maximum power and zero (Figure 6.9d). To enhance response 

time without requiring an external cooling system, an offset of 10° was introduced on the 

ROM, operating within the 10° to 20° range. With this adjustment, the working frequency 

improved to 0.034 Hz, which was 1.36 times faster. Nevertheless, it still fell short of the 

target of 0.2 Hz. 
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FIGURE 6.9 CHIRP TEST RESULTS. A) ANGULAR DISPLACEMENT OF THE SWRR FOLLOWING THE CHIRP 
SIGNAL. B) TCP TEMPERATURE. C) MANITUDE DECAY IN DB THROUGH FREQUENCY. D) POWER USED BY THE 
SWRR. 

 

6.5.3 EMG HCI 
 

The EMG signal was sampled at a frequency of 20 Hz, corresponding to the speed of 

the serial communication. Using the MyoWare 1.0 sensor, two types of signals were 

obtained: the EMG raw signal and the EMG envelope (EMGe) signal. The latter serves 

as an amplitude-modulated representation of the raw signal. To identify muscle 

activation, a threshold of 150 mV was set for the EMGe signal, preventing errors coming 

from movement artefacts. The activation pattern remained active for 8 seconds to 

achieve the 10° movement, followed by 90 seconds to allow the system to cool down 

and return to the starting position, following a similar approach to Pittaccio et al [314]. 

From the graphical representations, it is evident that the system is triggered when the 

EMG envelope surpasses the 150-mV threshold (Figures 6.10a and 6.10c). This 

activation prompts the utilisation of the entire power output, which relaxes over 90 

seconds (Figure 6.10b). These observations confirm that the SWRR device responds 

effectively to the EMG signal. 

a) b)

c) d)
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FIGURE 6.10 A) ANGULAR DISPLACEMENT GENERATED AFTER THE EMG THRESHOLD WAS SURPASSED. B) 
POWER CONSUMPTION OF THE SWRR DURING THE EMG ACTIVATION. C) AN EMG SIGNAL IS USED TO 
TRIGGER THE SWRR. 

 

6.6 Discussion and conclusion 
 

This study explored the proof of concept for a SWRR system using TCP AMSM. The 

research included an actuator characterisation and the design process to meet 

biomechanical requirements. The resulting device is lightweight, flexible, and compact, 

meeting the minimum biomechanical needs of children with physical disabilities. This 

includes achieving a 10° ROM within 5 seconds, a torque of 1.5 Nm and an HRI. 

However, several improvements are needed before this technology can be applied in 

rehabilitation settings. 

The study's results indicate that the behaviour of single fibres is similar to the multifibre 

approach integrated in the SWRR. With differences in displacement and force as they 

translate into angular displacement and Torque. These differences are due to the 

mechanical design, and there's a trade-off between torque and displacement, as they 

are inversely proportional. 

a) b)

c)
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Despite the challenges, the technology appears highly adaptable, and many approaches 

can be taken to improve the performance. To enhance torque, incorporating additional 

fibres, as seen in previous TCP studies, is a viable direction [48, 334]. In this study, that 

approach was followed to get the required torque, as a single fibre would be insufficient 

to generate the necessary force.  

Using longer actuators can significantly improve ROM, as this study shows. While the 

initial design requirement was a 10° ROM, the longer actuators enabled an impressive 

25.18 ° ROM, effectively covering the full dorsiflexion range. This approach offers an 

additional advantage, as previously emphasised by Gonzalez et al. [387] , which is the 

reduction in temperature. This temperature control is vital for ensuring the device's safety 

during use. It's worth noting that the pain threshold for human skin at the 

dermal/epidermal layer is approximately 44°C [60]. In this context, when considering the 

10° ROM, the temperature was 65°C lower compared to the temperatures reached when 

the actuator operated at its maximum stroke, which often exceeded 90°C. Nonetheless, 

if the device is intended for use with children, the incorporation of an insulation layer, 

such as Polytetrafluoroethylene, is advisable to ensure optimal comfort and safety [262].   

Nevertheless, coming from equations 2 and 5, the variation of  𝑟𝑟 affect the linear 

displacement need to generate an angular displacement and the toque in an inverse 

manner. Is possible to improve this factor by tunning these distances, in the case of the 

study the r was chosen to be as small as possible because is the technology is 

envisioned to be used as a fabric that will be incorporated in clothes like socks.   

The primary challenge associated with this technology pertains to its reaction time. 

However, this initial disadvantage could be solved by dividing this problem into two 

distinct aspects due to the actuator's unidirectional nature, where applying power triggers 

contraction but cannot control elongation.  

On one side, accelerating the contraction time necessitates increased applied power, 

leading to higher temperatures more quickly. The critical constraint lies in the need to 

carefully regulate this applied power to prevent heat-induced damage to the actuator. 

The research demonstrated that implementing the suggested control strategy allowed 

faster speeds without harming the actuator, preventing the fibre from overheating and 

burning [62]. Nevertheless, this approach demands substantial power levels to achieve 

rapid responses, often exceeding 100 Watts. This power requirement poses a challenge 

given the limitations of current battery technology. Nonetheless, advancements in energy 

storage and transmission are ongoing, promising improvements in energy density and 

battery miniaturisation [368, 372, 404]. 
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On the other hand, addressing the relaxation phase poses a more complex challenge. 

This research sought to optimise the device's cooling process without external systems, 

relying on convective airflow. These optimisations involved creating sufficient spacing 

between each actuator to prevent heat transfer between individual fibres [334]. 

Regrettably, this consideration is counterproductive in the design as it limits the number 

of fibres used in the SWRR to produce higher torques. 

Additionally, it was experimented with operating within an optimal temperature range, 

introducing an offset from the initial working point (from 0° to 10°) to achieve a faster 

movement previously investigated by Gonzalez et al. [387]. This approach increased the 

frequency by 1.36 times. However, it did not significantly improve due to the actuator's 

considerably slower natural frequency than the required frequencies (0.02 Hz in TCP 

versus 1 Hz in walking activity). 

Two potential alternatives come to light to address this issue. The first is incorporating a 

cooling system, as seen in numerous TCP research studies [332, 364]. The second 

option involves adopting agonist-antagonist muscle systems [262, 301]. However, it's 

important to note that these approaches entail increased system complexity, requiring 

additional components that expand the system's size and weight. Furthermore, it 

necessitates more sophisticated control strategies to activate each component as 

needed. 

Finally, another crucial facet of SWRR technology is the HCI. To demonstrate the 

device's feasibility, a straightforward EMG HCI was implemented, showcasing the 

technology's capabilities. This approach allowed system activation to be controlled 

based on the user's intent through muscle activation, a pivotal component of 

rehabilitation therapy that enhances user engagement. Looking ahead, it would be 

compelling to explore the incorporation of various wearable sensor technologies in 

conjunction with TCP technology to create SWRR devices that can seamlessly integrate 

into the daily lives of children. This advancement holds the promise of substantially 

improving their overall quality of life. 

This study presents innovative components to design paediatric ankle SWRRs. These 

elements provide solutions to specific issues of traditional exoskeletons (weight and 

compliance) and can be translated to develop SWRR for different purposes. 

Nevertheless, as discussed, the technology still needs to be improved for its widespread 

adoption in rehabilitation settings. Additionally, it is essential to collaborate closely with 

human users to understand better and address any technology shortcomings. 
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6.7 Limitations  
 

The current device was not tested on paediatric patients due to ethical limitations. Hence, 

the performance shown in the study could change when applied to paediatric patients.  

In the case of the used metric from the biomechanical requirements, all the analysed 

metrics were the minimum requirements for all the attributes. However, it recognised the 

need for additional refinement before clinical use. This research is proof of concept of 

the technology aimed to explore its strengths and limitations, emphasising the ongoing 

work required for its potential widespread clinical implementation. 

6.8 Chapter Summary 
 

This chapter successfully realized a proof-of-concept for a paediatric SWRR targeting 

the ankle, achieving a torque of 1.5 Nm, a ROM of 10° in dorsiflexion within 5 seconds, 

and an EMG HCI. This accomplishment underscores the feasibility of employing TCP 

technology in paediatric SWRR, as it meets the minimum biomechanical requirements 

for ankle rehabilitation in the paediatric population. Research questions three and four 

can be addressed with these results. However, it is acknowledged that further 

comprehensive exploration and refinement are imperative to develop a paediatric 

prototype ready for practical use. 
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Chapter 7 : Discussion and Conclusion 
 

SWRR will be the next revolution in assistive devices for children, as technology is 

integrating more into people's daily lives. It is now possible to find wearable devices that 

sense most biological signals and predict many diseases. The next step on wearables is 

to transition from smart sensors to smart actuators to actively help children with their 

activities.  

It's possible to see that efforts into paediatric wearable robots are being taken as 

researchers and companies with the knowledge acquired on SWRR for adults are 

starting to develop paediatric versions not just by downsizing but by getting specific 

requirements from them. It will still take time as working with children is more complex 

than working with adults as they are not fully mentally and physically developed. 

Furthermore, it is necessary to think about the requirements of portable robots that can 

be worn outside of clinical facilities. In the first step into SWRR, the main goal in the short 

term is to provide physiotherapy through repetitive movements without the need for a 

physiotherapist all the time. This will boost the children's activity, reducing or keeping the 

deterioration of their muscles, resulting in a better quality of life. After physical therapy is 

achieved, the next obvious step will be to use SWRR during daily life, becoming a natural 

part of the children’s garments.  

The objective of this study was to carry out a thorough investigation into understanding 

the feasibility of using SWRR for children with physical disabilities based on AMSM. Over 

the course of this thesis, we have sought to answer four research questions spread 

across five sequential peer-reviewed publications serving as individual Chapters that 

delved into paediatric rehabilitation robots, AMSM, TCPs characterisation, TCPs control 

and enhancement and the potential to use TCPs in a paediatric SWRR to generate ankle 

dorsiflexion movements. The research questions were: 

1. Why is different to develop paediatric SWRR than normal SWRR? 

2. To what extent does the developed proposed TCPs AMSMs produce forces and 

displacement that can be used to generate the ROM and torques in the sagittal 

plane that are similar to those needed to move a child's ankle during passive 

dorsiflexion movement?  

3. How a control strategy developed for SWRR performs in generating dorsiflexion 

movements? 

4. Can a feasibility study identify the critical attributes for SWRR that could assist 

ankle dorsiflexion movement in children's sagittal plane?  
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The progression of these peer-reviewed publications began with Chapter 2, which 

specifically addresses the first question on the difference between adult and paediatric 

rehabilitation robots. Chapters 3 and 4 collectively delve into the mechanical 

characteristics of TCPs that are required for the paediatric SWRR for ankle, answering 

question 2. Chapter 5 is the starting point for solving question 3 as it analyses the control 

properties of a single fibre that later is extrapolated to the SWRR system developed on 

Chapter 6 to properly solve the question. Finally, Chapter 6 addresses research question 

4 by synthesizing the knowledge of single-fibre behaviour acquired from Chapters 4 and 

5. This synthesis is applied to a bundle of fibres powering a paediatric SWRR for the 

ankle. The developed prototype provides valuable insights into the feasibility of 

implementing TCPs in SWRR, elucidating their advantages and limitations when 

integrated into paediatric exoskeletons. 

In Chapter 2 was found that children have often been overlooked in the realm of 

rehabilitation robots, as they present unique challenges in their development while 

growing. Limited resources delve into the crucial characteristics to consider when 

creating devices for paediatric use. This study employs a literature review encompassing 

206 publications, identifying 58 robotic devices utilized by children with physical 

disabilities. The analysis underscores key attributes crucial in developing rehabilitation 

robots for children, emphasizing weight, safety, operability, and motivation. 

In addition, the study reveals a prevalence of neurological diseases, particularly CP, 

among users. The predominant training strategy involves assistive methods. In terms of 

technology, the admittance/impedance HCI proves most popular, with electric motors as 

the commonly used actuators. Moreover, current research in paediatric rehabilitation 

robotics is trending towards the development of exoskeletons designed for use outside 

clinical facilities. 

On Chapter 3 the analysis delves into the biomechanical requirements, evaluating the 

strengths and weaknesses of SWRR based on AMSM. AMSM emerges as a trend due 

to its compliance, lightweight nature, and independence from external components. A 

scrutiny of 36 research papers reveals 17 SWRR robots employing four different 

technologies: DEAs, PVC gels, SMA, and TCP. DEAs and PVC excel in high frequencies 

but exhibit lower forces compared to skeletal muscles, while SMAs and TCPs offer higher 

forces at the expense of lower frequencies. Despite all technologies demonstrating lower 

strain than human muscles, SMAs and TCPs are preferred in SWRR for their force-

generating capabilities, and their lower speeds remain suitable for therapeutic setups 

requiring slow movements under 0.25 Hz. 
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TCPs emerged as the preferred AMSM due to their advantageous attributes, including 

high-power density, substantial stress, considerable strain, linear behaviours with low 

hysteresis, and electrical controllability through joule heating. However, the challenges 

of low frequencies and high temperatures in the context of SWRR prompted researchers 

to explore various TCP parameters and techniques affecting frequency response and 

working temperature, such as polymer types, fibre diameter, closed-loop control, and 

active cooling. Notably, the effects of embedded wire and actuator length on TCP 

performance were critical aspects not extensively studied in TCP characterizations. 

Chapter 4 of this thesis delves into the effects of embedding NiCr wire into TCPs, utilizing 

a nylon fibre with varying NiCr wire diameters. Findings reveal a negative impact on TCP 

performance as wire diameter increases, leading to reduced strain proportional to the 

wire diameter increment. This reduction, potentially linked to increased TCP stiffness, 

results in a strain decrease by a factor of 0.0924 and an increase in response time by 

0.0054 for each wire diameter increment. Additionally, the study highlights considerations 

related to voltage values, indicating potential challenges for long actuators requiring high 

voltages, exceeding standard battery values of 24 V. 

Upon comprehending the impact of NiCr on TCPs, an investigation into how actuator 

length influences temperature management and frequency was executed in Chapter 5. 

Employing a 0.71 mm diameter fishing line with a 36 AWG NiCr (0.127 mm) wire, 

characterized by a 12% strain, the study utilized three distinct actuator sizes. The larger 

actuator was three times the size of the smaller one, and the middle-sized actuator was 

twice the size of the smaller one. Regardless of the length, the study revealed a 

consistent relationship between strain and temperature. This consistency implies the 

possibility of achieving equivalent displacement with lower temperatures, a critical 

consideration for SWRR given the human tolerance limit of 65°C. 

Following the assessment of length's impact on actuators, a novel strategy to reduce 

response time through displacement offset was introduced. By increasing actuator 

length, it becomes feasible to adjust the temperature range in which TCPs operate to 

produce displacement. The expanded temperature range facilitates more effective 

cooling. Using a PID controller and applying various displacement offsets to the actuator, 

the study demonstrated an enhancement in frequency by 0.0006 Hz for every millimetre 

applied as an offset. This means that is possible to reach frequencies that can be used 

on rehabilitation if a long offset is provided (e.g. an offset of 1000 mm will result in a 

frequency of 0.6 Hz). Furthermore, the technique can be improve using thinner fibres as 

their thermal capacitance is lower loosing heat faster [334].  
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Finally on Chapter 6, the paediatric SWRR for ankle based on TCPs was tested on a 

dummy model resembling a ten-year-old child to assess the developed paediatric ankle 

SWRR based on TCPs as obtaining approval for clinical trials involving children presents 

challenges, and the technology needs additional improvement before being tested with 

children. The established minimal requirements for ankle rehabilitation included 

achieving a 10° dorsiflexion, 1.5 Nm torque, and completing movements within 5 

seconds. Various techniques devised in this study to enhance force, displacement, and 

working frequency were implemented successfully in the proposed device using 5 TCPs. 

Additionally, the working temperature remained below 65 °C.  

With Chapter 6 serving as the concluding chapter and addressing the ultimate question, 

TCPs emerge as a feasible technology for paediatric SWRR, effectively addressing the 

primary needs of paediatric users. Their lightweight nature, notably demonstrated by the 

present device weighing 300 grams, stands as a significant advantage over traditional 

motors. The softness of TCPs enhances compliance with the desired movements of 

children, thereby minimizing the risk of harm and promoting safety. In terms of operability, 

the flexibility of TCPs facilitates easy adaptation to different SWRR shapes and sizes. 

This adaptability extends to shaping the device, presenting an additional motivational 

advantage as future iterations of SWRR are envisioned to function as clothing, 

contributing to a reduction in awareness of the disability. Crucially, this work attains 

minimal biomechanical requirements for ankle dorsiflexion, promising further 

improvement as inherent limitations are systematically addressed. 

Through this work limitations were identified, such as the device being active in only one 

direction, the absence of external cooling aid, and a prolonged relaxation phase taking 

over 20 seconds to return to the initial position. An additional consideration for devices 

employing resistance wires is the wire resistance, influencing the PID controller speed 

limited by the voltage supplied to the device. Despite these constraints, the results of this 

test exhibit promising advancements in utilizing soft actuators for paediatric rehabilitation 

robots, paving the way for further research to address challenges associated with TCPs. 

7.1 Study Limitations and Future Research Directions  
 

The new revolution of actuators comes in a soft package. These new technologies 

resemble how the human body works. The human body is deformable but strong, so soft 

actuators are one of the best options to integrate into SWRR. It will be possible to mimic 

how our skeletal muscle system works, making adopting the exoskeletons easy. 

Nevertheless, soft robotic technology is still in the early stages of development and is a 
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change in the robotics paradigm. The expectation for soft robotics is significant as they 

can solve problems that traditionally rigid robotics can not. 

Nevertheless, no soft robotic technology can compare to traditional robotics at this 

moment, but this is expected to change. There is plenty of research on soft robotics, from 

understanding the physics and how they behave to analysing how they interact with the 

environment. In this regard, some technologies can work better than others, depending 

on the application. For example, IPMC, due to its wet nature, could be used in underwater 

activities, DEAs could be used in agriculture to pick fruits and vegetables that require a 

delicate, precise touch, and SMA is extensible researched in SWRR. 

In this work, TCPs were analysed as they present behaviour similar to SMAs but with the 

advantages of higher strains and linear behaviour that have been the main challenges 

of SMAs. But there remain the challenges of requiring high temperatures about those 

that humans can withstand and the main disadvantage of requiring extended periods of 

time to recover their original form as they can only be activated in one direction. 

Nevertheless, the approaches presented in this work provides good insight in paediatric 

SWRR using TCPs as the actuators. If this technology is mean to be used on a paediatric 

cohort advance in different areas are required.  

The subsequent phase involves extrapolating the insights garnered from this study to 

diverse body parts, each with distinct requirements. A key differentiator among joints is 

the varying torque demands. This challenge could be addressed by bundling fibres into 

a larger unit or employing thicker fibres. Using long actuators is suggested to generate 

a broad ROM. The space restriction in exoskeletons can be solved by implementing a 

pulley system that uses long actuators [60]. Lastly, exploring the application of TCPs in 

prosthetic components becomes intriguing, considering their lightweight nature, which is 

an advantage over traditional motors. 

A primary area for future research involves the integration of HCI into the device. The 

thesis utilizes a basic sEMG interface for actuator triggering, posing a limitation in terms 

of potential false positives in the activation pattern. Future developments should explore 

sophisticated HCI integration, potentially leveraging various wearable sensor 

technologies in tandem with TCP technology. This integration aims to create SWRR 

devices that seamlessly blend into children's daily lives, significantly enhancing their 

overall quality of life. 

Exciting technologies for integration include Electrical Impedance, capable of recording 

muscle activation with a more in-depth view of activated muscle fibres compared to 

sEMG [405]. Additionally, considering the challenges posed by weak muscles in children, 



Chapter 7 
 

151 | P a g e  
 

EEG signals from the brain present an alternative, overcoming limitations associated 

with myographic signals. For enhanced pattern identification robustness, the fusion of 

different HCI technologies emerges as another compelling avenue for exploration. 

The primary challenge associated with TCP technology revolves around its reaction time, 

and it is essential to dissect this issue into two distinct facets due to the actuator's 

unidirectional nature. The application of power triggers contraction but lacks control over 

elongation. On one side, accelerating the contraction time requires increased applied 

power, resulting in quicker temperature elevation. The critical constraint is the need for 

precise regulation of applied power to prevent heat-induced damage, posing a potential 

safety risk. Incorporating a temperature controller into the control strategy becomes 

imperative to allow for higher frequencies while mitigating the risk of actuator damage. 

However, achieving faster reactions often demands higher power, exceeding 100 Watts, 

necessitating efficient DC-DC converters or larger batteries for untethered use, 

considering the current limitations in battery technologies (commonly in the range of 24 

V). Nevertheless, ongoing advancements in energy storage and transmission promise 

significant improvements in energy density and battery miniaturization. These 

developments pave the way for the feasibility of employing SWRR outside of clinical 

facilities. 

On the other hand, addressing the relaxation phase presents a more intricate challenge. 

This research aimed to optimize the cooling process without external systems, relying 

on convective airflow. Strategies involved creating sufficient spacing between actuators 

to prevent heat transfer, yet this consideration proved counterproductive as it limited the 

number of fibres, consequently restricting torque production. Despite efforts, 

improvements were marginal due to the actuator's considerably slower natural frequency 

compared to required frequencies for activities like walking (0.02Hz in TCP versus 1 Hz 

in walking activity). 

Drawing insights from TCP research studies, two potential alternatives for improvement 

involve incorporating a cooling system or adopting agonist-antagonist muscle systems. 

In the case of the cooling system, various options exist, including fans, fluid-based 

systems, and Peltier cells. Opting for a cooling system based on fluids requires carefully 

considering the fluid type, such as air, water, or mineral oils. Each fluid type will impact 

the system's performance differently, necessitating thorough analysis. Additionally, the 

encapsulation of the cooling system must be evaluated to ensure compatibility and 

effectiveness.  

For the agonist-antagonist muscle system, understanding the effect of heat on the fibres 

is crucial. The increased energy to compensate for the opposing force from the 
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antagonistic fibre will generate additional heat, which is dangerous for the fibres and the 

user. One potential solution is to use longer actuators with a displacement range larger 

than necessary to account for the increased heat buildup. 

However, it's crucial to acknowledge that these approaches introduce increased system 

complexity, requiring additional components that contribute to a larger size and weight. 

Consequently, more sophisticated control strategies become necessary to activate each 

element selectively. 

An additional consideration stemming from the actuators' temperature generation 

pertains to interfacing with human skin while keeping the external temperature of the 

device below 65°C. The use of different materials in TCP insulation, such as Teflon or 

Kevlar, is anticipated. Therefore, further work is essential to understand how the shape 

and materials of the insulation component impact temperature changes in TCPs. 

Another interesting area to cover and main limitation of this study is to perform test with 

children. Nevertheless, despite the work focuses on paediatric device, it has not 

progressed to a phase of testing with actual patients. Ethical considerations and 

challenges associated with working directly with children with physical disabilities 

contribute to this limitation. The use of a dummy model, while informative, does not fully 

capture the diversity in movement that a child might present, restricting the evaluation to 

the sagittal plane. 

The work presented in this thesis demonstrates the potential of TCPs to function 

effectively as actuators for paediatric ankle SWRR, as well as for SWRR systems in 

broader applications. TCPs have shown the capability to effectively meet the minimum 

biomechanical requirements for paediatric ankle rehabilitation. Furthermore, this 

research aims to inspire future studies that could evaluate the effects of a rehabilitation 

system based on SWRR TCP activities in clinical trials for children. 

By showcasing the feasibility and efficacy of TCPs in addressing ankle rehabilitation 

needs, this thesis lays the foundation for broader applications of TCP-based SWRR 

systems in clinical settings. The hope is that future research will build upon these 

findings, leading to innovative rehabilitation solutions that can positively impact the lives 

of children with ankle-related challenges.  
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