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Abstract

Twisted coiled actuators (TCAs) are biomimetic and inexpensive artificial muscles. To enable

their integration into soft robotics, a novel cooling apparatus was designed, consisting of a fabric

channel to house the TCA and a miniature air pump for forced convection. The channel was

designed to be lightweight, flexible, and easy to integrate into a soft wearable robotic device.

The effect that the channel dimensions had on TCA performance (cooling time, heating time,

and stroke) was investigated by testing combinations of three widths (6, 8, and 10 mm) and

three heights (4, 6, and 8 mm). In general, as the channel dimensions increased, the cooling

time and heating time decreased, however the stroke was unaffected (provided that the channel

height was above 4 mm). The largest channel, 10 mm width and 8 mm height, resulted in the

best combination of cooling time, heating time, and stroke, and thus it was used in a secondary

experiment to compare the performance of the TCA with and without the cooling apparatus.

When compared to passive cooling without a channel, the cooling apparatus resulted in a 42%

decrease in cooling time (21.71 ± 1.24 s vs. 12.54 ± 2.31 s), 9% increase in the heating time (3.46

± 0.71 s vs. 3.76 ± 0.71 s), and a 28% decrease in stroke (5.40 ± 0.44 mm vs. 3.89 ± 0.77 mm).

This work demonstrates that fabric cooling channels are a viable option for cooling TCAs. Future

work can continue to improve the channel design and investigate alternative means of air flow to

further improve the performance of the TCA.

Index terms— Fabric cooling channels, twisted coiled actuators, wearable robotic systems.
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Lay Summary

Wearable devices have the potential to improve the quality of life for many individuals, either as

assistive devices or as rehabilitation aids. These devices are not common, because the motors used

are often heavy, bulky, and expensive. Twisted Coiled Actuators (TCAs) are a type of artificial

muscle made from nylon thread. They are a promising alternative because they are lightweight,

slim, and inexpensive. They contract when heated and extend when cooled. Unfortunately, their

natural cooling speed is too slow for many applications in healthcare and rehabilitation.

Therefore, a new cooling method was developed. It consists of a fabric channel to house the

TCA and a miniature air pump to move air through the channel. This system has been specifically

designed for soft wearable robotics, as it was designed to be lightweight, low-profile, and flexible,

to help with user comfort. Additionally, since the channel is made from fabric, it can easily be

sewn onto other materials for assembly into a robotic device.

The effect of channel size on TCA performance was evaluated by testing nine channel sizes,

which were combinations of three widths (6, 8, and 10 mm) and three heights (4, 6, and 8 mm).

TCA performance was evaluated by comparing the cooling time, heating time, and displacement

of TCAs in each channel size. In general, the cooling and heating times of the TCA decreased

as the channel size increased, however, there was no change in the displacement when the height

was above 4 mm. The channel with a 10 mm width and 8 mm height had the best combination

of heating time, cooling time, and displacement. Using this channel, a second experiment was

completed to compare TCA performance with and without the cooling system. With the cooling

system, the average TCA cooling time decreased by approximately 42%, however there was a 9%

increase in heating time and a 28% decrease in displacement. This work shows that fabric cooling

channels a promising way to improve the cooling time of TCAs.
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Chapter 1

Introduction

1.1 Motivation

Musculoskeletal disorders impact a significant portion of the population. Studies have shown that

they are the most common cause of disability in Canada, and each year over 50,000 Canadians

suffer from upper limb workplace injuries that require them to take time off work [1–3]. Severe

injuries frequently take weeks or months of time-consuming physiotherapy, requiring the patient

to perform repetitive exercises to regain mobility and strength. Patients often lose interest and

stop treatment due to the tedious tasks and difficulty in tracking progress. Fortunately, the

repetitive nature of these exercises allows them to be a great candidate for robotic involvement.

Robotic therapy has been proven to be effective with stroke rehabilitation and can be expanded to

other injuries [4–6]. Its advantages include increased patient engagement, the ability to quantify

progress, and lower workloads for the physiotherapists [7, 8]. To expand their usefulness, robotic

rehabilitation devices should be portable and wearable, so that they can be used at home and in

settings outside of the clinic.

Current rehabilitation robots are often bulky, heavy, and expensive, leading them to be sta-

tionary devices. These limitations occur in part due to their actuation systems, which are most

often motors or pneumatics [9–11]. One method to reduce the cost and increase the portability of

wearable robotic devices is to use alternative actuators, such as artificial muscles. Artificial mus-

cles have the additional advantages of being biomimetic and compliant, which reduce the chance

1



1.2 Existing Solutions 2

of injury to the user.

A promising artificial muscle, called the Twisted Coiled Actuator (TCA), was proposed in

2014 [12]. These artificial muscles are created by super-coiling polymer thread, and can contract

up to 21% of their length when heated. They are most often created with silver-coated nylon

to enable electric heating. TCAs meet the desired requirements of a slim, lightweight, and in-

expensive actuator, allowing them to be a viable option for portable robotic devices. They also

have the advantages of a high power-to-mass ratio, and low hysteresis, when compared to other

artificial muscles [12]. Unfortunately, their low bandwidth with passive cooling (0.03 Hz) limits

their applications in devices for rehabilitation purposes [13]. To increase the potential for TCAs

to be used in wearable robotic devices, their cooling time needs to be decreased in a manner suited

for portable soft robotics.

1.2 Existing Solutions

Previous work has demonstrated that changing the environment of the TCA significantly changes

its cooling time. TCAs have been tested with forced air, still water, forced water, and hydrogel.

Liquid coolants are effective at decreasing the cooling time of the TCA, however, they come

with the cost of significant power increases for heating the TCA [14]. Liquid coolants have other

disadvantages for wearable robotic devices, including a higher mass when compared to forced air,

the potential to leak, and the change in TCA behavior as it absorbs the liquid. Hydrogel coatings

can produce cooling times similar to still water, however they only last for approximately 30

actuation cycles, and thus are not capable of long-term use [14].

Conversely, forced air cooling does not have a limited life cycle and it does not impact the power

requirements for the heating phase. Depending on the rate of airflow, forced air can produce cooling

rates comparable to standing water [15]. This method of cooling has been implemented with fans

and compressed air, generally with the TCA still exposed to the environment. While this has been

effective, it is not practical to have exposed TCAs on a wearable device, as they can be heated up

to 120◦C, and the user must be protected. In light of this constraint, there has been some success

in cooling TCAs by placing them in rigid tubes to direct the air flow and shield the user from the
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heat [13], however these rigid tubes would be difficult to embed in fabric for wearable devices.

1.3 General Problem Statement

Portable robotic devices have the potential to help individuals with rehabilitation and activities

of daily living at home and in other settings outside of the clinic. The ideal device would be

lightweight, low-profile, and unobtrusive, to ensure user comfort, and affordable, to ensure that

the technology can be adopted by the target population. Whether or not a design meets these

objectives is affected by the actuators used in the device. TCAs meet these requirements, however,

few designs have chosen to employ TCAs due to their limitations of slow natural cooling rates,

low efficiency, and high operating temperatures. Therefore, the purpose of this work is to address

the main challenge involved in implementing TCAs in soft wearable robotic devices—their slow

cooling rate. If TCAs can be cooled in a manner that meets the above objectives, it would allow

them to be used in soft wearable robotic devices for rehabilitation purposes.

1.4 Research Objectives and Scope

This thesis consists of the design and assessment of a cooling mechanism for TCAs that can easily

be incorporated into soft wearable devices. The designed cooling mechanism consists of a fabric

channel to house a TCA and guide airflow over it, as well as a miniature air pump to provide the

airflow. The scope of this work is limited to the design and improvement of the fabric channel,

and does not include a detailed investigation of alternative means of airflow.

The primary objectives of this thesis are as follows:

1. To investigate the design of a mechanism to house and cool a twisted coiled actuator that

meets the requirements for soft wearable robotic devices.

2. To assess the feasibility of the system and determine if it can be supported by commercially

available miniature air pumps.

3. To evaluate the effect that the channel dimensions have on the performance of the TCA.
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4. To compare the performance of the TCA with and without the novel cooling channel.

1.5 Overview of the Thesis

The structure of this thesis is summarized in the outline below:

Chapter 1 Introduction: This introductory chapter.

Chapter 2 Literature Review: Presents a review on robotic devices for rehabilitation pur-

poses, focusing on their effectiveness and the actuators used. After comparing

the actuators, a detailed description of twisted coiled actuators is provided.

Chapter 3 Computational Fluid Dynamics Study to Assess Solution Feasibility: De-

scribes simulations completed with the channel design to assess the feasibility

of cooling twisted coiled actuators with miniature air pumps and a preliminary

version of the channel design.

Chapter 4 Active Cooling of Twisted Coiled Actuators via Fabric Air Channels: De-

scribes the design of a novel cooling apparatus for twisted coiled actuators, an

evaluation of the size of the channel on TCA performance, and a comparison

of TCA performance with and without the channel.

Chapter 5 Conclusion and Future Work: Summarizes the contributions and limitations

of the studies presented in previous chapters, as well as directions for future

work.

Appendix A Pilot Study: Describes the pilot study and results that were completed prior

to Chapter 4.

Appendix B Additional Experimental Analysis: Presents an additional discussion of the

results from Chapter 4.

Appendix C Copyright Permissions



Chapter 2

Literature Review

This chapter presents a review of the literature of wearable robotic systems (Section 2.1) and TCAs

(Section 2.2). First, a brief summary about the effectiveness of robotic systems for rehabilitation

is presented, followed by a comparison between the actuators used in these devices. After selecting

which actuator to focus on for this work (TCAs), the operational mechanism and fabrication

process for TCAs is explained. Finally, the factors that effect the performance of TCAs and

wearable devices that have employed TCAs are discussed. To create this chapter, a literature

search was conducted between May 2020 and October 2022 using keywords such as robotic stroke

rehabilitation, robot-aided rehabilitation, robotic physiotherapy, upper limb exoskeleton overview,

twisted coiled actuator, twisted coiled polymer, twisted coiled muscle, and cooling twisted coiled

actuators.

2.1 Robotic Devices

2.1.1 Introduction to Robotic Rehabilitation Devices

The concept of exoskeletons has existed since the late 1800s, however, the first robotic exoskele-

tons did not appear until the late 1900s [11]. Exoskeletons have been developed to increase the

performance (either strength or endurance) of healthy individuals for military and industrial appli-

cations, aid with rehabilitation of individuals with temporary musculoskeletal disorders, and assist

those with permanent musculoskeletal disorders [16]. Recently, there has been a focus on devices

5
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for assistance with activities of daily living (ADLs) and rehabilitation, for applications such as

Parkinson’s disease, spinal cord injury, and arthritis [10, 16]. These devices could supplement the

user’s strength or suppress tremor to help them complete ADLs with more independence. Another

developing application is when robotic devices are used to aid with rehabilitation for individuals

with stroke or traumatic brain injuries, as rehabilitation requires many hours of repetitive motions.

For these applications, there are three categories of devices in development: end effector devices,

exoskeletons, and exosuits.

End effector devices are purely for rehabilitation purposes, and the only contact between the

user and the robot is through the end effector of the robot, which is usually held by the user’s

hand. These devices move the user through an exercise, however, there is no control over the

user’s individual joints or how the user is completing the exercise due to the limited contact [9].

The user could easily compensate for the injured body part by engaging or moving other joints

or muscles, which can be undesirable if the goal is to regain their range of motion or strength in

a certain area. These devices are simpler than exosuits and exoskeletons, although the nature of

these devices requires them to be stationary.

By contrast, exoskeletons mimic the user’s skeletal structure using rigid links that are parallel

to the human skeleton. They can control individual joints, either independently or synchronously.

The main advantage of exoskeletons is their rigid nature, as the links are capable of delivering

high forces to the user, carrying the weight of the actuators (reducing the load on the user), and

maintaining high accuracy due to the structural integrity of the links [17]. However, these rigid

links and joints contribute to one of the main disadvantages of exoskeletons—difficulty in obtaining

and maintaining joint alignment [17]. It is important that the axes of rotation of the wearable

device align with the axes of rotation of the user’s joints, as misalignment can result in excess

forces and moments applied to the user’s body that cause discomfort and risk injury or damage

to the joint [18]. Maintaining joint alignment is difficult, as the center of rotation of the user’s

joint will change throughout an exercise, and there is the possibility of the device sliding on the

user’s limb [18]. Some exoskeleton designs circumvent this problem by adding additional degrees

of freedom to ensure that the joints are aligned; however, this adds to the bulk, complexity, and

mass of the system.
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Exosuits solve this problem by being made from soft, compliant materials and often using

actuators or transmission systems without additional or external axes of rotation that must be

aligned with the user’s joints. Similar to exoskeletons, they are worn by the user and can control

individual joints. They generally have a lower profile than exoskeletons and they are usually

intrinsically compliant, allowing for increased user safety [17]. However, the lack of rigid links

often reduces the amount of force that they can apply to a user, when compared to exoskeletons.

Recent reviews have shown that there is a recent trend in wearable devices and soft robotics

(exosuits) to increase the portability and safety of the devices [10, 19].

2.1.2 Effectiveness of Rehabilitation Robots

All three types of devices have the potential to help individuals with rehabilitation exercises or

activities of daily living for a wide range of conditions. Some of the applications for these systems

include arthritis, Parkinson’s disease, spinal cord injuries, and stroke [10]. To date, end effector

devices and exoskeletons have been assessed for rehabilitation exercises, primarily with stroke

patients. Review papers conclude that the robotic therapy results in improved patient-reported

outcomes, as users find robotic therapy more engaging, and encouraging [4, 8]. In terms of clinical

measures, one review paper concluded that there is no difference between conventional and robotic

therapy if the intensity and duration of the rehabilitation sessions are the same [20]. Conversely,

another review paper determined that there was increased improvement in upper limb functioning

for chronic stroke patients who participated in robotic therapy, though there was no significant

difference for acute stroke patents [21]. While clinical scales for robotic devices only report a mild

positive effect, improved patient reported outcomes are still a desirable result. Increased patient

engagement and motivation results in higher therapy success rates, and thus patients may obtain

higher benefits by utilizing robotic devices for therapy [7, 8].

Other advantages of robotic rehabilitation include the real-time feedback it can provide and

the quantitative measurements on patient progress, such as range of motion or strength [6, 7].

Robotic rehabilitation would allow the therapist to quantitatively analyze the kinematics and/or

dynamics of their patient’s motions, which could assist in developing new physiotherapy techniques

[6]. Active motion tracking could allow for more consistent repetitions and exercises throughout
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each physiotherapy session, between sessions, and between patients [22].

Another potential advantage of robotic rehabilitation is that it could increase access to phys-

iotherapy. Robotic devices could allow intensive rehabilitation without high labor hours for a

therapist [7]. This decrease in labor hours with a specific patient could allow physiotherapists to

support more individuals. Portable robotic devices could also allow easier access to therapy for

those with mobility difficulties.

Overall, while there are positive effects of robotic therapy, they are not significant enough to

justify the high cost of existing systems. Additionally, the studies that have been completed to

date are small scale and at risk of bias. Conclusive statements on the efficacy of robotic therapy

cannot be made until larger studies are completed [4, 7, 23]. To facilitate those studies, the costs of

these devices need to be reduced [17]. Additionally, low cost robotic rehabilitation systems could

be employed in home, community, or other low resource settings [24]. Portable devices that allow

home rehabilitation and assistance would be especially beneficial since the patient population in

Canada is increasing in age and there is a shortage of therapists and caregivers, especially for at

home care [9].

2.1.3 Requirements for Portable, Wearable Robotic Devices

To help create portable wearable devices, there are several challenges that need to be addressed,

in addition to the overall cost of the system. Primarily, systems need to be developed so that

they are safe and appealing for the user. They should be designed to have a slim profile so they

remain unobtrusive, both for user comfort and aesthetics, especially if the goal of the device is to

be worn for extended periods of time [11]. Similarly, the mass of the device needs to be minimized

to improve wearability and portability; particularly if the intended user is already injured or

not at full strength [10]. To help protect the user, the actuators used should be compliant or

backdrivable. Compliant actuators have low stiffness and are more capable of mimicking biological

motion. Similarily, backdrivability ensures that the user can move the actuators by applying a

force to the output. These qualities would help to ensure user comfort and to protect the user

during interactions with the device. To aid with adoption of wearable devices, they should be

designed to be intuitive, fast to set up, and affordable [9]. Additionally, assistive and rehabilitative
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devices must be able to adjust for different individuals, or be custom designed, as every person has

different anatomical measurements. The device must adequately fit each user to prevent discomfort

and excess strain on their joints [25]. Finally, exoskeletons and exosuits would ideally allow the

user to have full range of motion. Especially for rehabilitation, it is essential that the device can

support all of the required degrees of freedom over the required ranges of motion for the exercises

[18]. If the user cannot properly perform the motions due to restrictions, there would be changes

in the muscle activation patterns, impacting the effectiveness of the therapy [26]. At minimum,

the device should be able to support ADLs, as studies have shown that patients perform better

on motions that were part of the rehabilitation exercises, in comparison to motions that were not

integrated into the exercises [27].

Overall, the mechanical design of wearable devices should be compliant, slim, lightweight, and

portable. However, a consistent conclusion across review papers is that current devices are heavy,

bulky, and have limited portability, which occurs in part due to the actuators that are being

selected [9–11]. Additionally, the high cost of electric motors, the most popular actuator, is a

contributing factor to the cost of the devices. For wearable robotic devices to become a feasible,

economic solution, alternative actuators need to be employed to address the cost, weight, and

portability concerns.

2.1.4 Actuators for Wearable Robotics Devices

This need has been captured in recent reviews of wearable robotic systems, upper limb exoskeletons,

and robotic devices for upper limb rehabilitation [9–11, 25]. These papers show that the majority

of devices designed use DC motors for actuation (62–72% of devices), with more recent reviews

having a lower percentage of devices utilizing motors. The second most common actuator are

pneumatics (13–28% of devices), and the remaining devices utilize a wide variety of actuators

such as hydraulics, shape memory alloys, and twisted coiled actuators. The following sections

will discuss the advantages and disadvantages of actuator options for wearable devices, as well as

provide examples of devices with each of the actuators.
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2.1.4.1 Motors

As mentioned previously, motors have become one of the most common actuation methods for any

robotic system. They operate by passing a current through a coil of wire that is surrounded by

a permanent magnet. This results in the generation of a force (electromagnetic induction) that

causes the coil to rotate. Since they are well researched and easily available, they have several

advantages. There are many models of motors and controllers, making motors easy to use and

integrate into new designs. Additionally, motors are efficient, especially in comparison to thermal-

based actuators, and they can deliver high speeds.

Since motors are the most popular actuator, there are numerous examples of devices that em-

ploy them. They have been used to control all joints in the upper extremities (fingers/hand, wrist,

elbow, and shoulder), both independently and in groups of 2–3 serial joints. When the focus of the

system is to control distal joints, some portable systems have been developed, such as the system

developed by Stein et al., that controls the elbow in flexion–extension [28]. However, when the

focus of the system is the shoulder, or when multiple adjacent joints are actuated simultaneously,

the designed systems become stationary [9].

Of the existing devices, very few have been commercialized. Some of the existing commer-

cialized systems include the Hand of Hope, which controls individual finger motion for stroke

rehabilitation [29], and the PowerGrip Robotic Glove1, a hand orthosis developed to help C4 or

C5 quadriplegics. The Hand of Hope is a portable system that employs linear motors attached

to the hand to move the fingers in extension and flexion for rehabilitation exercises, whereas the

PowerGrip Glove simultaneously flexes or extends the thumb, index, and middle fingers to allow

the user to grasp objects. Since these commercialized systems are expensive (e.g. the PowerGrip

Robotic Glove costs $7,602.00–9,254.00 CAD), there has been some exploration into 3D printed

devices for the hand and wrist to help lower the cost. For example, Yoo et al. designed a wrist

orthosis that can be constructed for approximately $315 CAD, except for the cost of the 3D printer

[30]. Their device is similar to the PowerGrip, in that it uses a motor and EMG signals to simul-

taneously flex the thumb, index, and ring fingers to enable the user to pick up objects. In this

design, the motor is still the most expensive component, and thus there would be a significant

1Inclusive Inc. https://inclusiveinc.org/en-ca/products/powergrip

https://inclusiveinc.org/en-ca/products/powergrip
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increase in cost for each additional degree of freedom added to the design.

In addition to the high cost of motors, they have other disadvantages for wearable robotic

devices. They are often bulky and heavy, require high power, and have high impedance. Their

axis of rotation is generally parallel to the longest side of the motor, meaning that to control a

joint, the motor either has to be fixed to the body in such a way that there is a large protrusion,

or a coupling system needs to be implemented. Coupling systems such as gears and cable systems

are effective at separating the motor from the joint axis, although they introduce efficiency losses

and can complicate the control system. They also add to the mass and physical complexity of the

system. However, the main disadvantage of motors for a wearable application lies in their lack

of compliance. As discussed above, compliance and flexibility in wearable devices are important

to ensure the user’s safety and comfort. One method that is used to improve the compliance of

motors is to add an elastic element in series with the load, turning it into a series elastic actuator,

however this often complicates the design and requires an additional degree of freedom to control

the compliance of the system.

2.1.4.2 Pneumatic Actuators

Unlike motors, pneumatics are inherently compliant due to the compressibility of air. They have

other advantages such as their high power-to-weight ratio (provided the air compressor is ne-

glected), and no fixed axis of rotation [10]. The main disadvantage of pneumatics for wearable

devices is that they require an air compressor to power the muscles. This often leaves the user

either carrying a large load or tethered to one spot. Additionally, the air compressor can be very

noisy, potentially decreasing the user’s comfort.

There are several types of pneumatics that can be employed in wearable devices, such as pneu-

matic bending actuators, pneumatic cylinders, and pneumatic artificial muscles (PAMs). PAMs

are composed of an internal air bladder to store the air, and an external woven mesh to control the

displacement of the actuator. The mesh of the PAM is designed such that when the air bladder is

full, the muscle will contract longitudinally from the circumferential pressure and expansion [31].

Recently, a variation on PAMs were developed that allow pneumatic actuators to be embedded

in fabric [32–34]. This novel implementation uses anisotropic fabrics to obtain bending actuation,
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as well as two internal air bladders to allow both flexion and extension with the same actuator.

These actuators were successfully implemented in a glove that improved the power and pinch grasp

forces of individuals with a spinal cord injury [35].

Another example of a pneumatic device is the Gloreha, which uses five double effect cylinders

to move a user’s fingers both in flexion and extension [36]. The cylinders are attached to user’s

forearm, and a flexible rod transmits the force from the cylinder to the fingers. This device has

been developed for stroke rehabilitation, and while wearable, the device is not fully portable as it

employs an industrial air compressor to actuate the cylinders.

Apart from the hand, pneumatic actuators have been used in devices to actuate the wrist, elbow

and shoulder, as well as combinations of joints [9, 10]. Similar to motors, pneumatic systems lose

their wearability when the proximal joints are being actuated.

2.1.4.3 Hydraulic Actuators

Some research groups have used hydraulic actuators to move the hand, elbow, or shoulder, also

in a stationary manner [9, 10]. Hydraulics use a liquid (generally oil) to transmit pressures, and

are rarely used in wearable devices [9]. They involve more complicated hardware, such as pumps,

valves, and reservoirs, are heavier than pneumatics, and have the potential to leak [16]. A few

teams have worked to tackle these limitations, such as Pylatiuk et al., who developed custom

pumps, valves, and flexible fluidic actuators to construct a portable hydraulic elbow brace [37].

The main advantages of hydraulics are their high power density and high efficiency.

2.1.4.4 Shape Memory Alloys

On the opposite end of the efficiency spectrum, shape memory alloys (SMAs) have very low effi-

ciency (0.15–2%), which is partially due to the fact that they are a thermal actuator. SMAs are

unique actuators that return to a set shape when heated, despite any deformation that occurred

when they were cool. SMAs most commonly are made from a nickel–titanium alloy that is com-

monly referred to as Nitinol. Nitinol, and other alloys with SMA properties, alternate between

a martensite state when cool and an austinite state when heated. SMAs can be categorized as

one-way or two-way SMAs. One-way SMAs require an external force to deform them when they
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are cool, otherwise they will maintain their shape from the last austinite cycle. Two-way SMAs are

fabricated with thermomechanical conditioning cycles and can alternate between two shapes—one

for martensite state and one for austinite state [38, 39].

SMAs have been used to actuate the hand by placing SMA cables along the forearm, and using

tendons to connect the actuators to the fingers, resulting in a low-profile glove [40]. They have

also been knit into the fabric of a glove on the dorsal side of the fingers, to help flex the fingers

[41].

These actuators have numerous advantages, including a high power-to-mass ratio, low voltage

requirements, biocompatibility, and silent actuation. However, they also have many disadvantages,

including low efficiency, slow cooling rates, and limited strain (5–8%) [38]. Additionally, they have

non-linear responses with large amounts of hysteresis that can make them challenging to control.

2.1.4.5 Twisted Coiled Actuators

Twisted coiled actuators (TCAs) are a type of artificial muscle that overcome some of the main

disadvantages of SMAs—they have significantly less hysteresis and can repeatedly obtain displace-

ments up to 34% of their length. As the displacement is temperature dependent, a maximum strain

of approximately 20% is more commonly reported, as 20% strain can occur between 100–150◦C,

as opposed to 34%, which requires the temperature to be above 225◦C.

TCAs are made by supercoiling polymer threads whose radial thermal expansion coefficient

is larger than its axial thermal expansion coefficient. When heat is applied to the supercoiled

structure, the radial expansion of the polymer creates an untwisting torque that causes the TCA

to contract. TCAs are simple and inexpensive to fabricate and are significantly slimmer and lighter

than other actuation methods, such as DC motors. They are inherently compliant due to their

structure and can easily be actuated through the use of electric heating (provided a resistance wire

or silver-coated nylon is used). However, since they are actuated by heat, their efficiency is low,

and their actuation speed is limited by the cooling rate, similar to SMAs.

Silver-coated nylon 6,6 is the most popular material for making TCAs as its silver coating

enables electrical heating and its axial thermal expansion coefficient is negative, increasing the

obtainable displacement. Nylon TCAs have been implemented in wearable devices designed to
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actuate the wrist or the fingers [42–44]. In these cases, the TCAs have been placed along the

forearm in order for longer TCAs to be used to obtain larger displacements. The forces from the

TCAs were transmitted to the target joints using cables as artificial tendons. These devices were

designed to help users complete activities of daily living independently. In addition to wearable

devices, TCAs have been employed as actuators in artificial hands, fingers, and elbows [15, 45–48].

They have also been used for applications outside of healthcare, such as creating artificial jellyfish

[49].

2.1.4.6 Artificial Muscles Similar to TCAs

Other artificial muscles have been developed with TCAs, to try to improve their performance.

In an attempt to obtain the best of both TCAs and SMAs, Xiang et al. twisted nylon with an

SMA [50]. Their actuator achieved up to 7.53% contraction under 4 V and 3 N, which is almost

twice what a nylon TCA could obtain under similar circumstances (4% contraction). However,

the actuator had significant hysteresis in the displacement–voltage curve compared to the TCA

counterpart.

Another hybrid artificial muscle was developed by Aziz et al., by combining nylon and spandex

threads. As opposed to twisting the threads together, the threads were twisted separately (stopping

before they started to coil), and then joined serially. The ends of the combined fiber were fixed,

however the junction was free to rotate. When heated, the nylon would untwist, forcing the spandex

to twist more. As the spandex was twisted, it formed coils, causing the overall structure to contract.

They achieved a maximum contraction of 12% at 120◦C with a 0.02 N load, independent of the

diameter of the spandex fiber. Unfortunately, as the load increased, the contraction decreased to

1.5% at 0.1 N.

Finally, carbon nanotube muscles (CNTs) are similar to TCAs, except that they are made

from carbon sheets that are rolled to form threads, which are then twisted and coiled to form

CNTs. While similar to TCAs, if thermally actuated they require extremely high temperatures

(approximately 2560◦C to obtain 7.3% contraction), causing thermally activated CNTs to be

impractical for wearable robotic devices [51]. However, alternative forms of CNTs that can be

actuated by absorbing different solvents are currently being developed. For example, Lee et al.
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present a CNT with electrochemical actuation that can achieve 16.5% strain at 0.02 Hz and a

5.4% efficiency [52]. Their CNT is surrounded by an electrolyte fluid, and when a voltage is

applied, the ions in the fluid migrate into the carbon threads. The influx of ions causes the

volume of the thread to increase, resulting in either tensile or torsional actuation, depending on

the configuration. This actuator surpasses TCAs in terms of efficiency, however the requirement

of an electrolyte environment could be challenging to implement in a wearable device.

2.1.4.7 Summary and Comparison of the Actuators

Overall, many types of actuators have been explored for use in wearable robotic devices. There is

continuing development in the field of artificial muscles with the goal of creating an actuator that

is biomimetic, slim, lightweight, and inexpensive, to meet the needs of wearable robotic devices.

While each actuator has its own advantages and disadvantages, the focus of the remainder of this

work will be on TCAs, due to their biomimetic properties, inherent compliance, and slim profile.

Their flexible, lightweight, and inexpensive characteristics allow them to be a promising actuator

for soft wearable robotic devices.

When compared to the other actuators discussed above, TCAs are significantly slimmer, lighter,

and less expensive than motors, pneumatics, or hydraulics. A more detailed comparison of TCAs

and SMAs is presented in Table 2.1, which provides some of the mechanical properties of the two

actuators. The same properties are provided for biological muscle, to demonstrate how TCAs

can operate as an artificial muscle. TCAs can obtain larger strains than SMAs, with similar

efficiencies and specific powers. While their maximum static stress (the maximum force produced

under isometric conditions, normalized to the cross-sectional area) is less than SMAs, they have

significantly less hysteresis. In comparison to biological muscle, there is overlap between the

achievable strain and similar densities. TCAs have a larger modulus, as well as a higher specific

power. The main shortcomings of TCAs in comparison to biological muscle are their low efficiency

and slow natural cooling time.

While Table 2.1 presents ranges found in the literature, it is important to recognize that many

of these properties depend on the way the specific actuator was fabricated (e.g., the material), its

geometry (e.g., the actuator diameter), what state the actuator is in (e.g., martensite or austinite
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Table 2.1: Comparison of actuator properties for SMAs [38, 53–56], TCAs [12, 15, 57–60], and
biological muscle [38, 56].

Property SMA
TCA

(Nylon)

Biological

Muscle

Strain [%] 5–8 10–34 20–40

Maximum Static Stress [MPa] > 200 20–55 0.35

Lifetime [Number of Cycles] 300–107 1,000–1.2×106 109

Elastic Modulus [MPa] 20,000–83,000 35–155 10–60

Efficiency [%] 1–2 0.71–1.08 35–40

Specific Power [kW/kg] 10–50 5.3–27.1 0.05–0.284

Density [kg/m3] 6,400–6,600 1,150 1,037

for SMAs), and how the actuator is activated (e.g., the temperature to which the TCA is heated).

These variations lead to a wide range of values reported in the literature, and cause it to be

challenging to directly compare the actuators.

2.2 Twisted Coiled Actuators

2.2.1 Fabrication Methods and Operating Principles

There are a wide range of factors that will impact the performance of TCAs, such as maximum

strain, load, and cooling time. In general, they can be grouped into fabrication parameters (e.g.,

the material) and operational parameters (e.g., input power). These factors and their effect on

TCA behavior will be discussed in detail, however, to understand what these factors are and why

they affect TCA performance, the discussion will begin with an explanation of how TCAs are

made and how they operate.

The first step in TCA fabrication is to twist polymer threads, which is generally accomplished

with a motor. Nylon 6,6 and other materials with polymer chains that are highly orientated in the

fiber direction are suitable candidates for making TCAs. The distinguishing material property for

successful TCAs is a highly anisotropic thermal expansion coefficient. For TCAs to actuate upon

heating, the thermal expansion coefficient in the radial direction must be significantly larger than

the thermal expansion coefficient in the axial direction. It is even better if the axial coefficient

is negative, such as is the case with nylon 6,6 [12]. The effect of radial expansion when heated
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Figure 2.1: When heated, TCAs will radially expand, which causes an untwisting torque. This
torque causes the coils to rotate, drawing them closer together, and resulting in con-
traction of the overall structure.

allows an untwisting torque to be generated due to the twisting of the thread, and this effect is

amplified as the difference between the axial and radial thermal expansion coefficients increases.

The untwisting torque causes the coils of the TCA to be pulled together, resulting in an overall

muscle contraction, as illustrated in Figure 2.1.

This phenomenon can be explained using knot theory [61]. Knot theory states that twist and

writhe (coils) are linked by a number that must remain constant while neither end of the material

can rotate. When the TCA is heated, the untwisting torque causes the amount of twist in the

fibers to decrease, which is then converted to writhe, and forms tighter coils. There is a limited

amount of contraction that can occur, as when the coils encounter one another, further contraction

will be blocked.

During the twisting process, there must be a load on the thread to ensure that the threads

twist consistently. The twisting load applied during this stage is critical for the quality of the

TCA—if the load is too high, the TCA will break, however insufficient load results in the fibers

curling and snarling instead of twisting and coiling. The fiber is twisted until it is saturated with

twist, which is known as the critical twist point. This point can be estimated using Equation 2.1,

where Tc is the number of twists required to achieve critical twist, σ is the stress applied to the
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precursor fiber, E is the modulus of the material, D is the diameter of the fiber, and G is the shear

modulus of the material [61].

Tc =

√
2σE

πDG
(2.1)

The next step is to coil the twisted thread. Coiling can be accomplished in one of two manners:

either the thread can continue being twisted under the twisting load, forming a self-coiling TCA,

or the twisted thread can be wrapped around a mandrel, forming mandrel-coiled TCA. Mandrel-

coiled TCAs can obtain significantly larger strains (over 49%) than self-coiled TCAs (up to 34%),

however self-coiled TCAs can carry much larger loads [12, 60].

For the fabrication of mandrel-coiled TCAs, when the fiber is saturated with twists, it is

removed from the twisting apparatus and wrapped around a mandrel. This method allows the

diameter of the coil and the space between the coils to be controlled, allowing for a wide range of

achievable strains. Interestingly, two types of mandrel-coiled TCAs can be made, depending on

which direction the twisted thread is wrapped around the mandrel. If it is wrapped such that the

chirality of twists and coils are the same, the TCA will contract upon heating (homochiral TCA).

Alternatively, the fiber can be wrapped around the mandrel such that the chirality of the twists

and coils are opposite, to form a TCA that will expand upon heating (heterochiral TCA), as the

untwisting torque will be in the opposite direction.

Unlike mandrel-coiled TCAs, self-coiling TCAs are always homochiral and will always contract

upon heating. For self-coiling TCAs, the thread is left on the twisting apparatus after the critical

twist point, and twists continue to be inserted into the fiber. Since the fiber is already saturated

with twists, the additional twists are converted to coils. Twisting is continued until the entire fiber

has coiled, as shown in Figure 2.2A–C.

At this stage, all the coils are tight against one another, leaving little room for actuation. For

TCAs to contract, there must be space between the coils. This can be accomplished by slightly

untwisting the fiber after complete coiling while maintaining the same load. This cause the coils

to increase in diameter and adds space between the coils, resulting in a larger spring index (the

ratio between the coil diameter and fiber diameter). Conversely, if additional twists are added,
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the coils will continue to tighten, decreasing the spring index until the fiber breaks [12].

Space can also be added between the coils during the annealing process. Annealing is the next

step in creating TCAs, and involves heating the TCA under a constant load to allow the polymer

chains in the fiber to re-orient themselves and maintain the coiled form. This step is important,

as the twisting and coiling processes are cold drawing the fibers, creating stress [62]. This stress

can be released by annealing the TCAs at a temperature that is above the selected maximum

operating temperature, yet below the melting temperature [12]. To add space between the coils in

this step, the annealing load can be increased from the twisting load, or the TCA can be stretched

prior to heating.

In the literature, annealing has been performed through Joule heating silver-coated TCAs,

placing the TCAs in an oven, or by blowing hot air over them for a given time. This step is

required for mandrel-coiled TCAs, as otherwise they will untwist, however self-coiled TCAs can

be plied together (Figure 2.2D), allowing them to maintain their shape without annealing. This

concept can be expanded to create 3-ply (or more) TCAs by twisting multiple self-coiled TCAs

together. The multi-ply muscles can withstand higher loads than their single-ply counterparts,

however they require more power to heat [62].

The final step in fabricating TCAs is to train the muscle, so that the performance of the TCA

is consistent. This step is often combined with annealing, as both steps involve heating the TCA.

Training the TCA involves heating and cooling cycles similar to those that would occur during

use. During training, the length of the muscle will increase as the material plastically deforms.

According to literature 4–15 cycles must be completed for the TCA to produce repeatable results.

There are two methods commonly employed for training TCAs. First, the maximum load that

the TCA will encounter in use is placed on the TCA and alternating heating and cooling periods

are applied until the length of the TCA converges. If the mass used is too large, the length of

the TCA will not converge, and the TCA will eventually break. Alternatively, the TCA can be

stretched 5–10 mm and heated, until approximately 30% strain is achieved. This method results

in more consistent final lengths compared to the first method [13].

To summarize, TCAs are created from polymer threads that are twisted and coiled. Provided

that the polymer has anisotropic thermal expansion coefficients, the coiled structure will contract
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Figure 2.2: Fabrication process for self-coiling TCAs. First the precursor fiber is twisted (A).
After the critical twist point, additional twists will be converted to coils (B). Twists
are inserted until the entire fiber has coiled (C), at which point it can be plied to
prevent untwisting (D). If the applied load during twisting is too low, the fiber will
snarl instead of coil (E).

upon heating due to the untwisting torque that the thermal expansion generates. Thus, since

the operating principle of TCAs is that radial thermal expansion causes linear contraction by

decreasing the space between coils, any factor that effects the thermal expansion, rate of heat

transfer, or the space between the coils will impact TCA behavior. While many factors have been

investigated, there have been very few statistical analyses performed. Additionally, most of the

papers either do not report a sample size, or have a sample size lower than five. Thus, while the

trends seen in literature are discussed below, it is unclear if the same trends would be found with

larger sample sizes. Table 2.2 summarizes some of the key contributing factors. The wide variety

of fabrication parameters causes it to be challenging to directly compare the performance of TCAs

seen in the literature. There has yet to be a TCA fabrication method or performance evaluation

criteria that is adopted by the majority of researchers.



2.2 Twisted Coiled Actuators 21

Table 2.2: The effects that some of the fabrication and operational parameters have on the perfor-
mance of self-coiling TCAs. While these are the trends observed in the literature, it is
worth noting that the majority of these studies were completed with small sample sizes,
and without a statistical analysis, it is difficult to determine whether the same patterns
would be observed with a larger sample size. The effects that were reported with an
unknown sample size are marked by ‡, fewer than five samples are marked with †, and
more than five samples are marked with �. Additionally, the interactions between these
factors are unknown.

Category Factor
Property that is

affected

Effect of factor

increasing

Material

Difference between

thermal expansion

coefficients [12, 63, 64]

Achievable strain Increases‡

Elastic modulus [12] Maximum load Increases‡

Fiber diameter [12, 61]
Maximum load Increases‡

Achievable strain No effect‡

Strands/ply of

precursor fiber [44, 61]

Fabrication success rate Increases†

Cooling time Increases‡

Twisting

and

Coiling

Load applied

to the TCA [12, 63]

Optimal and maximum load Increases‡

Achievable strain Decreases‡

Consistency of

twisting speed [65]
Fabrication success rate Increases�

Amount of twist [12, 66] Achievable strain Decreases‡

Annealing

and

Training

Load applied

to the TCA [63, 67]

Achievable strain Increases�

TCA modulus Decreases�

Consistency of

heating method [44]
General Performance Increases†

TCA

Configuration
Ply of coiled TCA [62, 66]

Achievable strain Decreases†

Maximum load Increases†

Operational

Factors

Applied load [12] Achievable strain
Increases to a

maximum‡

Applied power

(electric heating) [15, 68, 69]
Heating time Decreases�

Environmental

Factors

Thermal resistance

between TCA and

environment [14, 15, 69, 70]

Cooling time Increases�

Moisture content

(Nylon 6,6) [71]

Elastic modulus

(Precursor fiber)
Decreases†
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2.2.2 Factors That Impact TCA Performance

2.2.2.1 Material

First, the material used will impact the achievable strain of the TCAs, since different materials have

different thermal expansion coefficients. As mentioned previously, the material requires anisotropic

thermal expansion coefficients for the fiber to produce an untwisting torque upon coiling [12]. The

most popular material is silver-coated nylon 6,6 due to its highly anisotropic thermal expansion

coefficients, relatively high melting temperature, commercial availability, and the ease of actuation

through electric heating.

Other materials such as Kevlar, polyethylene, and spandex have been tested. Compared to

nylon, polyethylene and Kevlar have lower strains (up to 16%, instead of 34%) due to the smaller

difference in radial and axial thermal expansion coefficients, however their higher elastic moduli

allow them to withstand higher loads [12]. Park et al. investigated TCAs made out of polyethylene

terephthalate (PET) yarns and achieved 12% strain through electric heating after covering the

yarns in silver [63]. When spandex was used, large displacements were obtained (up to 45%),

however the load carrying capabilities of the TCA decreased significantly—the spandex TCA held

80 g/strand, compared to 1000 g/strand for the nylon TCA [64, 72].

In addition to the material used, the quality and type of the fiber impacts the quality of the

muscle. For example, when two different conductive nylon 6,6 fibers were tested, Shieldex 117/17

and 235/34, it was found that the 117/17 fiber frequently broke during fabrication and actuation

[44]. Additionally, the 117/17 TCAs only achieved 7% strain, whereas the 235/34 fiber could

produce up to 16% strain; however, the coiling loads were different. In this case, the 235/34 fiber

was made with more filaments (35 vs. 17), thus indicating that more filaments allow the fiber to

carry larger loads. The fiber diameter also influences the load-carrying capabilities of the TCA, as

it was shown that the amount of untwisting torque produced by the TCAs increases as the fiber

diameter increases [61]. Interestingly, the fiber diameter does not affect the strain of the TCA,

provided that the coiling load and payload are the same [12].

Similar to the amount of filaments in the fiber, twisting multiple strands of the precursor fiber

together will result in a higher fabrication success rate and larger load carrying capabilities [59].
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This has lead to TCAs commonly being created by twisting 4-ply precursor thread, and then

plying the coiled fibers by folding the structure in half, known as a 2–4-ply TCA, where the first

number represents how many coiled fibers are plied together, and the second number is how many

precursor threads are twisted together [13, 66]. The ply of the precursor fiber also impacts the

cooling time—higher ply TCAs result in longer cooling times than their lower-ply counterparts,

due to the additional material.

2.2.2.2 Twisting and Coiling

After the material and the ply of the precursor fiber are selected, there are a number of factors

during the fabrication procedure that impact the outcome of the muscle. These factors include

the twisting/coiling mass, the speed and consistency of the rotations during twisting, and the coil

density. When creating mandrel-coiled TCAs, there is additional control over the coil density and

overall TCA diameter, as the mandrel and coil spacing are selected during fabrication. While the

operating principles for mandrel- and self-coiled TCAs are the same, the focus of this discussion

will be self-coiling TCAs, as they are more suitable for wearable robotic devices due to their higher

load-carrying capabilities and slimmer shape.

First, the mass used during twisting has a drastic impact on the resulting TCA [12, 63]. It is

important to use an appropriate mass—if the mass is too light, the fiber will snarl and curl during

twisting (Figure 2.2E), however if the mass too heavy, the fiber will break [12]. Each material

and thread diameter have their own range of acceptable loads. For example, 0.127 mm diameter

nylon 6,6 thread requires 10–35 MPa, and 0.2 mm diameter conductive nylon 6,6 thread has been

coiled with approximately 31.4–94.9 MPa [12, 59]. Heavier loads during coiling will cause the

coils to form more tightly together, resulting in less space for actuation and lower strains. The

tightness of the coils also influences the optimal load under which the TCA can operate, where

the optimal load is defined as the lowest load that prevents the coils from contacting one another.

For example, a 0.127 mm diameter nylon 6,6 thread coiled with 10 MPa, 16 MPa, and 35 MPa,

results in maximum strains of 21%, 14%, and 9.3%, with optimal loads of 22 MPa, 30 MPa, and

50 MPa [12]. Additionally, if multiple fibers are twisted together, the load should be increased to

maintain the pressure range [59].
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The next factor that influences TCA behavior is the twisting speed. Preliminary work in-

vestigating this relationship has been completed; however, future work is required to solidify the

effect that twisting speed has on TCA performance. The results of the preliminary study indicate

that as the RPM of the twisting motor increased, the achievable strain decreased, however, this

trend was different for 1-, 2-, and 3-ply TCAs, where the ply is the number of coiled fibers twisted

together [62]. There has also been some investigation into the consistency of the coiling speed,

where a stable twisting speed can produce TCAs more reliably [65]. When TCAs were coiled with

a motor at constant speed and a drill, the fabrication success rates were 50% using the motor, and

41% with the drill. It is thought that the variations in the drill speed resulted in the coils forming

inconsistently, reducing the success rate.

The final twisting parameter to discuss is how much the thread is twisted during the coiling

process, as this will also impact the coil density [12]. After the TCA has been fully coiled, removing

a few twists will increase the space between coils, and thus the achievable strain. For example, Cho

et al. found that untwisting the fully-coiled TCA by approximately 3% of the number of twists

resulted in the largest strain [66]. Alternatively, if more twists are added, the coils will be forced

closer together, decreasing the maximum strain.

2.2.2.3 Annealing and Training

The tightness of the coils after twisting can also be modified by changing the load that is used

during annealing relative to the load used during twisting. If the annealing load is larger than the

twisting load, the maximum strain of the TCA will increase, as the larger load will separate the

coils further [67]. The larger the difference between these two loads (provided the fiber does not

fail), the larger the increase in strain. For example, when TCAs were fabricated with 0.234 mm

diameter nylon thread with a 22.8 MPa twisting load, the maximum strain was increased from

approximately 6% to 18% by increasing the annealing stress from 22.8 MPa to 45.6 MPa [67]. The

increase in annealing load also caused a decrease in the modulus of the TCA.

In addition to the annealing load, the method of heat transfer during annealing has been

shown to potentially affect the achievable strain of the TCA [44]. Bahrami and Dumond fabricated

several TCAs with the same twisting and training procedure, except that they varied the annealing
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procedure. Some TCAs were only annealed through a heat gun at 480◦C for 10 s, and these

produced an average strain of 12.96%. Other fibers were baked in an oven at 260◦C for 45 min in

addition to the heat gun and they produced an average strain of 25.32%. While there were not

enough samples to claim a statistically significant result (only 3 samples were baked), the doubling

of the strain due to annealing in an oven vs. heat gun warrants further investigation. A possible

explanation is that the oven would heat the fiber more evenly, and the lower temperature reduced

the chance of a particular section of the TCA getting singed.

Park et al. investigated the relationship between twisting load, training load, payload, and

strain. They found a complex relationship between the four variables. To help simplify the

selection of the loads, they suggest that the payload that will result in the maximum tensile

actuation can be found with Equation 2.2. They achieved good experimental validation when they

tested PET TCAs with twisting loads of 300 g, 400 g, and 500 g and training loads of 500 g, 600

g, and 700 g.

FPayload =
FTwisting + FTraining

2
(2.2)

2.2.2.4 TCA Configuration

The final fabrication parameter that will impact the performance of the artificial muscles is their

configuration. It is simple to twist multiple TCAs together to form 2-, 3-, or more ply TCAs to

increase their load-carrying capabilities, although this depends on how many precursor threads are

used. When 2–4-, 4–2-, and 8–1-ply TCAs were compared, the 2–4-ply structure obtained larger

displacements under the same load [66]. Other configurations such as weaves, 2D braids and 3D

braids have been investigated using 2-ply TCAs [73]. For both weaves and braids, as the number

of TCAs in the bundle increases, the force it is capable of producing increases, the overall electrical

resistance decreases, and the actuation speed decreases. When comparing braided and woven TCA

configurations, the braids required less power, produced more force and obtained larger strains.

When the TCAs were bundled together, there was some hysteresis in the strain–power curve, which

is likely due to friction between the TCAs in the bundle. The amount of hysteresis was comparable

between braids and weaves.
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2.2.2.5 Operational Factors

Once the TCA is ready for use, there are two main operational parameters that will influence

the performance of the TCA. The first is the amount of load that is applied to the TCA. As the

applied load increases, there will be additional space between the coils due to the applied force.

The maximum strain for a given TCA will occur at the smallest load (during use) that prevents

the coils from touching over the actuating temperature range—the optimal load [12]. For loads

below this, the coils will contact earlier, limiting the strain, and for loads larger than the optimal

load, the TCA will be unable to coil completely.

The second operational parameter is how the TCA will be heated. There are several different

methods that have been commonly employed to actuate the TCAs including hot water, hot air,

and electric heating. Electric heating has been accomplished by using silver-coated nylon 6,6

fibers, coating the resulting TCA in CNT sheets, or adding a resistance wire to be twisted with

the precursor fiber. Li et al. suggested coating the TCAs in silicone with two resistance wires to

take advantage of the ease of Joule heating, and remove the disadvantage of the shorter lifetime of

TCAs with a silver coating [67]. Regardless of how electric heating is achieved, as the input power

to the TCA increases, it will heat faster, and the heating time will be reduced.

2.2.2.6 Cooling Methods

The cooling time for TCAs is more complex, as it relies on the environment that surrounds the

TCA. Changing the environment the TCA is in allows the thermal resistance between the TCA

and the surrounding environment to change, which either increases or decreases the heat flow (and

therefore cooling time) of the TCA. Common TCA environments include the following: still water,

forced water, still air, forced air, and hydrogel.

In a study that compared still water, hydrogel, still air, and forced air, it was shown that

the cooling rate of the TCA increased the most in the liquid environments of still water and

hydrogel due to the higher thermal conductivity [14]. Unfortunately, the hydrogel coating only

lasted for approximately 30 actuation cycles, and the still water required approximately twice

the input power to achieve a 10% stroke compared to the air environments. For nylon TCAs,
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water environments require the additional consideration that nylon absorbs water, decreasing its

modulus and changing the performance of the TCA [12, 71]. Another study found that similar

cooling rates can be obtained in still water and forced air, indicating that forced air convection

can be an effective method of cooling TCAs without a significant increase in power requirements

[15]. In that work, the TCAs were cooled by constantly running a computer fan near the artificial

muscles, and other research groups have followed suit.

As an alternative to the TCA being directly exposed to the environment, TCAs have been

placed in plastic tubes to direct water or airflow over the artificial muscle in a compact manner

[68, 74]. While forced air through rigid plastic tubes has been shown to be an effective way of

cooling TCAs [74], rigid plastic tubes are difficult to embed in soft wearable robotic devices. The

use of compliant plastic tubes to direct fluid flow over artificial muscles has been done for other

artificial muscles, such as SMAs [75–77]. In these papers, SMAs are placed in a tube and hot or

cold water is pumped over the SMA to control its temperature.

There are several disadvantages for cooling artificial muscles with water when the application

is a wearable robotic device. First, since the water must circulate in a closed system, the water has

to be cooled somehow to maintain the effectiveness of the cooling apparatus, which increases the

energy usage of the system. Second, water is significantly denser than air, leading to an increase

in the weight of the device. This is especially undesirable for physiotherapy applications where the

user is injured. Finally, if there are any leaks in a system that uses water, it would prevent the

cooling system from operating as intended, would be uncomfortable for the user, and there is the

risk of the fluid coming in contact with the electronics.

Other means of modifying TCAs to increase their cooling speed have been attempted by Piao

et al. [78]. They coated the TCAs in graphene due to the high thermal conductivity and low

thermal mass of the material. They tested three different types of graphene coatings—large area

monolayer graphene, porous graphene foam, and high-quality muli-layer graphene flakes. They

found that the graphene flakes were the most effective, reducing the cycle time by 30.1% and could

increase the maximum strain achieved by a pulsed current input from 0.45% to 1.2% when using

a 0.1 Hz 40% duty cycle current input. However, the lifetime of the coating is unknown.

Other coatings to decrease cooling time were investigated for SMAs, though they have yet
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to be tested with TCAs. First, carbon nanotube fins were applied to the SMA to increase the

convective heat transfer coefficient [79]. Oh et al. accelerated the cooling of SMAs by growing a

copper nanowire forest on the surface of the SMA [80]. Finally, SMAs have been embedded in

materials with high conduction coefficients, such as silicone or conductive paste [81, 82].

Despite the need for alternative actuators for wearable robotic devices, none of the cooling

methods described above have been designed specifically for wearable robotics. Portable, wearable

robotic systems have several design constraints unique to their applications. The systems must be

lightweight and have minimal components, as the user must be able to carry all the apparatus on

their body. The system should be flexible and compliant to ensure user comfort and decrease risk

of injury. Finally, the apparatus should be cost-effective, to help enable user adoption.

2.2.3 Simple Model for TCAs

In addition to a cooling system, models of TCAs and their behavior are required for wearable

devices to improve the control system. There have been many models proposed to represent

TCA behavior and relate the temperature of the TCA to its force and displacement. A simple

thermomechanical and thermoelectrical model for electrically heated TCAs has been proposed by

Yip and Niemeyer [15, 69], which has been implemented by several research groups [42, 43, 78, 83–

85].

First, in the thermomechanical model, the temperature, position, and force of the TCA are

related by modeling the TCA as a spring–damper system, as seen in Equation 2.3. Here, F is the

force applied to the TCA, k is the stiffness of the TCA, x is the current position of the TCA, x0

is the initial position of the TCA, b is the damping coefficient, ẋ is the velocity of the TCA, c

is the thermal coefficient, T is the temperature of the TCA, and T0 is the initial temperature of

the TCA. The stiffness and the thermal coefficient were obtained experimentally by plotting the

force–strain curve at various temperatures. The stiffness is found by fitting a linear curve to the

force–strain profile, and the thermal coefficient is found by measuring how much the force–strain

curve translates with an increase in temperature. Alternatively, the thermal coefficient can be

measured by finding the slope of the force–temperature curve. Finally, the damping coefficient

was obtained by attaching a mass to the TCA, dropping it from a height, and fitting the model
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to the measured response.

F = k(x− x0) + bẋ+ c(T − T0) (2.3)

The coefficients for the thermoelectric model can also be found with simple experiments. The

thermoelectric model is presented in Equation 2.4, where Cth is the thermal capacitance of the

TCA, T is the temperature of the TCA, Pin is the power applied to the TCA, Rth is the thermal

resistance of the TCA, and Tamb is the ambient temperature. This equation is a first order system,

whose time-domain solution is presented in Equation 2.5, where τ is the time constant of the

system and τ = RthCth [86]. The thermal resistance and thermal capacitance of the TCA can

easily be found by heating the TCA at a constant input power and analyzing the transient response

[69, 74].

Cth
dT (t)

dt
= Pin(t)− 1

Rth
(T (t)− Tamb) (2.4)

T (t) = Tamb + Pin(t)Rth(1− et/τ ) (2.5)

2.2.4 Wearable Devices Actuated by TCAs

The model shown above was implemented in a wrist brace designed to actuate the wrist in flexion

[42]. By anchoring 16 TCAs 2 cm away from the center of rotation of the wrist, the brace was

capable of producing up to 0.32 Nm, which was deemed sufficient to support most activities of

daily living. The TCAs ran parallel to the length of the forearm, however they were placed beside

the arm in such a manner that they protruded on the lateral and medial sides of the forearm (eight

TCAs per side). While the brace could successfully track the rising edge of a sinusoidal reference

signal, there was difficulty in tracking the falling edges due to the cooling limitations of the TCAs.

There was no active cooling implemented in this design, however the TCAs were exposed to the

environment. This would not be practical for a commercialized product, as the user could be

burned if they came in contact with the TCAs.

Some user safety was considered in the design of another glove that was actuated with TCAs
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[43]. Again, the TCAs were placed along the forearm, however, they were placed in contact with

the anterior side of the forearm. Insulation was placed beneath the TCAs to ensure that the user

would be protected from the heat of the TCAs. Unfortunately, the TCAs were still exposed to the

environment, as nothing was placed above the TCAs. This device utilized six TCAs to actuate

the user’s fingers in flexion, with one TCA for each finger and two for the thumb. The TCAs were

attached to the fingers using artificial tendons that were routed across the palm. Extension of the

fingers was achieved through elastic bands that were attached on the dorsal side of the hand. The

glove was tested on an artificial hand and was able to achieve angles of approximately 85◦, 35◦,

and 30◦ for the MCP, PIP, and DIP joints, respectively, with 2.7 N of force. The artificial hand

was successfully able to grasp a variety of objects such as a tennis ball and a marble.

As opposed to the previous example, another exosuit was developed where the TCAs actuate

the fingers in extension [44]. TCAs were placed along the posterior side of the forearm, and they

were coupled to the fingers with artificial tendons. The goal of this device was to help overcome

hand spasticity from cerebral palsy. Unfortunately, the TCAs used (nylon 6,6 conductive fibers,

Sheildex 235/34 4-ply, twisted with a drill and 623 g, annealed with a heat gun for 10 s at 480◦C,

single ply) were deemed unable to produce enough force to overcome the spasticity in the hand,

yet no details as to the testing method or evaluation criteria were provided.

2.3 Conclusion

To conclude, wearable robotic devices have the potential to aid individuals with rehabilitation

exercises or activities of daily living. Unfortunately, most of the developed devices are not portable

or affordable, which is driving researchers to investigate alternative means of actuation to address

these challenges. TCAs are a potential alternative actuator, however for them to be used in

wearable devices, their natural cooling rate must be increased. The following chapters will present

a novel cooling apparatus for TCAs to address this need.



Chapter 3

Evaluation of a fabric channel cooling

apparatus for twisted coiled actuators

As established in Chapter 2, new actuators need to be developed to increase the portability and

biocompatibility of wearable devices. A promising option are TCAs, as they are biomimetic,

inexpensive, slim, and lightweight. However, a system needs to be developed to allow active

cooling in a portable, wearable manner.

This chapter briefly describes the design of a novel cooling apparatus that consists of a flexible

fabric channel to house the TCA and guide airflow over it. It then explains the computational

fluid dynamics study used to assess if commercially available miniature air pumps are capable of

providing the air flow required for the design. This chapter was published by A. Lizotte and A.L.

Trejos in the Canadian Conference for Electrical and Computer Engineering, Halifax, Canada,

September 18–20, 2022, © 2022 IEEE. Reprinted with permission [87].
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3.1 Abstract

Wearable robotic systems have the potential to help many individuals with rehabilitation and to

support activities of daily living. Unfortunately, these systems are not widespread due to their

cost, limited portability, and size. Twisted Coiled Actuators (TCA), novel artificial muscles made

from nylon thread, are inexpensive, lightweight, and slim. However, the natural cooling time of

these thermally activated muscles is too slow to support rehabilitation or voluntary motions. This

paper presents and assesses the feasibility of a novel cooling apparatus for the TCA. The cooling

method involves a flexible fabric channel and a miniature air pump to cool the TCA with forced

convection. The channel is lightweight, flexible, and can easily be sewn onto other materials to

allow easy fabrication of wearable devices. ANSYS Fluent simulations were performed to determine

the relationship between the input air velocity and the cooling time constant of the system. The

results indicate that the miniature air pumps currently available are not powerful enough to cool

the TCA at the required frequencies. There was a 13.2% difference between the cooling time

constant predicted by the model and the time constant found experimentally for an input of 1

m/s.

3.2 Introduction

Musculoskeletal disorders are the leading cause of disability in Canada, and each year over 50,000

Canadians must take time off work to recover from upper extremity workplace injuries [1, 3].

Recovery often requires weeks or months of physiotherapy, which can be very tedious, repetitive,

and time consuming. Difficulties in quantifying progress can lead to patients becoming disengaged

with the treatment and not obtain the full benefits of the exercises.

Recent review papers show that many researchers are developing robotic devices to assist

with physiotherapy, support activities of daily living, and suppress tremor in Parkinson’s Disease

[9, 10]. Robotic rehabilitation was demonstrated to be effective for stroke rehabilitation and patient

reported outcomes state that robotic therapy is more encouraging and engaging [4, 5]. This type

of therapy has several advantages, including real-time feedback, quantitative measurements, and

progress tracking [7].
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Unfortunately, the high cost of robotic systems makes it challenging to provide robotic therapy

at a large scale [4]. Additionally, most of the developed systems are large, bulky, and stationary,

which is caused, in part, by using electric motors as the primary actuator [9, 10]. Thus, there is a

need for less expensive, lighter, and slimmer actuators for wearable robotic devices. The transition

to an inexpensive, portable system would allow rehabilitation systems to be used at home, in the

community, and in other low-resource settings.

A novel artificial muscle, called a Twisted Coiled Actuator (TCA), was proposed by Haines

et al. [12]. TCAs are created by super-coiling nylon threads. When thermally activated, the

expansion in the radial direction allows the actuator to contract up to 21% in length and carry

loads up to 80 MPa [12]. An accepted fabrication method involves using silver-coated nylon 6,6

to allow for electrical heating and plying two strands together to create a double helix, as seen in

Fig. 3.1 [13, 59].

TCAs are significantly slimmer, lighter, and less expensive than DC motors, the most common

actuators for wearable systems [10]. TCAs also have inherent biomimetic and compliant properties

that can only be integrated with motors by adding additional elastic components, such as springs.

Another compliant actuator, shape memory alloys (SMAs), have been used in wearable devices for

the elbow and hand [10]. SMAs are similar to TCAs in that they are thermally actuated and have

comparable efficiencies and specific powers. However, SMAs have significantly more hysteresis than

TCAs and thus are harder to control. The main disadvantage of TCAs is their low bandwidth,

approximately 0.03 Hz, which stems from their slow natural cooling rate.

Fortunately, the cooling rate of TCAs can be improved by changing their environment. It has

been shown that enclosing the TCA in a rigid plastic tube to direct the air flow is an effective

method of cooling the TCAs, and displacements of up to 7% at 1 Hz were obtained with an input

pressure of 50 psi [88]. Active motions occur between 1–5 Hz, however, rehabilitation exercises

can occur at as little as 0.05 Hz to promote muscle growth [13, 89–91]. Thus, TCAs could be

incorporated in applications with lower frequency requirements, such as stroke rehabilitation, or

to provide a load to joints for tremor suppression.

Since rigid plastic tubes are challenging to integrate into soft robotic systems, this paper

presents a novel cooling apparatus for TCAs that is specifically designed for wearable devices.
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Figure 3.1: A TCA that is 100 mm in length.

The apparatus consists of a lightweight, flexible fabric channel to house the TCA enable forced

convection. This paper also presents a feasibility study that was completed in ANSYS Fluent to

assess the design of the cooling system.

3.3 Cooling Channel Design

When designing for wearable robotic systems, there are several factors that must be considered.

The design should be lightweight, durable, safe for the user, and comfortable.

The novel cooling system involves a flexible fabric channel to guide the air over the TCA and

a miniature pump to circulate the air, as seen in Fig. 3.2. A fabric channel can move with the user

and it can easily be sewn onto underlying garments to create wearable devices and fix the TCA

in place. The fabric channels can be made of any length, but they should be approximately the

same length as the TCA at its fully extended position to ensure that the entire TCA is covered.

Air was chosen for the forced convection medium, as when compared to a liquid, it involves

less hardware, leaks do not matter, and it is lighter. The material for the channel had to be

air impermeable, lightweight, flexible, easy to sew, and withstand the operating temperatures of

the TCA (up to 130◦C). Thus, tightly woven nylon pack cloth with an ether-based thermoplastic

polyurethane film was selected.

Through trial and error, it was found that a semi-circular shape for the cross section of the

channel returned to its original shape best when deformed, and was the easiest to fabricate. The

outside of the channel can be surrounded with insulation to protect the user from the temperatures

that the TCA reaches.
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3.4 Feasibility Study Methods

To assess if the channel design will allow the TCA to cool rapidly enough to support either reha-

bilitation or voluntary motion, it was modeled in ANSYS Fluent (Fig. 3.3A) and the relationship

between the cooling time and input air velocity was determined.

3.4.1 Assumptions and Simplifications

First, the size of the channel was set to 6 mm in width, 4 mm in height, and 10 mm in length.

The height and width parameters were determined by the size of the TCA crimp and pump outlet,

whereas the length was reduced to a tenth of the TCA length to decrease computational time.

As seen in Fig. 3.1, the shape of a TCA is a complex double helix. To reduce the complexity

of the geometry, the TCA was simplified to a cylindrical pipe. The diameter of the pipe was

calculated by matching the volume of the pipe to the volume of the TCA. The volume of the TCA

was obtained through a CAD model (Fig. 3.3B) where the diameter of each TCA strand was 0.8

mm and the pitch was 4 mm to match the physical TCA. This results in a volume of 10.3 mm3

Figure 3.2: The fabric channel to cool the TCA. The TCA sits inside the channel and the minia-
ture air pump will blow air through the channel to have active cooling with forced
convection.
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Figure 3.3: Model of the TCA and fabric channel in (A) Fluent and (B) CAD.

and a model TCA diameter of 1.15 mm.

It was assumed that the primary method of heat transfer is the forced convection through the

channel and that radiation is negligible. Since the exterior of the channel would be insulated to

protect the user, it was assumed that there is no heat transfer through the walls of the channel.

It was also assumed that the material of the channel contributes a negligible thermal resistance as

the material is only 0.3 mm thick.

To determine if the flow in the channel is laminar or turbulent, the Reynolds number was

estimated. The Reynolds number can be computed according to (3.1), where ρ is the density of

the fluid, v is the velocity, DH is the hydraulic diameter, and η is the dynamic fluid viscosity.

For air at 22.5◦C, ρ = 1.194 kg/m3 and η = 18.6×10−6 Pas. From the CAD model, the cross

sectional area for the air flow is 17.8 mm2 and the wetted perimeter is 20.65 mm, resulting in a

hydraulic diameter of 3.45 mm, according to (3.2). Any input velocity with a Reynolds number

below 2300 was simulated with the laminar model, and those with Reynolds numbers above 2300

used a turbulence model.

Re =
ρvDH

η
(3.1)

DH =
4 ∗ cross sectional area

wetted perimeter
(3.2)

ANSYS Fluent uses turbulence models in the Reynolds Averaging Navier Stokes family, which

means that only the mean flow quantities (e.g., velocity) are solved, as opposed to solving for the

flow eddies. The impact of the eddies is accounted for by estimating the energy loss due to the

turbulence in the flow. For this situation, the SST k-omega turbulence model was employed, as
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it can be used when the turbulent flow is not fully developed, as is the case with low Reynolds

numbers [92]. This model adds two additional transport equations to find the turbulent kinetic

energy, k, and the specific turbulent dissipation rate, ω, to estimate the impact of the turbulence

on the flow [93].

The input velocities selected were 1 m/s, 5 m/s, 10 m/s, 20 m/s, 30 m/s, 40 m/s, 50 m/s, and

60 m/s. The mach number can be found by dividing the input velocity by the speed of sound.

The largest mach number, for the input velocity of 60 m/s, is 0.175. Since the mach number is

below 0.3, the flow can be assumed to be incompressible [94].

To further simplify the model, both the motion of the TCA in the channel and gravity will be

neglected. The material properties of the TCA were assumed to be the same as those reported by

Sun et al., and are displayed in Table 3.1 [95].

Finally, since the heating and cooling curves for TCAs have been modeled as linear first order

systems, it was assumed that the simulation results would also follow a first order system [69, 70].

This allows the cooling time to be approximated with the time constant, so the simulations were run

until the temperature of the TCA reached below 58.4◦C (36.8% of the steady state temperature).

3.4.2 Mathematical Models

To solve this simulation, Fluent will have to solve the conservation of energy (3.3) to find the

temperatures of the air and TCA, and the conservation of mass (3.4) and momentum (3.5) equa-

tions to find the flow velocities and pressure [96–98]. For the laminar flows, no additional models

or equations are required, however for the turbulent flows, two additional transport equations,

(3.6) and (3.7), are required to find the turbulent kinetic energy, kt, and the specific turbulent

dissipation rate, ω [93].

In these equations, t is time, ρ is density, ~V is the fluid velocity vector, P is the pressure, keff

is the effective thermal conductivity, T is temperature, he is the enthalpy, J is the diffusion flux,

Table 3.1: Material properties of the TCA for the thermal model [95].

Density Specific Heat Capacitance Thermal Conductivity

1300 kg/m3 1267 J/kgK 4.6 W/mK



3.4 Feasibility Study Methods 38

¯̄τ is the stress-strain tensor, and S is the heat source. E is defined as E = he−P/ρ+ v2/2, where

v is the velocity magnitude. For (3.6) and (3.7), x is the position, i and j represent 1, 2, and 3 for

the x, y, and z directions, and u is the magnitude of the i component of the velocity. Additionally,

Gk and Gω are the generation of kt and ω, Γk and Γω are the effective diffusivity of kt, Yk and Yω

represent the dissipation of kt and ω due to turbulence, and ω, and Dω is the cross-diffusion term.

δ

δt
(ρE) +∇ · (~V (ρE + P )) = ∇ · (keff∇T − heJ + (¯̄τ · ~V )) + S (3.3)

δρ

δt
+∇ · ρ~V = 0 (3.4)

d

dt
(ρ~V ) +∇ · (ρ~V ~V ) = −∇P +∇ · ¯̄τ (3.5)

∂

∂t
(ρkt) +

∂

∂xi
(ρktui) =

∂

∂xj
(Γk

∂kt
∂xj

) +Gk − Yk (3.6)

∂

∂t
(ρω) +

∂

∂xi
(ρωui) =

∂

∂xj
(Γω

∂ω

∂xj
) +Gω − Yω +Dω (3.7)

3.4.3 Boundary Conditions and Initial Conditions

To solve the differential equations, boundary conditions and initial conditions must be set. For

the boundaries of the channel, the inlet was set to a velocity inlet, the outlet was set to a pressure

outlet with zero gauge pressure, and the sides of the channel were set to stationary walls with no

slip conditions and zero heat flux. The outer surface of the TCA was set to a coupled thermal

condition, to allow heat transfer between the TCA and the air, with an additional no slip condition.

The faces of the TCA at the inlet and outlet were set with zero heat flux, which assumes that the

section of the TCA that is being simulated is not influenced by the material on either side of it.

The system was initialized to 120◦C to mimic the end of a TCA heating cycle. The input air

was set to 22.5◦C as room temperature air will be blown through the channel.
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3.4.4 Numerical Methods

When setting up the simulations, several settings must be determined and the model must be

divided up into many small segments, called elements. The simulation determines the velocity,

pressure, and temperature of the flow by iteratively solving (3.3)–(3.7) for a system of equations

with one degree of freedom for each element in the model. The non-linear convergence of these

solutions are assessed using the residuals, which are the imbalances in the conservation equations

that occur due to the discretization and linearization of these equations. The software repeatedly

solves (iterates) through the conservation and transport equations to improve the approximation

of the solution to the non-linear system by re-calculating the variables in the equations based on

values from the previous iteration.

Relaxation factors can be set to improve the stability of the solution by decreasing the amount of

change that occurs between iterations. For this model, relaxation factors were set to 0.75 to ensure

that the solution converged, and in each time step iterations were performed until all residuals

were below 1×10−5, or until 20 iterations were completed. The mass flow rates at the inlet and

outlet were observed to ensure that the solution was physically meaningful, and the temperature

of the TCA was monitored by recording the average temperature over the outer surface of the

TCA.

To solve the conservation equations, (3.3)–(3.5), the software can use either a segregated or a

coupled approach for the pressure–velocity scheme. For the segregated scheme, the flow velocities

and pressure are solved by iterating with (3.4) and (3.5), then the result is applied to (3.3) to solve

for the temperatures. Alternatively, the coupled scheme solves all three equations each iteration.

The coupled scheme was used to improve the solution convergence time [100].

Spacial discretization schemes have to be selected to tell the software how to solve for the values

of variables (pressure, momentum, energy, etc.) at the surfaces of the model elements. Second

order schemes were selected for all variables to increase solution accuracy.

Finally, since the flow is assumed to be incompressible, the pressure based solver was selected,

as it is traditionally better for low-speed incompressible flows [101]. This assumes that the pressure

of the fluid is a weak function of density and temperature, which occurs with low mach flows.
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3.4.5 Grid and Time Step Independence Tests

Meshing is the process by which the model is split into the small elements. To ensure that the

results do not depend on the mesh that is used, a grid independence test must be conducted.

Two meshes were created and can be seen in Fig. 3.4. The parameters used to create them and

the resulting properties are summarized in Table 3.2. The simulations were run for 0.25 s with a

time step of 1 ms. The maximum percent difference between the surface temperature of the TCA

was 0.0042%, indicating the results do not depend on the mesh. Mesh 1 was selected to reduce

computational time.

Figure 3.4: Meshes tested in the grid independence test; left is Mesh 1 and right is Mesh 2.

Similarily, a time step independence test must be conducted. Simulations were run for 0.25

s with time steps of 1 ms and 5 ms. Since the maximum percent difference in TCA surface

temperature was 0.025%, the results are not dependent on the time step. A time step of 5 ms was

selected to reduce computational time.

3.5 Results and Discussion

3.5.1 Air Velocity vs. Cooling Time Constant

Fig. 3.5 displays the TCA temperature vs. time curves for all input velocities and the dashed

horizontal line marks 58.4◦C, where the time constant was measured. As expected, the time

constant decreases as the input velocity increases, as shown in Fig. 3.6. The line of best fit was

found to be τ = 11.02V −0.58in with an R2 value of 0.98, where τ is the cooling time constant and

Vin is the input air velocity.

The estimated input velocities for rehabilitation and voluntary motion can be found by using
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Table 3.2: Parameters used in mesh fabrication and resulting mesh properties.

Parameter Mesh 1 Mesh 2

Divisions Along Upper Wall 120 200

Divisions Along Bottom Wall 100 120

Divisions Around the TCA 70 90

Maximum Element Size [m] 6×10−4 1×10−4

Minimum Orthogonal Quality 2.48×10−3 9.47×10−2

Maximum Aspect Ratio 2660 29.40

Minimum Element Volume [m3] 3.25×10−14 5.41×10−14

Maximum Element Volume [m3] 2.56×10−11 3.46×10−12

Number of Elements 87,150 221,850

Number of Nodes 95,674 236,949

the line of best fit, as seen in Table 3.3. To obtain the required time constant from the frequency,

it was assumed that half of the period would be allocated to heating the TCA and half of the

period would be allocated to cooling the TCA. Then, the required time constant is a fifth of the

cooling time, as it takes approximately five time constants for a system to reach steady state. To

summarize, τreq = 0.1/f , where f is the desired frequency. Next, the estimated flow rate can be

computed from the estimated input velocity using the following relationship: Q = VinA, where

Vin is the input velocity and A is the cross sectional area of the channel obtained from the CAD

model (17.8×10−6 m2).

When selecting a pump for a wearable robotic device, it is important to minimize the amount

the pump would protrude (its height), the overall size of the pump, and its mass. Some miniature

air pumps that would be suitable for use in wearable devices are listed in Table 3.4. It can be seen

that these pumps are incapable of providing the flow rates required to support rehabilitation or

voluntary motion.

While the predicted input air velocities and flow rates required to support voluntary motion

are impractical for a wearable device, the flow rate for the largest air pump (BP SX-8) is close
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Figure 3.5: Temperature vs. time plots for all inputs velocities. The grey horizontal line marks
the temperature at which the time constant was measured (58.4◦C).

Figure 3.6: TCA cooling time constant vs. input velocity with a line of best fit of τ = 11.02V −0.58in .

to that predicted to support rehabilitation exercises. Previous work has shown that increasing

the size of the tube the TCA is in resulted in lower cooling times, thus increasing the size of the

channel may allow the fabric channels and miniature air pumps to achieve frequencies required for

rehabilitation [74].
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Table 3.3: Estimation of input air velocity to obtain the required actuation frequencies.

Frequency

[Hz]

Required τ

[s]

Estimated Vin

[m/s]

Estimated Flow Rate

[m3/min]

0.05 2 18.2 0.019

1 0.1 3,182.4 3.403

5 0.02 50,311.7 53.793

Table 3.4: Miniature air pump specifications.

Company/

Part Number

Air Flow

[m3/min]

Height

[mm]

Length

[mm]

Width

[mm]

Mass

[g]

BP

SX-1
0.0004 8 32 18 8

SP

16A RO-DV
0.0015 16 56 36 38.5

SP

18A RO-D
0.0025 18 62 32 44

BP

SX-4
0.0035 27 58 27 68

BP

GX-3-D
0.0080 31 80 78 225

BP

SX-7
0.0100 40 86 65 295

BP

SX-8
0.0150 60 112 60 295

BP: Bianca Pumps

SP: Schwarzer Precision
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3.5.2 Comparison with Experimental Results

To validate the simulation data, a preliminary experiment was performed. Three channels of 6 mm

width and 4 mm height were fabricated with nylon pack cloth from Trident Textiles Corp. and were

insulated with 8 mm of foil-backed insulation from InsulTech. A TCA was made with silver plated

nylon 6,6 thread (ShieldexTM , Part #: 260151023534) and its temperature was monitored using

the temperature sensor design proposed by Edmonds [13]. The TCA was loaded with 100 g and

was heated to 120◦C five times in each channel. It was cooled with the Schwarzer Precision 16A

RO-DV pump running at 100% duty cycle and the room temperature was 22.7◦C. The air flow was

measured with a Renesas FS2012-1020-NG air flow sensor to be between 0.0011 m3/min to 0.0012

m3/min, which equates to between 1.0 m/s and 1.1 m/s when divided by the cross-sectional area

of the channel (17.8×10−6 m2). The time constants for the experimental results ranged between

9.58 s to 11.67 s with an average of 10.8 s. The simulation predicted a time constant of 9.37

s for an input of 1 m/s, resulting in a percent difference of 13.2% when compared to the mean

experimental value. The comparison between the simulation and experimental data is shown in

Fig. 3.7.

The variation in the experimental results likely comes from the positioning of the TCA in the

channel and differences in the channels due to the fabrication method. The main sources of error

between the simulation and experimental results are likely the differences in the geometry of the

TCA, the impact of the TCA on either side of the simulated portion, and the variation of the

cross-sectional area of the physical channel, which could impact fluid flow. Other sources of error

and variation in the results would include the positioning of the TCA in the channel (the model

assumes it is perfectly centered), the neglect of the motion and deformation of the TCA in the

model, the air input being slightly off-center in the experiment, and slight differences in material

properties and room temperature.

3.6 Conclusion

In this study, the relationship between the input air velocity and the cooling time was determined

for a novel cooling apparatus for TCAs. This was completed to determine if the cooling apparatus
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Figure 3.7: Comparison of simulation results with experimental data.

could cool the TCA quickly enough to support slow rehabilitation or voluntary movements with

the miniature air pumps that are currently available. The cooling apparatus consists of a flexible,

fabric channel to house the TCA and guide the air flow over it. The channel was simulated in

ANSYS Fluent where the input air velocity was varied between 1 m/s and 60 m/s.

The relationship between the input air velocity and cooling time constant predicted that air

flow velocities over 18.2 m/s were required to support slow rehabilitation motion and velocities over

3,182.4 m/s were required to support active motion. With the selected channel dimensions, this

correlated to air flow rates of 0.019 m3/min and 53.793 m3/min, which are above the capabilities

of the miniature air pumps currently available.

The simulation result for an input velocity of 1 m/s was compared with experimental data,

where there was a 13.2% difference between the average experimental cooling time constant and

the predicted cooling time constant.

Future work should investigate the impact the channel size has on TCA performance and

cooling time, as it may be possible to obtain faster cooling rates with a larger channel.



Chapter 4

Active Cooling of Twisted Coiled

Actuators via Fabric Air Channels

This chapter was submitted by A. Lizotte and A.L. Trejos to Frontiers in Rehabilitation Science,

and it was accepted for publication in November 2022 [102]. It begins by describing the design of

the fabric channel in detail, as well as the results obtained from two experiments that tested the

channel design. The first experiment investigated the impact that the dimensions of the channel

had on TCA performance, followed by a comparison of TCA performance with and without the

fabric channel.

Prior to the experimental work presented in this chapter, a pilot study was completed to guide

the experimental design. The pilot study and its results are documented in Appendix A. Finally,

Appendix B discusses some additional observations made while analyzing the experimental data

from the second experiment (Section 4.5) that were not included in the submitted paper.

46
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4.1 Abstract

Twisted coiled actuators (TCAs) are promising artificial muscles for wearable soft robotic devices

due to their biomimetic properties, inherent compliance, and slim profile. These artificial mus-

cles are created by super-coiling nylon thread and are thermally actuated. Unfortunately, their

slow natural cooling rate limits their feasibility when used in wearable devices for upper limb

rehabilitation.

Thus, a novel cooling apparatus for TCAs was specifically designed for implementation in soft

robotic devices. The cooling apparatus consists of a flexible fabric channel made from nylon pack

cloth. The fabric channel is lightweight and could be sewn onto other garments for assembly into

a soft robotic device. The TCA is placed in the channel, and a miniature air pump is used to blow

air through it to enable active cooling.

The impact of channel size on TCA performance was assessed by testing nine fabric channel

sizes—combinations of three widths (6 mm, 8 mm, and 10 mm) and three heights (4 mm, 6 mm,

and 8 mm). Overall, the performance of the TCA improved as the channel dimensions increased,

with the combination of a 10 mm width and an 8 mm height resulting in the best balance between

cooling time, heating time, and stroke. This channel was utilized in a follow-up experiment to

determine the impact of the cooling apparatus on TCA performance. In comparison to passive

cooling without a channel, the channel and miniature air pump reduced the TCA cooling time by

42% (21.71 ± 1.24 s to 12.54 ± 2.31 s, p < 0.001). Unfortunately, there was also a 9% increase

in the heating time (3.46 ± 0.71 s to 3.76 ± 0.71 s, p < 0.001) and a 28% decrease in the stroke

(5.40 ± 0.44 mm to 3.89 ± 0.77 mm, p < 0.001).

This work demonstrates that fabric cooling channels are a viable option for cooling thermally

actuated artificial muscles within a soft wearable device. Future work can continue to improve the

channel design by experimenting with other configurations and materials.

4.2 Introduction

Each year, approximately 62,000 Canadians suffer a stroke [103]. It is recommended that stroke

patients receive at minimum 45 minutes of rehabilitation therapy 5 days per week, which creates
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high demands on physiotherapists [104]. High quantities of rehabilitation are important, as it has

been shown that increasing the amount of time spent completing physiotherapy exercises improves

the ability of the patient to complete activities of daily living independently [105]. One method of

increasing access to rehabilitation is to create inexpensive, portable, wearable robotic systems that

individuals can use at home and outside of the clinic to complete physiotherapy exercises. Review

papers have found that robotic therapy can provide the same benefits as conventional physiother-

apy, and that upper limb functions improved when robotic therapy was completed in addition to

conventional therapy, especially with chronic stroke patients [20, 21]. Robotic therapy has many

advantages such as progress tracking, real-time feedback, and reducing therapist workloads.

These robotic devices are not common due to their high cost and limited portability, which

stems in part from using electric motors as the primary actuator [4, 9, 10]. One method to reduce

the cost and increase the portability of wearable robotic devices is to use alternative actuators,

such as artificial muscles. Artificial muscles have additional advantages of being biomimetic and

compliant, which reduces the chance of injury to the user. There are several types of artificial

muscles available, such as shape memory alloys (SMAs), pneumatic artificial muscles (PAMs), and

twisted coiled actuators (TCAs).

SMAs are thermal actuators that alternate between two states upon heating and cooling. They

can be formed into artificial muscles with low voltage requirements and high power-to-mass ratios.

Unfortunately, they have large amounts of hysteresis which makes them difficult to control, and

their cycle life decreases as the amount they are strained increases [38].

PAMs are fabricated by covering an internal air bladder in a woven mesh such that when the

air bladder is inflated, the system contracts [31]. PAMs are advantageous as they are naturally

compliant and they have a high power-to-weight ratio when the air compressor is ignored. Their

main disadvantage is that they require an air compressor to actuate, which is loud, heavy, and

frequently tethers the user to one spot. Recently, these muscles have been embedded into fabric

to create a glove to help finger flexion [32, 34].

Finally, TCAs are a promising actuator for wearable robotic devices due to their inherent

compliance, low profile, easy and inexpensive fabrication method, and linear actuation [12]. These

artificial muscles are created by super-coiling silver-coated nylon thread, and they can carry loads
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up to 80 MPa. They will contract up to 21% when electrically heated and extend upon cooling.

Unfortunately, their low bandwidth with passive cooling (0.03 Hz) limits their effectiveness in

devices designed for rehabilitation purposes [13]. To increase the potential for TCAs to be used in

wearable robotic devices, their cooling time needs to be decreased.

Previous work has demonstrated that the cooling time is significantly impacted by the envi-

ronment that surrounds the TCA. Common solutions have been to coat the TCA in hydrogel,

surround it with water, or employ forced air convection [14, 15]. Of these solutions, a hydrogel

coating increased the cooling rate the most, although the coating only lasted for 30 actuation

cycles. Similar cooling rates have been achieved with forced convection of air and still water,

however, when the TCA was surrounded by water it required approximately twice the input power

to achieve a stroke of 10%.

Forced air convection has been implemented by running a computer fan near the TCAs or by

placing a TCA in a rigid plastic tube and applying compressed air. However, neither of these

solutions have been specifically designed for implementation in a soft wearable robotic device [15,

74]. Portable, wearable robotic systems have several design constraints unique to their applications.

The systems must be lightweight and have minimal components, as the user must be able to carry

the apparatus on their body. Additionally, the system should be flexible, compliant, and minimize

any protrusions to ensure user comfort and decrease risk of injury.

Thus, this research presents a novel cooling apparatus for TCAs that is specifically designed

for soft wearable robotic devices. It consists of a fabric channel to house the TCA and a miniature

air pump to provide forced convection. Previous work performed simulations on this design,

however, discrepancies between the simulation and experimental results indicated that additional

experimental work would be valuable [87]. In this paper, Section 4.3 outlines the design process

and final design for the novel cooling apparatus. Section 4.4 describes the experimental apparatus,

methodology, and results obtained for an experiment that investigates the impact of changing

the dimensions of the channel on the performance of the TCA (Phase I). Section 4.5 documents

a follow-up experiment that was completed to compare the performance of the TCA with and

without the novel cooling apparatus (Phase II). Finally, Section 4.6 discusses study limitations,

sources of error, and future work.
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4.3 Channel Design

The primary purpose of the cooling apparatus is to increase the cooling rate of the TCA, however,

it should also facilitate the integration of TCAs into soft wearable robotic devices. To meet these

objectives, several design requirements were considered during the development of the channel.

First, the cooling apparatus had to be portable and help protect the user from the temperatures

reached by the TCAs (up to 120◦C). Next, the mass and size of the cooling apparatus needed to be

minimized to ensure that the wearable device is as unobtrusive as possible. Ideally, the apparatus

will also be durable, flexible, elastic, and breathable, to allow the user to comfortably wear it for

extended periods of time. Finally, any negative effects of the cooling apparatus on TCA behavior

(e.g., decreased stroke), should be minimized where possible to maintain the capabilities of the

TCA.

4.3.1 Cooling Mechanism

While considering the above objectives, the first decision made was how to decrease the cooling

time of the TCA. This could have been accomplished by adding a coating to the surface of the

TCA to increase its thermal conductivity or by changing the environment in which the TCA

resides. Modifying the TCA by adding a coating was disregarded as an initial solution, since

coatings increase the manufacturing complexity and cost of the TCA, they do not provide a means

of integrating the TCA into a wearable system, nor would they help protect the user against the

high temperatures reached by TCAs. Thus, the environment of the TCA was changed by enclosing

a TCA in a channel and employing forced convection.

Forced convection could be accomplished with a liquid (e.g., water) or a gas (e.g., air). Water

and other liquids have a significantly higher thermal conductivity compared to air, which would

drastically reduce the cooling time of the TCA. However, liquid coolants have many disadvantages

when considering them for a wearable device. They are denser than air and require additional

hardware, such as a reservoir and valves, resulting in a significantly heavier and more complex

system. Additionally, there is the risk of leaks, which could decrease user comfort, and nylon

TCAs will absorb water over time, degrading their performance [13]. Finally, the higher thermal
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conductivity of liquids results in higher power requirements for the heating phase of the TCA [14].

Some of these disadvantages could be alleviated by surrounding the TCA in stagnant water, how-

ever this was disregarded as a potential solution as the temperature of the water would gradually

increase with prolonged use of the TCA, and similar cooling times can be obtained with forced air

convection [14]. The main disadvantage of forced air convection is that air compressors are noisy,

however, the advantages of less mass, hardware, and no degradation of TCA performance allow it

to meet the requirements better than a liquid system.

There are three main options to circulate air: fans, air pumps, and air compressors. Air

compressors were rapidly discarded as potential solutions, as their large size and mass limit their

portability. Table 4.1 displays some commercially available miniature air pumps and fans. Air

pumps are capable of producing higher air pressures than fans, however, fans have the advantages

of being lighter, smaller, and producing more air flow than the pumps. From the options listed

in Table 4.1, fans have the additional benefit of producing less noise (between 15–36 dB) when

compared to the pumps (around 55 dB). For context, the volume of a normal conversation occurs

at around 60 dB [106].

While fans would be the optimal solution due to their advantages, testing with preliminary

prototypes using a Sunon Fans MF20100V1-1000U-A99 demonstrated that their low pressure ca-

pabilities were unable to force air through the devised solution. Therefore, a pump was selected

by maximizing the air flow and pressure capabilities while minimizing the height and mass. From

this trade off, the Schwarzer Precision SP 16A RO-DV pump was selected, and is the pump used

in all of the experiments described in this paper.

4.3.2 Channel Characteristics

The next step was to devise a method of enclosing the TCA that was flexible, easy to integrate into

wearable devices, and could protect the user. It was decided to create a fabric channel, as fabric is

flexible and can be sewn onto other materials, including insulation and underlying garments. The

fabric for the channel must meet several criteria to ensure the success of the design. It should be

flexible, durable, and be able to withstand temperatures above 120◦C. Ideally, the material would

be able to slightly stretch and be breathable, to ensure user comfort, and be able to hold a shape
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Table 4.1: Commercially available miniature air pumps and fans that meet the 20 mm height
constraint.

Fan/

Pump

Company/

Part

Maximum

Air Flow

[cm3/min]

Maximum

Pressure

[atm]

Height

[mm]

Length

[mm]

Width

[mm]

Mass

[g]

Pump

Binaca

SX-1
400 0.39 8 32 18 8

Schwarzer

Precision

SP 12 RO

650 0.49 12 51 27 23

Schwarzer

Precision

SP 16A RO-DV

1500 0.79 16 56 36 38.5

Binaca

CX1
1000 0.69 17 45 27 32

Schwarzer

Precision

SP 18A RO-D

2500 0.59 18 62 32 44

Fan

Sunon Fans

UB393-700TC
1170 0.00016 9 9 3 0.91

Nidec Copal

Electronics

F16FB-05LLC/E

11890 0.00005 16 16 4.5 1.2

Delta

Electronics

BSB0205HP-

00EFG

16140 0.00098 17 17 5.3 1.81

Sunon Fans

MF20100V1-

1000U-A99

53800 0.00071 20 20 10 4.65
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without additional supports, to minimize the complexity and cost of fabrication.

Two common durable fabrics are tightly woven nylon and polyester, which are often used in

parachutes and windbreakers. While they both have a melting temperature above 220◦C, nylon was

selected because nylon threads have a lower coefficient of dynamic friction and a similar coefficient

of static friction when compared to polyester [107]. The dynamic coefficient of friction of nylon 6

is 7.6–22.2% lower than that of polyester, and the coefficient of static friction ranges between 3.6%

smaller, up to 7.9% larger, depending on the circumstances. Tightly woven nylon 6 pack cloth with

a thickness of 0.3 mm was sourced from Trident Textiles Corp. The material is 100% nylon with a

0.05 mm coating of ether-based thermoplastic polyurethane (ether TPU) on one side. The channels

were created with the ether coating on the outside surface as it seemed to have higher friction,

and there were concerns about melting the ether TPU. Ester TPU was selected as an alternative

material as it has a melting temperature of approximately 145◦C, it can stretch slightly, and it

was used in another study to create PAMs embedded in wearable devices [34, 108]. Samples of

0.3 mm ester TPU were obtained from Plastic Film Corporation. Preliminary prototypes proved

that both materials were easy to sew and were capable of maintaining their cross-sectional shape.

To ensure that they could withstand the temperatures reached by TCAs, a TCA was held on the

material at approximately 115◦C for 10 minutes. There was no visible deformation to the nylon

fabric, however, sections of the ester TPU melted. Thus, the material for the channels was selected

to be nylon pack cloth.

After the material was selected, preliminary prototypes were created to determine the cross-

sectional shape of the channel. The nylon cloth was sewn into four shapes—a circle, a semi-

circle/ellipse, a triangle, and a square (Figure 4.1). The channel must be able to maintain its

shape to ensure that there is adequate space for air to flow around the TCA and that no additional

friction is caused by contact between the TCA and channel walls. It should also return to shape if

deformed to ensure that the performance of the channel does not degrade if the user bumps their

limb or folds the fabric. The circle was the easiest channel to manufacture; however, it was easy

to flatten and did not return to its shape on its own, which resulted in the TCA being pinched

by the fabric on two sides. The triangle was unable to remain open to provide an airway for the

TCA. While the square and the semi-circle both had acceptable airways and could quickly return



4.3 Channel Design 54

Figure 4.1: The top view (top) and front view (bottom) of the preliminary channel prototypes to
test different channel shapes. From left to right the shapes tested include the following:
circle, semi-circle, triangle, and square.

to their shapes when flattened, the semi-circle was significantly simpler to manufacture. For the

rest of this paper, the channels being designed and tested will be semi-elliptical in shape. The

main design parameters will be the width of the channel (the horizontal diameter of the ellipse)

and the height of the channel (the vertical radius of the ellipse).

It is desirable to keep the dimensions of the channel as small as possible to reduce both the

protrusion from the limb and the space on the device that would not be breathable, as the selected

material is air impermeable. Additionally, if either the height or width are much larger than than

the other, the ability of the channel to maintain its shape decreases. The minimum height and

width were determined by considering the size of the TCA. The diameter of a 4-ply TCA is 1.6

mm, however the crimps used at the ends of the TCAs have a diameter of approximately 3 mm.

Some additional space was required for the temperature sensor leads and air inlet. Thus, the

smallest channel height and width were 4 mm and 6 mm, respectively.

Since the ideal height and width of the channel were unknown, an experiment (Phase 1) inves-

tigated the impact that changing these factors had on the performance of the TCA. Combinations

of three heights and three widths were tested to determine if there was an effect from the height,

the width, or the overall cross-sectional area (CSA) of the channel. Trial and error in making

different sized channels revealed that there is some degree of variance in the size of the channel,

even when the same fabrication procedure is followed. Thus, the size step was set to 2 mm to
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ensure that the sizes were distinct. The channels will be described as width-by-height, i.e., a 6×4

channel has a width of 6 mm and a height of 4 mm. The final channel sizes that were tested are

the following: 6×4, 6×6, 6×8, 8×4, 8×6, 8×8, 10×4, 10×6, 10×8. The channel dimensions were

kept as small as possible to minimize how much the channel would protrude, while still ensuring

there were distinct differences between the channel sizes.

Prior to beginning the experiment, an inlet piece was designed to connect the channel, air

pump, and TCA (Figure 4.2). It is composed of two parts: a small, central piece to attach all of

the components, and a cover for the central piece that simplifies changing the size of the inlet to

match the size of the channel. At this stage, the inlet was not permanently fixed to the channel

to facilitate testing the channels with multiple TCAs. Instead, the inlet was deliberately created

2 mm wider and 0.5 mm taller than the desired dimensions of the channel and it was wedged into

the channel inlet. The channel inlet was also created slightly larger than the body of the channel

to accommodate the inlet.

The channel fabrication process is outlined in Figure 4.3. To consistently create the channels,

templates were designed and printed. Preliminary experimentation revealed that the channels were

consistently wider and shorter than the desired dimensions, thus the templates were deliberately

created 1 mm narrower and 0.5 mm taller. The channels were made to be 150 mm in length

to accommodate TCAs that are 140 mm in length. The length of the channel was set to be

approximately 10 mm longer than the loaded length of TCA to ensure that the entire TCA

remained covered, as the TCA will creep slightly during use.

Finally, the channel on its own does not have enough insulation to protect the user from the

temperatures reached by the TCA (up to 120◦C). The pain threshold for hot temperatures has

been shown to be between 42◦C to 44.6◦C [109, 110], thus additional insulation will be required

to keep the user comfortable. The primary parameter when selecting insulation is the thermal

conductivity, as this will dictate how thick the insulation must be to protect the user. Other

properties were considered for the purpose of a wearable device, such as the water absorption (in

case the user sweats) and density. Initially the Alpha SmartTemp Liner for prostheses was used,

as the material is specifically designed to be comfortable for users when in contact with their skin

for extended periods of time. This solution was tested by holding a TCA onto the material at
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Figure 4.2: Inlet design (A) in CAD, (B) printed with different sized covers, (C) with the compo-
nents connected, and (D) in a channel.

approximately 110◦C for 5 minutes. It was found that two 8 mm layers were required to keep the

temperature below 40◦C. Thus, alternative options were investigated.

While several types of insulation were considered, mineral wool was selected due to its low

thermal conductivity and density. Samples of 3 mm mineral wool with a foil backing were obtained

from Insultech Inc. When the foil side of the insulation was placed facing the TCA, the 3 mm

insulation was sufficient to protect the user from the temperature of the TCA. For integration in

a wearable device, there would have to be an additional layer underneath the insulation, as the

insulation will pull apart from itself if left uncovered.

To summarize, the general design for the fabric channels is displayed in Figure 4.4. The channel

can be fixed to a wearable device by sewing it to an underlying garment, and the TCA can move

freely inside the channel. Thus, the channel can both provide a means of cooling the TCA and a

means of assembling it into a system. One end of the TCA was fixed to the channel inlet using the

inlet piece described above, and the free end was coupled to its load using a thread as an artificial
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Figure 4.3: The channel fabrication procedure. First, the bottom and top layers are sized such
that they are wider than the desired channel size to ensure that there is enough fabric
to pin the material. The bottom layer is also sized longer than the desired length to
simplify sewing. Then the following steps can be completed to create a channel: (A)
The bottom layer and channel template are pinned in place to keep them from moving,
and the inlet is placed at the end of the template. For simplicity, this is performed on
a cardboard box to allow the pins to be pushed completely through the fabric. (B)
The top layer of fabric is placed over the inlet and template, pulled taut, and pinned
in place. (C) Before moving the template, the edge of the template is marked with pen
as a guiding line for sewing. The template is slightly removed from the channel (to
prevent it from getting trapped), and the end of the channel is pinned in place. (D)
The two layers of fabric are pinned together to prevent them from slipping, and the
channel is removed from the box. (E) To sew the channel, it must be flat along the
seam. The fabric can be pulled taut and pinned in place at the outlet to help hold the
opposite seam flat while starting to sew. (F) The seam is sewn along the guideline,
while keeping the material pushed to the opposite side. (G) The previous two steps
are repeated along the other side of the channel to obtain the finished product.
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Figure 4.4: Final design of the cooling apparatus. The design consists of a fabric channel to house
the TCA with a miniature air pump connected to the channel with a flexible plastic
tube.

tendon. A flexible power line was also fixed to the free end of the TCA to allow the TCA to be

actuated using Joule heating.

4.4 Phase I: Impact of Channel Height and Width on TCA Per-

formance

4.4.1 Phase I: Methods

After the channel design was finalized, the impact of channel height and width on the performance

of the TCA was investigated. This was accomplished by actuating TCAs in the nine channel sizes

described above: 6×4, 6×6, 6×8, 8×4, 8×6, 8×8, 10×4, 10×6, and 10×8. TCA performance was

assessed by comparing the cooling time, heating time, and stroke of the TCA in each channel, as

these metrics are often used when evaluating the performance of thermal actuators [14, 15, 77, 78].

For this experiment, the cooling time was defined as the time it takes the TCA to cool from 100◦C

to 35◦C; the heating time was defined as the time to heat the TCA from 23◦C to 100◦C; and

the stroke was defined as the difference between the maximum displacement of the TCA and its

position when it returned to room temperature after the heating–cooling cycle. The cooling time
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was stopped at 35◦C because preliminary experimentation found that the air output from the

pump increases in temperature and can reach up to 30.2◦C.

The experimental apparatus used for data collection is displayed in Figure 4.5. Insulation

was placed on the platform on which the TCA and the channel rested to mimic the construction

of a wearable device. The TCA was attached to a previously developed module that combines

pulse width modulation circuitry, a current sensor (ACS70331EESATR-005U3), and a temperature

sensor into one circuit board [13]. A resistive temperature sensor detector consisting of a 40 AWG

shielded copper wire wrapped around the TCA was used, since the temperature sensor must be

able to fit within the channel without easily falling off, or compromising the ability of the TCA to

move within the channel [13]. The temperature sensor was located at the fixed end of the TCA

to reduce the motion that could dislodge the sensor. The displacement of the TCA was measured

using an encoder (AEAT-6012-A06) by fixing a string to the free end of the TCA and wrapping

it around a pulley that was attached to the encoder. Set screws were used to prevent slipping

between the string, the pulley, and the shaft. A 100 g mass was hung from the other end of the

string to keep the TCA in tension.

The TCAs were made using a previously developed methodology [13]. Four-ply silver-coated

nylon thread was obtained from VTechnicalTextiles (Part number: 260151023534) and was super-

coiled with a load of 165 g. The coiled thread was plyed by folding it in half to prevent untwisting

and the ends of the TCA were crimped to prevent the TCA from fraying using standard terminal

crimps obtained from McMaster-Carr (Part ID: 69525K47). The untrained TCA length was 85

mm, and it was trained by stretching the artificial muscle 4–5 mm, holding it in position and

heating the TCA at approximately 3 W until it reached 140◦C. This process was repeated until

the TCA was 110 mm (around 30% longer), which resulted in a final, unloaded TCA length of 138

mm, as the crimps add 14 mm on either side of the TCA.

To collect the data, the TCA was centered in a channel, then heated from 23◦C to 100◦C at an

average power of 2 W. The power was regulated to ensure that the heating time could be compared

between samples, which was accomplished by controlling the duty cycle of the input voltage (12

V) to account for the change in resistance of the TCA. The resistance of the TCA was computed

using R = V/I, where R is the electrical resistance of the TCA, V is the average voltage applied
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Figure 4.5: The experimental apparatus used to collect data.

to the TCA, and I is the average current through the TCA. Once the temperature of the TCA

reached 100◦C, the power input to the TCA was stopped, and the miniature air pump was turned

on at 12 V. The pump was left on until the TCA reached 35◦C, at which point the TCA was left

to cool to room temperature passively, and the displacement of the TCA at room temperature was

recorded before starting the next trial. This process was repeated three times before changing the

channel. In total, 81 data points were collected at each channel size. To account for variability

in the fabrication process, these repetitions were split evenly among three channels of the same

size and three TCAs. The data collection process was blocked by TCA, i.e., all of the data were

collected with TCA 1 before using TCA 2 or TCA 3.

Additionally, a warm-up procedure was completed if the TCA had not been used for more than

10 minutes, as it was noticed that the heating temperature–displacement curve for the heating cycle

was significantly different if the TCA had not been used overnight, as seen in Figure 4.6. The

warm-up procedure consisted of heating and cooling the TCA between 23◦C and 100◦C until the

difference between the starting and ending positions at 23◦C was less than 0.25 mm. This took

2–4 cycles, depending on how long it had been since the TCA was last used.
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Figure 4.6: Four consecutive cycles of TCA heating from 25◦C to 100◦C after not being used
overnight. The red and blue represent the heating and cooling portions of the cycle,
respectively. The heating curve of the first repetition is significantly different from the
rest of the trajectories.

4.4.2 Phase I: Results

After the data were collected, a statistical analysis was performed for each of the three parameters

(cooling time, heating time, and stroke) to determine if there were differences between the channel

sizes. First, the data were assessed to determine if there were outliers by calculating the studentized

residuals and determining if any of the residuals were greater than ± 3. Although the cooling time

data had five outliers, it was not possible to remove them from the analysis, as there was no

apparent reason for the variation. The heating time data had one outlier, which was removed,

because in the immediate trial afterwards, the power line broke, and therefore it is very likely that

the power line was already partially broken. The stroke data had no outliers. Then, the normality

of the data was assessed using the standardized residuals with the Kolmogorov–Smirnov test, as

the sample size was larger than 50. None of the data were normally distributed, thus Friedman

tests were performed to determine if differences existed between the channels. The results of the

Friedman tests stated that channel size had a significant effect on all three parameters, with p <

0.001. Post hoc testing was performed using the Wilcoxon test, and a Bonferroni correction factor

of 36 was applied to the p values to account for accumulated error from multiple comparisons, as 36
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comparisons were performed for each parameter. The correction factor was applied by multiplying

the p value by 36, to allow the significance threshold to remain at 0.05. The p values reported are

those obtained after the correction factor was applied. The descriptive statistics for each parameter

are summarized in Table 4.2, the results of the statistical analysis are shown in Table 4.3, and the

p values for all post hoc testing are displayed in Table 4.4.

Table 4.2: Descriptive statistics for the parameters that were assessed to compare TCA perfor-
mance in channels with different dimensions. Channels are ordered from left to right
by increasing cross-sectional area.

Channel 6×4 8×4 6×6 10×4 6×8 8×6 10×6 8×8 10×8

Cooling

Time

[s]

Mean 15.11 14.14 12.16 13.00 14.45 11.98 11.97 12.02 11.42

Standard

Deviation
2.28 2.52 2.10 2.30 3.08 1.93 1.53 1.91 1.33

Median 15.30 13.70 12.35 12.64 14.46 12.16 12.25 11.87 11.30

Heating

Time

[s]

Mean 5.36 5.36 5.18 5.39 5.27 5.10 4.98 5.07 4.88

Standard

Deviation
0.50 0.42 0.42 0.43 0.49 0.31 0.45 0.37 0.30

Median 5.21 5.33 5.18 5.27 5.23 5.09 4.91 5.02 4.89

Stroke

[mm]

Mean 7.04 7.53 8.14 7.41 8.29 8.29 8.25 8.42 8.32

Standard

Deviation
0.64 0.76 0.82 0.71 0.86 0.80 0.83 0.80 0.80

Median 7.11 7.59 8.07 7.43 8.31 8.18 8.37 8.55 8.34

First, the data were analyzed to determine which channel resulted in the best TCA perfor-

mance. Ideally, one channel would have the lowest cooling and heating times and the highest

stroke, however, the best channel is defined as the one that balances these three parameters. The

best channel cannot simply be the one with the lowest cooling time if it also greatly increases the

heating time or decreases the stroke, as this would have negative implications for a wearable device.

Significant increases in heating time indicate that the channel causes the TCA to be less efficient,

which would negatively impact the battery lifetime of a wearable device. Likewise, decreases in

TCA stroke would negatively impact the performance of the device, as there would either be a
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Table 4.3: The Friedman test results and significant differences for the main effects of height and
width from Phase I.

Parameter Factor Level
Friedman

Test

Significant

Differences

Cooling

Time

Height

(4, 6, 8 mm)

6 mm width p < 0.001 4–6, 6–8

8 mm width p < 0.001 4–6, 4–8

10 mm width p < 0.001 4–6, 4–8, 6–8

Width

(6, 8, 10 mm)

4 mm height p < 0.001 6–10, 8–10

6 mm height p = 0.391 —

8 mm height p < 0.001 6–8, 6–10

Heating

Time

Height

(4, 6, 8 mm)

6 mm width p = 0.177 —

8 mm width p < 0.001 4–6, 4–8

10 mm width p < 0.001 4–6, 4–8

Width

(6, 8, 10 mm)

4 mm height p = 0.916 —

6 mm height p = 0.006 6–10

8 mm height p < 0.001 6–8, 6–10, 8–10

Stroke

Height

(4, 6, 8 mm)

6 mm width p < 0.001 4–6, 4–8

8 mm width p < 0.001 4–6, 4–8

10 mm width p < 0.001 4–6, 4–8

Width

(6, 8, 10 mm)

4 mm height p < 0.001 6–8, 6–10

6 mm height p = 0.01* —

8 mm height p = 0.144 —
∗There were no significant differences after the Bonferroni correction

factor was applied.

lower achievable range of motion, or a longer TCA would be required to obtain the original stroke.

To illustrate the performance of the TCA in each channel size, Figure 4.7A, C, and E plots the

data with respect to increasing cross-sectional area (CSA), with the statistically significant differ-

ences for the 10×8 channel marked. It can be seen that for the cooling time, 10×8 is statistically

different from all of the channels except 8×8 (11.42 ± 1.33 s vs. 12.02 ± 1.91 s, p = 0.051), and for

the heating time, 10×8 is significantly different from all of the channels except for 10×6 (4.88 ±

0.3 s vs. 4.98 ± 0.45 s, p = 1). Furthermore, there is no statistically significant difference between

the stroke for 10×8 and any channel with a height greater than 4 mm. Thus, it can be concluded

that for a 4-ply TCA, the best channel out of the sizes present in this experiment is 10×8, as that

channel has a good balance between cooling time and heating time, and a comparable stroke to
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Table 4.4: Adjusted p values from the post hoc testing for Phase I: Evaluating the Impact of
Channel Height and Width on TCA Performance. Values below 0.001 are reported as
0 and comparisons that are not statistically significant are marked with †.

Sheath 6×4 6×6 6×8 8×4 8×6 8×8 10×4 10×6 10×8

Cooling

Time

6×4 — 0 0.648† 0.468† 0 0 0 0 0

6×6 0 — 0 0 1† 1† 0.108† 1† 0.025

6×8 0.648† 0 — 1† 0 0 0 0 0

8×4 0.468† 0 1† — 0 0 0.004 0 0

8×6 0 1† 0 0 — 1† 0 1† 0

8×8 0 1† 0 0 1† — 0 1† 0.051†

10×4 0 0.108† 0 0.004 0 0 — 0 0

10×6 0 1† 0 0 1† 1† 0 — 0

10×8 0 0.025 0 0 0 0.051† 0 0 —

Heating

Time

6×4 — 0.424† 1† 1† 0.004 0.002 1† 0 0

6×6 0.424† — 1† 0.014 1† 1† 0.005 0.003 0

6×8 1† 1† — 1† 0.008 0.006 1† 0 0

8×4 1† 0.014 1† — 0 0 1† 0 0

8×6 0.004 1† 0.008 0 — 1† 0 0.284† 0

8×8 0.002 1† 0.006 0 1† — 0 1† 0.002

10×4 1† 0.005 1† 1† 0 0 — 0 0

10×6 0 0.003 0 0 0.284† 1† 0 — 1†

10×8 0 0 0 0 0 0.002 0 1† —

Stroke

6×4 — 0 0 0 0 0 0 0 0

6×6 0 — 0.974† 0 0.136† 0 0 0.793† 0.128†

6×8 0 0.974† — 0 1† 1† 0 1† 1†

8×4 0 0 0 — 0 0 1† 0 0

8×6 0 0.136† 1† 0 — 0.251† 0 0.917† 1†

8×8 0 0 1† 0 0.251† — 0 0.068† 1†

10×4 0 0 0 1† 0 0 — 0 0

10×6 0 0.793† 1† 0 0.917† 0.068† 0 — 1†

10×8 0 0.128† 1† 0 1† 1† 0 1† —
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Figure 4.7: The means and standard deviations for the data from Phase I plotted with respect to
increasing cross-sectional area (A, C, E) and height and width (B, D, F). In (A), (C),
and (E), statistically significant differences with the 10×8 pouch are marked by an ∗
for p < 0.05 or ∗∗ for p < 0.001.

the other sizes. While the cooling time for 10×8 is not statistically different from 8×8, 8×8 has a

statistically higher heating time. Similarly, the heating time for 10×8 is not different from 10×6,

however the cooling time for 10×6 is higher.

Next, the effect of width and height on the TCA performance was examined. To help visualize

if there were any trends in the data based on height or width, the data were plotted with respect

to these parameters in Figure 4.7B, D, and F.

4.4.2.1 Cooling Time

Figure 4.7B illustrates that the impact of changing the width and height of the channel was different

at each level of height and width. These simple main effects were tested using additional Friedman
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tests, which stated that height had a significant effect at each width (p < 0.001 for all three) and

width had a significant effect for heights of 4 mm and 8 mm (p < 0.001). The effect of width at a

height of 6 mm was not significant (p = 0.391).

At all widths, channels with a height of 4 mm (the blue points) had the highest cooling times.

When the height was increased to 6 mm (the red points), there was a statistically significant

decrease in the cooling time (p < 0.001 for all widths). An additional increase in height to 8 mm

(the yellow points) resulted in the average cooling time either decreasing further (10 mm width, p

< 0.001), remaining approximately the same (8 mm width, p = 1), or increasing (6 mm width, p

< 0.001). There was no significant difference between 6×4 and 6×8 (p = 0.648).

When analyzing the effect of width on the cooling time, there is a decrease in average cooling

time as the width increases at 4 mm and 8 mm heights. At 4 mm (the blue line), the decrease in

cooling time is significant when the width increases from 8 mm to 10 mm (p = 0.004), however it

is not significant between 6 mm and 8 mm widths (p = 0.468). The opposite effect is observed at

the 8 mm height (the yellow line)—the increase in width is significant between 6 mm and 8 mm

(p < 0.001), yet it is not significant between 8 mm and 10 mm (p = 0.051).

If the data are regarded as average cooling time as a function of CSA, there is a slight downward

trend as the CSA increases, with a Pearson correlation coefficient of −0.739 and a slope of −0.071

s/mm2. Interestingly, the 6×8 and 8×6 channels have the same CSA, hence the stark difference

between their mean cooling times (14.45 ± 3.08 s vs. 11.98 ± 1.93 s, p < 0.001) highlights that

the dimensions of the channel are important, not just the overall CSA.

4.4.2.2 Heating Time

Similarly, the heating time of the TCA slightly decreases as the channel CSA increases with a

slope of −0.012 s/mm2. For this parameter, the Pearson correlation coefficient is −0.884. Again,

the difference between the heating times for 6×8 and 8×6 (5.27 ± 0.49 s vs. 5.10 ± 0.31 s, p =

0.008) show that the height and width have an impact on the heating time, and these trends are

illustrated in Figure 4.7D.

From the simple main effect analysis for heating time, increasing the height of the channel did

not have an effect when the width was 6 mm (p = 0.177), yet there was an effect at widths of 8
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mm and 10 mm (p < 0.001 for both). Post hoc testing revealed that this effect was only present

when the height increased from 4 mm (the blue points) to 6 mm (the red points), with p < 0.001.

There was no significant difference in the heating time when the height was further increased to 8

mm (the yellow point).

Likewise, the effect of width was not significant at a height of 4 mm (p = 0.916), however,

increasing the width produced a significant decrease in average heating time at heights of 6 mm

(p = 0.006) and 8 mm (p < 0.001). At a height of 6 mm (the red line), the effect of increasing the

width was only significant between 6 mm and 10 mm (p = 0.003). However, at a height of 8 mm

(the yellow line), the effect of width was significant at both step increases, with p = 0.006 for 6

mm to 8 mm and p = 0.002 for 8 mm to 10 mm.

4.4.2.3 Stroke

The final parameter that was analyzed was the stroke of the TCA. Again, simple main effects were

assessed using the Friedman test and the trends are shown in Figure 4.7F. The effect of height

was significant at all three widths (p < 0.001 for all three), and the effect of width was significant

at a height of 4 mm (p < 0.001). Post hoc analysis revealed that the effect of height was only

significant with the increase from 4 mm (blue points) to 6 mm (red points), with p < 0.001 at all

three widths. There was no significant effect on the stroke when the height was further increased

to 8 mm. Similarly, the effect of width at 4 mm of height (the blue line) was only significant when

the width increased from 6 mm to 8 mm (p < 0.001). Thus, it appears that the channel dimensions

did not significantly affect the stroke of the TCA, provided that the channel height was greater

than 4 mm.

4.4.3 Phase I: Discussion

This experiment demonstrated that TCA performance varied as the height and width of the channel

changed. As illustrated in Figure 4.7A, there was a slight decrease in mean cooling time as the CSA

of the channel increased, however this decrease is influenced by the dimensions of the channel. To

decrease the cooling time of the TCA, the thermal resistance between the surface of the TCA and

the environment needs to be reduced. The equation of thermal resistance for convective cooling,
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Rconv, is displayed in Equation 4.1, where h is the convective heat transfer coefficient and ATCA

is the surface area of the TCA that is exposed to forced convection [86]. For a given TCA, the

surface area would be fixed, thus to decrease the thermal resistance, h must be increased.

Rconv =
1

hATCA
(4.1)

The convective heat transfer coefficient depends heavily on the geometry of the hardware.

For concentric cylinders, there is a complicated relationship between h and the diameters of the

cylinders [86]. It is hypothesized that the relationship between h and the dimensions of the channel

would be even more complicated due to the half-elliptical shape and off-center placement of the

TCA. However, for concentric cylinders, h is proportional to the input velocity of the fluid. It

is assumed a similar relationship occurs with the channels—the cooling time will decrease as the

input air velocity increases.

Fluid flow is also heavily dependent on geometry, and for laminar flow in a circular pipe, the

flow resistance, Rflow, can be predicted using Pousuille’s Law, which is shown in Equation 4.2.

Here η is the viscosity of the fluid, l is the length of the tube, and r is the radius of the tube

[111]. While this equation cannot be directly applied to the channel, the understanding that flow

resistance decreases as the pipe radius increases is assumed to be applicable.

Rflow =
8ηl

πr4
(4.2)

The flow resistance will directly impact the fluid flow in a pipe, as for a fully developed laminar

flow in a horizontal pipe, the flow, Q, is inversely proportional to the flow resistance and directly

proportional to the pressure gradient across the pipe, ∆P , as seen in Equation 4.3 [111]. It is

also known that for pumps, there is an inverse relationship between the required pressure and the

flow rate that the pump can output. Thus, given the limited pressure capabilities of the miniature

pump, it is assumed that the cooling time decreased as the channel dimensions increased, because

the lower flow resistance allowed the pump to provide a higher flow rate. This relationship was

not linear, as the flow resistance, air velocity, and thermal resistance will depend on the specific

geometry of the channel. Future work should further investigate and quantify this relationship to
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help optimize channel dimensions for variety of applications.

Q =
∆P

Rflow
(4.3)

The effect that the specific height and width of the channel had on the cooling time of the

TCA is highlighted by the contrast between the 6×8 and 8×6 channels. Despite the CSA being

approximately the same, the cooling time for 6×8 was significantly higher and was the same as

6×4. This could be partially explained by observing the channel itself. The 6×8 channel was the

only size where the height was larger than the width, and it was noticed that the sides of the

channel had a tenancy to cave in slightly, as shown in Figure 4.8. This would reduce the effective

CSA for the channel, increase the air resistance, and could increase the chance of the TCA coming

in contact with the channel walls. Thus, it is recommended that the channel height should be the

same or less than the channel width.

The geometry of the channel also influenced the heating time of the TCA. Unlike the cooling

phase, a higher thermal resistance is better for the heating phase as this would reduce heat loss

to the environment and reduce the heating time. As shown in Figure 4.7C, the heating time

decreased as the CSA increased, for which a possible explanation is that the additional stagnant

air in the larger channels acted as better insulation and allowed less heat loss to the environment.

This is consistent with the results found when TCAs were heated in rigid plastic tubes; as the

tube diameter increased, the heating time constant decreased [74].

A noticeable exception to this trend are the channels with a 4 mm height—there was no

Figure 4.8: The approximate cross-sectional area shape for 6×8 (left) and 10×8 (right) channels.
The sides of the 6×8 channel cave in compared to a channel where the width is larger
than the height.
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difference in the heating times between the 6×4, 8×4, and 10×4 channels. A possible explanation

is that due to the low height, the TCA was in contact with the top of the channel, and thus there

was heat loss through the channel to the surrounding environment. These channels also had the

lowest strokes, which supports the prediction that the TCA was in contact with the channel at

the 4 mm height as the stroke could be reduced due to additional friction from increased contact

with the channel walls. The 6×4 channel had a lower stroke than 8×4 and 10×4, which is likely

due to additional contact with the channel sides.

As illustrated in Figure 4.7F (red and yellow lines), the stroke was the same between the

channels with 6 mm and 8 mm heights. This can be explained as once the TCA is no longer

in contact with the top of the channel, there would be no additional frictional forces. The only

significant difference occurred between 6×6 and 8×8 (8.14 ± 0.64 mm vs. 8.42 ± 0.80 mm, p <

0.001). It is unclear why this occurred, as there was no difference between the heating time or

cooling time for those two channels.

4.5 Phase II: Effect of Fabric Channel on TCA Performance

4.5.1 Phase II: Methods

As concluded in Phase I, the channel height and width impact the performance of the TCA, and

for a 4-ply TCA, the best size out of those tested was the 10×8 channel. An additional evaluation

was completed to compare the performance of the TCA with and without the fabric channel to

determine the efficacy of the channel in cooling the TCA and its impact on TCA performance.

To accomplish this, TCA performance will be compared across the following four cases: 1) active

cooling with the channel, 2) active cooling without the channel (current state-of-the-art), 3) passive

cooling with the channel, and 4) passive cooling without the channel (basic operation).

This experiment was completed using the same apparatus as Phase I, which is described in

Section 4.4.1. The experimental procedure was also very similar to that of Phase I, however two

changes were made to be more consistent with how the TCAs and channels would be used in

practice. The first change was to reduce the maximum temperature from 100◦C to 85◦C, as the

temperature–displacement curve consistently flattened at around 85◦C. This is likely due to the
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coils of the TCA coming in contact with one another and preventing further contraction. The

second change was to immediately begin the next heating–cooling cycle once the TCA reached

35◦C. Thus, the experimental procedure is summarized by the following steps: 1) the TCA was

heated to 85◦C, without any active cooling; 2) the TCA was cooled to 35◦C, with or without active

cooling (depending on the case); 3) Steps (1) and (2) were repeated five consecutive times; and 4)

the data from the first repetition were discarded as the TCA was heated from room temperature,

as opposed to 35◦C. For Case 2, active cooling was applied in the same manner as for Case 1—the

pump was attached to the channel inlet and air was allowed to flow over the TCA, except that

the channel was not present. For each case, 96 repetitions were collected, which were split evenly

among four TCAs and, where applicable, among three 10×8 channels (the same ones that were

utilized in Phase I), to account for variability in the fabrication procedure. The order of the cases

was randomized for each TCA, and the data were blocked such that all of the data were collected

on one TCA before moving to the next.

To assess TCA performance, the cooling time, heating time, stroke, and maximum hysteresis

were recorded and compared between the cases. For this experiment, the cooling time was defined

as the time it takes to cool the TCA from 85◦C to 35◦C; the heating time was defined as the

time to heat the TCA from 35◦C to 85◦C; the stroke was defined as the difference between the

maximum displacement and the position of the TCA at 35◦C at the end of the cooling phase;

and the maximum hysteresis was defined as the largest difference in TCA position between the

heating and cooling curves. The amount of hysteresis was computed by calculating the absolute

difference between the position of the TCA at each point on the heating curve and the equivalent

point (closest in temperature) on the cooling curve. The largest difference was recorded and was

divided by the stroke for that trial, to express the maximum hysteresis as a percent of the stroke.

Comparing the hysteresis as a percent of stroke reduces the possibility that a significant difference

in the amount of hysteresis between cases exists solely due to a difference in TCA stroke.

4.5.2 Phase II: Results

The descriptive statistics for the four parameters are displayed in Table 4.5. After the data were

collected, they were checked for outliers using the studentized residuals. There were no outliers in
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Table 4.5: Descriptive data for Phase II.

Case
1. Channel

Active Cooling

2. No Channel

Active Cooling

3. Channel

Passive Cooling

4. No Channel

Passive Cooling

Cooling

Time

[s]

Mean 12.54 8.57 34.92 21.71

Standard

Deviation
2.31 0.71 1.48 1.24

Median 12.17 8.68 34.90 21.72

Heating

Time

[s]

Mean 3.76 3.61 3.52 3.46

Standard

Deviation
0.71 0.69 0.66 0.71

Median 3.50 3.41 3.39 3.32

Stroke

[mm]

Mean 3.89 4.66 5.21 5.40

Standard

Deviation
0.77 0.37 0.35 0.44

Median 4.08 4.66 5.21 5.41

Maximum

Hysteresis

[%]

Mean 14.06 12.59 11.23 11.60

Standard

Deviation
6.30 3.19 2.38 2.15

Median 12.02 12.20 11.42 11.56

the cooling time, heating time, or stroke data. There were two outliers present in the hysteresis

data, however they were left in the analysis as there was no apparent reason for the variation. Then,

the normality of the data were assessed using the Kolmogorov–Smirnov test on the standardized

residuals. Once again, the data were not normally distributed, therefore Friedman tests were

conducted to determine if a statistically significant difference existed in the data. The Friedman

test revealed that there was a significant difference present for each parameter, with p < 0.001

for cooling time, heating time, and stroke and p = 0.041 for hysteresis. Post hoc testing was

completed using the Wilcoxon test and a Bonferroni correction factor of 6 was applied to the p

values in the same manner as Phase I to account for multiple comparisons. The adjusted p values

for all comparisons are presented in Table 4.6.
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Table 4.6: Adjusted p values from the post hoc testing for Phase II: Comparison of TCA Per-
formance With and Without the Channel. Values below 0.001 are reported as 0 and
comparisons that are not statistically significant marked with †.

Case
1. Sheath

Active Cooling

2. No Sheath

Active Cooling

3. Sheath

Passive Cooling

4. No Sheath

Passive Cooling

Cooling

Time

1 — 0 0 0

2 0 — 0 0

3 0 0 — 0

4 0 0 0 —

Heating

Time

1 — 0 0 0

2 0 — 0 0

3 0 0 — 0.013

4 0 0 0.013 —

Stroke

1 — 0 0 0

2 0 — 0 0

3 0 0 — 0.004

4 0 0 0.004 —

Hysteresis

1 — 1† 0.120† 0.180†

2 1† — 0.012 0.048

3 0.120† 0.012 — 0.648†

4 0.180† 0.048 0.648† —

Figure 4.9 plots the data obtained in this experiment with the statistically significant differ-

ences for Case 1 marked. Interestingly, Case 1 is significantly different from all other cases for

cooling time, heating time, and stroke, with p < 0.001 for all comparisons. Conversely, there is no

significant difference between the amount of hysteresis present in Case 1 and the other cases (p =

1, p = 0.120, and p = 0.180, when compared with Case 2, 3, and 4, respectively), however Case 1

has approximately twice the standard deviation.

These data illustrate that the channel successfully reduced the cooling time of the TCA, how-

ever this occurred at a cost of increasing the heating time and decreasing the stroke. When the

cooling time is compared to basic operation (Case 4, no channel with passive cooling), the cooling
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Figure 4.9: The means and standard deviations for the data from Phase II plotted for (A) cooling
time, (B) heating time, (C) stroke, (D) and maximum hysteresis as a percent of stroke.
The number adjacent to the point marks which case it is and if there is a statistically
significant difference with Case 1 (channel, active cooling), it is marked by ∗∗ for p <
0.001.

apparatus reduced the average cooling time by 42% (21.71 ± 1.24 s vs. 12.54 ± 2.31 s, p < 0.001).

The cooling time was also compared with the performance in a channel without active cooling

(Case 3) to simulate the cooling time in a wearable device if active cooling was not employed. In

this instance, the addition of active cooling reduced the cooling time by approximately 64% (34.92

± 1.48 s vs. 12.54 ± 2.31 s, p < 0.001). Finally, to complete the study, the cooling time of the

TCA in the channel with active cooling (Case 1) was compared to the current state of the art:

active cooling without a channel (Case 2). Unfortunately, the cooling time for Case 1 was larger

than the cooling time for Case 2 (12.54 ± 2.31 s vs. 8.57 ± 0.71 s, p < 0.001), however Case 2 is

not feasible for wearable devices as the exposed TCA could burn the user or become caught on

objects in the environment. A cooling time closer to that of Case 2 may be obtainable with further

improvements to the channel design.

Ideally, improvements to the channel will also allow the TCA heating time and stroke to be

closer to the values obtained without a channel. Surprisingly, the heating time of the TCA increased

with the addition of the channel, however this difference was relatively small—approximately 4%

between Cases 1 and 2, or 9% between Cases 1 and 4. A larger drawback is the decrease in stroke,
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as the addition of the channel caused reduced the stroke by approximately 19% between Case 2

and Case 1 (4.66 ± 0.37 mm vs. 3.76 ± 0.77 mm, p < 0.001). Interestingly, the cases with passive

cooling obtained higher strokes, even when the channel was present. With passive cooling, the

addition of the channel reduced the stroke by 3.5% (5.40 ± 0.44 mm vs. 5.21 ± 0.35 mm, p =

0.004).

4.5.3 Phase II: Discussion

Unsurprisingly, the two cases with passive cooling had longer cooling times, and Case 3 (with the

channel) had the largest cooling time. In Case 3, there would be minimal air circulation, and

the air itself would also have to cool, since it would be warm from the end of the heating phase.

Conversely, the other cases had some means of air circulation, whether it be from the pump when

active cooling was incorporated in Cases 1 and 2, or natural convection from the hot TCA being

exposed to the environment in Cases 2 and 4. It is hypothesized that the cooling time for Case

2 was lower than that of Case 1 due to the lack of channel allowing constant natural convection

(especially during the heating phase) in addition to the forced convection from the pump. Natural

convection would provide an advantage, as the air that is heated during the heating phase can

immediately move away from the TCA, as opposed to being trapped by the channel, reducing the

surrounding temperature. Additionally, Case 2 likely has a higher air flow rate than Case 1, as

there is no added flow resistance from the channel.

It is also possible that there was additional air flow in Case 2 due to air entrainment. Air

entrainment is the phenomenon of air in the environment being pulled (entrained) along the air

stream due to the pressure gradient, which increases the total air flow. Air entrainment would be

prevented when the channel was used, as the inlet was sized such that the channel was sealed. Thus,

future work could investigate improving the channel design by not sealing the inlet of the channel,

to allow air entrainment, or by adding small holes in the channel, to allow natural convection.

One of these modifications may be sufficient to reduce the heating time with a channel to

what it was without a channel, as the difference was less than 10%. The increase in heating time

with the addition of the channel was unexpected, as it was predicted that the stagnant air inside

the channel would act as insulation during the heating phase and allow the heating time to be
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reduced, as natural convection would not occur to the same extent. However, it is possible that

the difference in heating times occurs from the addition of active cooling, not the channel. The

difference in mean heating time with and without active cooling is 0.24 s with the channel and

0.15 s without the channel. In contrast, the difference in mean heating times with and without

the channel is 0.15 s for active cooling and 0.06 s for passive cooling.

While the difference in heating time with the channel present was small, the addition of the

channel and active cooling greatly reduced the stroke of the TCA. This likely stems from a combi-

nation of additional friction (when compared to Case 2) and a shorter cooling time (when compared

to Case 3). The shorter cooling time would negatively affect the stroke, as preliminary experimen-

tation found that the TCA, when loaded, has a tendency to slowly creep. Thus, the cases with

passive cooling achieved higher strokes as the TCA has more time to extend, and it is predicted

that this is the reason why the stroke for Case 3 is comparable to that of Case 4, despite the

addition of the channel. On the other hand, the stroke for Case 2 is smaller than those of Cases 3

and 4, as the TCA does not have time to creep.

Despite the reduction in stroke, there was no significant difference in the amount of hysteresis

present between Cases 1 and 2. There was also no significant difference in the hysteresis between

Cases 3 and 4 (p = 0.648), indicating that the addition of the channel does not increase the amount

of hysteresis present in the system. However, the standard deviation for Case 1 has approximately

twice the standard deviation compared to the other cases, suggesting that the behavior of the TCA

may be harder to predict and model, as there is more variation. Interestingly, the majority of the

samples had the maximum hysteresis occur between 35–40◦C, as seen in Figure 4.10. A possible

explanation is that when the power is turned on, the sudden increase in temperature causes a quick

contraction, however when cooling, the progression over the same positions occurs more gradually.

This is likely related to the heat transfer rates, as at the end of the cooling cycle, the reduced

temperature differential results in reduced heat transfer.

Finally, a brief comparison between the results for the 10×8 channel with active cooling from

Phase I and Phase II was performed. As expected, the average heating time and stroke were

higher in Phase I than Phase II (4.88 ± 0.30 s vs. 3.76 ± 0.71 s, and 8.32 ± 0.80 mm vs. 3.89 ±

0.77 mm, respectively), as the temperature range was 23–100◦C, compared to 35–85◦C. The larger
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Figure 4.10: The distribution of temperatures at which the maximum hysteresis occurred.

temperature range required additional time to heat the TCA and allowed further contraction of the

TCA. Surprisingly, the average cooling time for Phase I was smaller than the average cooling time

for Phase II (11.42 ± 1.33 s vs. 12.54 ± 2.31 s), despite the larger temperature range (100–35◦C

for Phase I and 85–35◦C for Phase II). This discrepancy can be accounted for by considering that

different TCAs were used for the two different experiments, and each TCA had its own range of

cooling times. Specifically, the average cooling times for the three TCAs used in Phase I were

12.79 s, 10.07 s, and 11.4 s, whereas the average cooling times for the four TCAs used in Phase II

were 12.00 s, 9.91 s, 12.4 s, and 15.86 s. Since the last TCA used in Phase II has a longer cooling

time than the other TCAs, the overall average cooling time for Phase II is longer than that for

Phase I. The variations in TCA performance occur due to their fabrication parameters, such as

the number of coils added during the twisting phase of fabrication [12, 66], and these variations

contribute to the discrepancies seen when comparing experimental results where different TCAs

were used. Additionally, Phase I was completed in early spring, and Phase II was completed during

the middle of summer, and thus the average ambient temperature and room humidity were higher.
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4.6 Sources of Error, Study Limitations, and Future Work

This paper presents the design of a fabric channel to assist with integrating TCAs into soft wearable

robotic devices. While there are several advantages to the channel design and cooling apparatus,

such as its flexibility and portability, there are a few limitations to the design that should be

mentioned.

The primary disadvantage to this design is that air pumps are not silent actuators, and they

produce noise during use. Their volume approaches that of conversation, which some users may

find difficult to ignore. This is especially a concern for applications in stroke rehabilitation, where

many patients are elderly and may be more sensitive to environmental noise. This problem could

be overcome by continuing to investigate other means of circulating air. It is possible that a larger

fan could overcome the flow resistance of the channel and achieve the same air flow rate with less

noise. Alternatively, the pump could be surrounded by acoustic insulation such as rock wool or

fiberglass.

Another means of circulating air would also be advantageous if the air pressure or air flow could

be increased, without sacrificing the portability of the system. Increasing the air flow would allow

the cooling time of the TCA to be further reduced, and increasing the air pressure would ensure

that this design could work for longer TCAs that would require longer channels. It is uncertain

whether the selected miniature air pump could accommodate longer channels, as it may not be

strong enough to overcome the increased air flow resistance. Future work should investigate the

relationship between the channel dimensions and air flow to aid with pump selection.

Phase I determined that the best dimensions for a channel, out of those tested, for a 4-ply

TCA was 10 mm in width and 8 mm in height (10×8), which was the largest channel. It is

possible that increasing the size of the channel more could further improve the performance of

the TCA (i.e., reduce the cooling time); however, increasing the height beyond 8 mm would cause

the system to protrude too much from the user’s limb, and increasing the width more than 10

mm would reduce the maximum number of channels that can be placed in contact with the limb

when multiple TCAs are used. It is also likely that the ideal channel size will change depending

on the TCA; for example, 2-ply TCAs are considerably smaller than 4-ply TCAs, and the optimal
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channel dimensions for them could be a smaller channel size.

There are some sources of error that were present in the Phase I and Phase II experiments. For

example, it was more difficult to place the TCAs in some of the channels (especially the ones with

the 4 mm height), causing additional downtime between trials. Since it is unknown how quickly

the TCA behavior changes when not in use, the amount of variance for the first repetition in each

channel changes. This was not a concern for Phase II, since the largest channel was used, making

it easy to place the TCA in the channel.

Other sources of variation in the results come from differences in the TCAs and channels due

to the fabrication procedure and placement of the TCA in the channel. It was observed that once

a TCA was in a channel, the parameters were reasonably consistent. However, if the TCA was

removed and put in the same channel, the values for the parameters were noticeably different. This

indicated that the placement of the TCA in the channel is critical, and is a source of variation

in the results. A limitation of the current channel design is that there is no means to guarantee

consistent placement, however, if this design was implemented in a wearable device, the TCA

would not be repeatedly removed and replaced in the channel. Future work could devise a method

of ensuring the TCA is centered in the channel, such as adding a guide.

Another minor source of error stemmed from the room temperature changing over the course of

data collection. The room temperature varied between 21.2–23.5◦C (average of 21.8◦C) throughout

Phase I and 22.2–23.1◦C (average of 22.6◦C) during Phase II. This impacts the results as the

ambient room temperature influences the temperature of the air being blown through the channel

and the heat transfer rate between the TCA and the environment.

Finally, when collecting data, it was noticed that the temperature of the TCA continued to

increase by 3–7◦C over 0.3–0.6 s after the power to the TCA was turned off. Since this effect was

not observed when the temperature of the TCA was measured using a thermal camera, a possible

explanation is incomplete contact between the temperature sensor and the TCA, resulting in slower

heat transfer between them and hence a delay in the temperature sensor reading. This may be

rectified by ensuring complete contact between the TCA and the temperature sensor by using a

thermal paste, however, future work should perform more validation on the temperature sensor.
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4.7 Conclusion

This paper presented the design and fabrication procedure for fabric channels as a means of housing

and cooling TCAs on wearable robotic devices. The fabric, nylon pack cloth with a TPU coating,

is lightweight and easy to sew. A TCA can be placed in the channel and air can be blown over

the TCA using a miniature air pump.

The primary factors in the channel design that would influence the cooling time of the TCA are

the channel dimensions. Thus, an experiment was completed to determine the effect that changing

the height and width of the channel had on TCA performance. Nine channel sizes were tested

with heights of 4, 6, and 8 mm and widths of 6, 8, and 10 mm. Overall, the average cooling time

and heating time of the TCA decreased as the channel size increased. The stroke of the TCA was

not significantly changed by channel size, provided that the height of the channel was greater than

4 mm. The channels with a height of 4 mm generally performed the worst, and it is hypothesized

that this is due to contact between the TCA and the channel walls due to the smaller size. The

best channel was the 10×8 channel, as it had a low cooling and heating time, and a comparable

stroke to other channels.

The 10×8 channel was utilized in a second experiment where the performance of the TCA in

the channel was compared to the performance of the TCA outside of the channel. The best TCA

performance occurred with active cooling without the channel, however that is not a practical

setup for wearable devices as the exposed TCA could burn the user, get caught on an object, or

become damaged. There was a significant decrease (42%) in cooling time between passive cooling

without a channel and active cooling in a channel (21.71 ± 1.24 s vs. 12.54 ± 2.31 s).

Future work should investigate means of improving the channel design, such as modifying the

inlet, testing other materials, adding holes, or further increasing the dimensions. Additionally,

other cross-sectional shapes could be investigated with the addition of rigid supports to ensure

that the channel remains open. Future work should also verify the ease of integration of the

channel with a wearable device.



Chapter 5

Concluding Remarks

Portable robotic devices have the potential to help improve the quality of life for individuals with

musculoskeletal disorders by supporting activities of daily living or by aiding in the rehabilitation

process. While some devices are beginning to become commercially available, they have limitations

with respect to the number of degrees of freedom, their portability, and their cost. These limitations

are in part due to the actuators that are primarily used in these devices—motors and pneumatics.

To overcome the limitations of standard actuators, there has been a significant amount of research

into alternative actuators for wearable robotic systems. TCAs are one of these actuators, and

they have been integrated into wearable devices that actuate either the wrist or the fingers. In

comparison to motors and pneumatics, they are lighter, slimmer, and less expensive. However,

they present their own challenges for wearable applications, such as high operating temperatures

and slow cooling rates.

Therefore, the work presented in this thesis aimed to address these challenges to enable the

adoption of TCAs into soft wearable robotic devices. To this end, a flexible fabric channel was

designed to help cool the TCA, integrate it with wearable devices, and provide a means for pro-

tecting the user. The channel is made from nylon fabric, which enables it to be sewn onto other

materials, such as insulation to shield the user from the operating temperatures of the TCA, and

other fabrics for assembly into a wearable device. The TCA is fixed at one end of the channel

through the use of a custom-designed inlet piece, while the opposite end is free to move in the

channel and is attached to the load with a string. To cool the TCA, forced convection was achieved

81



82

with a miniature air pump that was also attached to the inlet. The channel was insulated with 3

mm of foil-backed mineral wool from Insultech, with the foil side facing the TCA, to ensure that

the user would not be burned by the TCA.

After the channel design was finalized, the smallest feasible dimensions (6 mm width and 4 mm

height) were simulated in ANSYS Fluent to establish a relationship between the input air velocity

and the cooling time of the TCA. The simulation results were compared with experimental results

for an input air speed of 1 m/s, and there was a 13% difference in the cooling time constant for

the TCA. Based on the established relationship, it was concluded that the miniature air pumps

currently available on the market are insufficient, as they are not capable of cooling the TCA at

the required rates for rehabilitation exercises with the current channel design.

Thus, the channel design was revisited to determine if it could be improved. Since heat transfer

and fluid flow depend heavily on the geometry of the system, it was decided to investigate the

effect that the width and height of the channel had on the cooling time of the TCA. The heating

time and stroke of the TCA were also evaluated to obtain a full understanding of the performance

of the TCA. The channel geometry was tested experimentally by actuating TCAs in nine channel

sizes—6×4, 6×6, 6×8, 8×4, 8×6, 8×8, 10×4, 10×6, and 10×8, where the first dimension is the

channel width and the second is the channel height.

These results revealed that, on average, the cooling time of the TCAs decreased as the channel

size increased, which is likely due to additional airflow from the lower fluid flow resistance. There

was a 3.69 s mean cooling time decrease between the smallest channel, 6×4, and the largest

channel, 10×8 (15.11 ± 2.28 s vs. 11.42 ± 1.33 s, p < 0.001). Similarly, the heating time decreased

as the channel size increased, with an average difference of 0.48 s between the 6×4 channel and the

10×8 channel (5.36 ± 0.50 s vs. 4.88 ± 0.30 s, p < 0.001). In contrast to the cooling and heating

time, there was no statistically significant difference between the stroke present in the channel,

provided that the channel height was above 4 mm. It is believed that there was contact between

the TCA and the channel when the height was 4 mm, which resulted in additional frictional forces

between the channel and TCA and caused a decrease in stroke. For example, there was an average

difference of 1.28 mm between the 6×4 and the 10×8 channel (7.04 ± 0.64 mm vs. 8.32 ± 0.80

mm, p < 0.001). Overall, the 10×8 channel had the best combination of cooling time, heating
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time, and stroke, and thus it was used in a secondary experiment.

The goal of the second experiment was to determine the impact that the channel had on

the performance of the TCA. To accomplish this, the cooling time, heating time, stroke, and

temperature–displacement hysteresis were compared between TCAs with and without the channel,

and with and without active cooling. When comparing active cooling in the channel to passive

cooling without the channel, the cooling apparatus resulted in a 42% decrease in cooling time

(21.71 ± 1.24 s vs. 12.54 ± 2.31 s, p < 0.001) and a 9% increase in heating time (3.46 ± 0.71 s vs.

3.76 ± 0.71 s, p < 0.001). There was a 28% decrease in stroke (5.40 ± 0.44 mm vs. 3.89 ± 0.77 mm,

p < 0.001), however, this decrease seems to occur primarily due to the addition of active cooling,

as discussed in Section 4.5.1. There was no statistically significant difference between the amount

of hysteresis present. Interestingly, the cooling time of the TCA decreased further when there

was active cooling without a channel present (8.57 ± 0.71 s), however the exposed nature of the

TCA in this case is not safe for wearable robotics. Nevertheless, the improved TCA performance

indicates directions that could be explored for further improvements to the channel, such as the

inclusion of vents.

5.1 Contributions

Overall, the contributions of this work include the following:

1. The major contribution is the development of a novel cooling apparatus for TCAs that was

specifically designed for integration into soft wearable robotic devices. The apparatus consists

of a fabric cooling channel, made from nylon pack cloth, and a miniature air pump to enable

forced convection. The flexibility and low profile of the channel will aid with user comfort,

and it can easily be sewn onto other materials for integration into soft robotic devices.

2. The second contribution is the conclusion that commercially available miniature air pumps

are not capable of cooling a 2–4 ply nylon TCA in a 6×4 channel quickly enough to support

rehabilitation exercises. Thus, future work should investigate alternative means of forced

convection.
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3. The third contribution is the statistically significant improvement to the channel design by

modifying the channel dimensions. Increasing the channel size from 6×4 to 10×8 allowed the

TCA performance to improve by decreasing the cooling time and heating time, and increasing

the stroke. In general, the TCA performance improved as the channel cross-sectional area

increased. This relationship will help guide future improvements to the channel design.

4. The final contribution is the validation that the cooling apparatus successfully reduced the

cooling time of the TCA in comparison to passive cooling. However, at the low airflow rates

that the miniature air pump produced, the cooling time of the TCA with active cooling was

lower without the channel. This knowledge can guide future improvements to the channel,

such as the inclusion of vents to enable natural convection.

5.2 Limitations and Future Work

There are some sources of error present in this work. First, during the simulations of the TCA

in the channel (Chapter 3), the TCA geometry was simplified, the motion and deformation of the

TCA were neglected, and only a portion of the TCA was simulated. Additionally, the only method

of heat transfer present in the simulation was forced convection. These simplifications would add

to the error present between the simulation results and experimental results, as the simulations

do not fully represent the experimental setup. Since the validity of the simulations were only

assessed at the lowest input velocity, it is possible that there may be larger discrepancies between

the simulation and experimental results at higher input air velocities. Finally, the sensitivity

of the simulation results to the TCA and channel dimensions are unknown. The established

relationship between the input air velocity and TCA cooling time would change if different TCA

configurations, channel dimensions, or simplifying assumptions were used. Therefore, future work

should validate the simulation results at higher input air velocities and simulate other TCA and

channel configurations to confirm the accuracy of the simulations.

There were also sources of error present in the experimental work (Chapter 4) that resulted

in variations in the data. Primarily, there were differences in the TCAs and the channels of the

same size due to the fabrication methods used. These differences, coupled with the difficulty of
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ensuring that the TCA was centered in the channel, account for a large portion of the variation

in the experimental results. Another source of error for the heating time of the TCA is that the

input power was not at a consistent 2 W, as the resistance of the TCA was constantly changing.

While the resistance of the TCA was estimated using Ohm’s law, the non-linear nature of the

TCA introduces error into this calculation. Finally, it appeared that there was incomplete contact

between the temperature sensor and the TCA, as the temperature of the TCA kept rising by 3–7◦C

for 0.3–0.6 s after the power to the TCA was turned off.

Despite these errors, the experimental work demonstrated that the cooling apparatus was suc-

cessful in reducing the cooling time of the TCA, although there are some limitations surrounding

the design. The primary limitation is that a miniature air pump cannot provide adequate air flow

for rehabilitation or voluntary motion exercises. While the simulations were performed with the

6×4 channel, it is still unlikely that a miniature air pump can provide adequate airflow with the

larger channels. Thus, one of the main aspects for future work with this design is to investigate al-

ternative means of forced convection that are capable of producing larger airflows while maintaining

portability. Additional airflow could also be achieved by taking advantage of air entrainment—the

process where still air is pulled along a moving air stream. This could be achieved by modifying

the channel design, to expose the TCA to the environment, such as with the inclusion of vents.

Unfortunately, the inclusion of vents in the channel would prevent the channel from fully isolating

the TCA, and thus user safety concerns would arise.

Similar to the vents, there are many other aspects to the channel design that could be in-

vestigated to improve the cooling time of the TCA. For example, the channel material could be

investigated, as an air permeable material may allow better heat transfer between the internal

channel and the environment by enabling natural convection, and an elastic material would likely

improve the user comfort. Additionally, the channel length must be considered, as the flow re-

sistance will increase relative to the channel length, however, longer TCAs will require longer

channels.

Overall, many of the factors that should be tested with the channel design could be incorpo-

rated into a detailed thermomechanical model that involves the TCA and the channel. This model

could help determine TCA performance (primarily cooling time) based on a variety of channel
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design factors (e.g., channel dimensions and material, vent size and placement, input air flow). A

detailed model would allow variations on the channel design to be tested without requiring exten-

sive experimental work to test each possible modification. Additionally, if the model adequately

considered the parameters of the TCA, it would allow the channel parameters to be optimized for

a variety of TCA configurations, such as the ply of the TCA. Therefore, the primary next step in

this work would be to develop a detailed model relating channel design parameters to TCA per-

formance. After the channel design has been optimized, it should be incorporated into a wearable

device. This would allow the channel to be tested in a realistic setting, where the channel would

not be perfectly straight or flat.

5.3 Concluding Statement

The purpose of this work was to develop a solution for the main challenge that currently prevents

TCAs from being implemented in wearable robotic devices—increasing their cooling rate in a

manner suitable for soft robotics. To address this challenge, a fabric channel was designed to

isolate the TCA, enable forced convection, and provide the means for integrating TCAs into soft

robotic devices. This design was submitted as a provisional patent in 2022. The channel was made

from tightly woven nylon pack cloth and surrounded by mineral wool insulation to protect the user.

The channel is flexible for user comfort and easy to sew onto other fabrics. While the experimental

work in this thesis was performed with TCAs, the same design could be applied to other thermally

actuated muscles, such as SMAs. Overall, this work contributes to the development of soft robotic

devices by providing the means to cool thermally actuated artificial muscles and integrate them

into the devices. If inexpensive, portable wearable devices can become commercially available,

they would be able to assist individuals with rehabilitation and activities of daily living.
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Appendix A

Pilot Experiment

After the fabric cooling channel was designed, a pilot study was completed to test the experimental

procedure and to obtain the standard deviation in the data for a sample size calculation. To

complete the pilot study, four channels of each size were fabricated using the method outlined in

Figure 4.3. The four channels were evaluated based on their height, width, and consistency of

their cross sectional area, and the three best channels were selected for use in the pilot study and

future experiments. The channels were tested using the experimental set up shown in Figure 4.5.

To collect the data, a TCA was placed in the channel, heated to 110◦C at approximately 6

W, and then cooled to 25◦C. The heating–cooling cycle was repeated three times before changing

the channel. Each channel was tested once, resulting in nine repetitions for each channel size. In

addition, the TCA was tested without the channel or miniature air pump, to ensure that the cooling

mechanism had a positive impact on the cooling time. The order of the channels was randomized

to help mitigate the effects of TCA performance and variations in the room temperature on the

results.

The resulting data are displayed in Table A.1. The data showed that the cooling channel

successfully reduced the cooling time of the TCA. Without the channel, the average cooling time

was 73.4 s, however with the channel (except for the 6×8 size), the cooling time was 40.1–56.9 s.

Despite this decrease, the cooling time with active cooling was larger than expected. Inspecting

the data revealed that the cooling rate noticeably decreased when the TCA temperature was below

30◦C, and that often the TCA temperature hovered between 25.5–27 for a period of time before
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Table A.1: Descriptive statistics for TCA cooling times obtained from the pilot study.

Channel

Size
6x4 6×6 6×8 8×4 8×6 8×8 10×4 10×6 10×8

No Channel,

Passive Cooling

Average

[s]
47.2 53.4 73.5 43.9 40.1 48.1 48.9 56.9 47.1 73.4

Standard

Deviation

[s]

11.2 6.7 9.5 6.7 2.3 4.7 10.3 15.3 3.9 6.1

reducing to 25◦C. This was especially prominent with the 6×8 size, which contributed to its large

cooling times. These observations led to investigating the temperature of the air at the pump

outlet. It was found that the output air temperature increased the longer the pump ran, with a

maximum recorded temperature of 30.2◦C. Thus for future experiments, the definition of cooling

time was modified to be the time it takes the TCA to cool to 35◦C, to maintain a temperature

difference between the input air and the TCA.

The results of the pilot study also provide the required information to complete a standard

sample size calculation to ensure statistically significant results. Equation A.1 allows the required

number of samples (n) for a desired minimally discernible effect size (∆) to be computed given

the standard deviation (s) of the data and the Z-scores for the allowable Type I (Zα) and Type II

(Zβ) errors. The standard acceptable probabilities for Type I and Type II errors are 5% and 20%,

respectively, which resulted in a Zα of 1.96 and a Zβ of 0.80 [118]. The average standard deviation

for the TCA cooling time in a channel was 7.7 s and the desired minimal discernible difference for

the cooling time was 2.5 s, resulting in 149 required samples. The minimum discernible difference

was selected to be 2.5 s, as that is 5% of the average cooling time obtained in the pilot study.

As other papers concerning TCAs frequently do not report the sample size, or have less than 5

samples (as seen in Table 2.2), the required sample size was halved to 75 samples to reduce the

amount of time the experiment would take. For ease of division between the three channels of the

same size and three TCAs, this was increased to 81 samples, and therefore 81 repetitions were

completed at each channel size in the Phase I experiment (Chapter 4, Section 4.4).

n =
2s2(Zα + Zβ)2

∆
(A.1)



Appendix B

Additional Analysis with Phase II

Data

It is important for the TCA to perform consistently, since if the behavior of the TCA changes

significantly over time, it may not be capable of meeting the requirements of a wearable devices

after a given number of repetitions. As explained previously in Section 4.5.1, four repetitions were

performed consecutively during each trial for Phase II, and 24 trials were performed for each case.

The data from these repetitions (Table B.1) were compared within each case, to determine if the

TCA performed consistently over each trial.

To perform this analysis, first the data were assessed for outliers by determining if there were

any studentized residuals greater than ± 3. There were two outliers in the heating time data

from Case 1 and one outlier in the cooling time data from Case 3, however, as there were no

explanations for the outliers present, they were left in the analysis. Next, the normality of the data

was evaluated using the Shapiro–Wilk test, as there were less than 50 samples per repetition. If

the data from all repetitions were normally distributed, a one-way repeated measures ANOVA was

completed to compare the data between repetitions. The sphericity of the data was assessed using

Mauchly’s Test of Sphericity, and the Greenhouse–Geisser correction was used if the assumption of

sphericity was violated. Alternatively, if the data were not normally distributed, a Friedman test

was completed to determine if differences existed between the repetitions. Provided the ANOVA
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Table B.1: The average cooling times, heating times, strokes, and hysteresis of each repetition.

Repetition 1 Repetition 2 Repetition 3 Repetition 4

Case 1

Cooling Time [s] 12.03 ± 2.17 12.41 ± 2.31 12.71 ± 2.34 13.00 ± 2.44

Heating Time [s] 3.65 ± 0.80 3.70 ± 0.70 3.68 ± 0.70 3.67 ± 0.68

Stroke [mm] 3.96 ± 0.70 3.88 ± 0.77 3.86 ± 0.80 3.87 ± 0.83

Hysteresis [%] 17.03 ± 9.92 12.51 ± 4.94 12.64 ± 3.99 14.06 ± 3.41

Case 2

Cooling Time [s] 8.53 ± 0.70 8.57 ± 0.72 8.58 ± 0.74 8.61 ± 0.72

Heating Time [s] 3.59 ± 0.64 3.65 ± 0.73 3.61 ± 0.73 3.59 ± 0.71

Stroke [mm] 4.71 ± 0.35 4.65 ± 0.38 4.64 ± 0.38 4.65 ± 0.38

Hysteresis [%] 10.30 ± 3.97 12.66 ± 2.53 13.51 ± 2.50 13.89 ± 2.37

Case 3

Cooling Time [s] 33.79 ± 1.20 34.88 ± 1.30 35.45 ± 1.41 35.54 ± 1.39

Heating Time [s] 3.52 ± 0.68 3.52 ± 0.68 3.53 ± 0.66 3.50 ± 0.65

Stroke [mm] 5.21 ± 0.36 5.20 ± 0.36 5.21 ± 0.36 5.20 ± 0.36

Hysteresis [%] 11.62 ± 2.18 11.06 ± 2.53 10.98 ± 2.21 11.25 ± 2.68

Case 4

Cooling Time [s] 21.31 ± 1.16 21.73 ± 1.16 21.82 ± 1.31 21.99 ± 1.30

Heating Time [s] 3.51 ± 0.74 3.45 ± 0.69 3.44 ± 0.69 3.43 ± 0.73

Stroke [mm] 5.41 ± 0.45 5.40 ± 0.44 5.39 ± 0.45 5.39 ± 0.45

Hysteresis [%] 11.45 ± 2.35 11.36 ± 1.99 11.66 ± 2.09 11.93 ± 2.26

or Friedman test was significant, post hoc testing was completed with either pair-samples t-tests

or the Wilcoxon test, depending on whether the data were normally distributed. For all post hoc

testing, a Bonferroni correction factor of six was applied to the p values to account for multiple

comparisons. The correction factor was applied by multiplying the p values by six to allow the

significance level to remain at 0.05. The reported p values are those obtained after the correction

factor was applied. The general statistical results from this analysis are summarized in Table B.2.

Beginning with Case 1, Table B.2 indicates that there were statistically significant differences

between repetitions for the cooling time, stroke, and hysteresis. Figure B.1 illustrates the post hoc

test results, and it can be seen that there are significant differences (p < 0.001) between the cooling

times of each repetition. A close inspection of the data revealed that the cooling time increased

for 99% of the repetitions, with an average increase of 0.32 s per repetition. Unlike the cooling

time, there were no significant differences between the heating times in Case 1. For the stroke and

hysteresis, there were some significant differences present, as illustrated in Figure B.1C and D.

The only significant difference in the stroke was between Repetitions 1 and 3 (3.96 ± 0.70 mm vs.



100

Table B.2: The ANOVA and Friedman test results for the comparison between adjacent repeti-
tions.

Number of

Outliers

Normally

Distributed

ANOVA

p value

Friedman

p value

Case 1

Cooling Time 0 Yes < 0.001 —

Heating Time 2 No — 0.301

Stroke 0 Yes 0.013 —

Hysteresis 0 No — 0.009

Case 2

Cooling Time 0 No — 0.002

Heating Time 0 No — 0.023∗

Stroke 0 Yes 0.029 —

Hysteresis 0 No — < 0.001

Case 3

Cooling Time 1 No — < 0.001

Heating Time 0 No — 0.537

Stroke 0 Yes 0.647 —

Hysteresis 0 No — 0.457

Case 4

Cooling Time 0 Yes < 0.001 —

Heating Time 0 No — 0.004

Stroke 0 Yes 0.432 —

Hysteresis 0 No — 0.715
∗There were no significant differences between repetitions after the

Bonferroni correction factor was applied.

3.86 ± 0.80 mm, p = 0.041), which may be a result of the different first repetition phenomenon, as

the difference is very slight and there are no other significant differences between the repetitions.

The significant differences in the hysteresis occur between Repetitions 1 and 2 (17.03 ± 9.92% vs.

12.51 ± 4.94%, p = 0.023), and Repetitions 1 and 3 (17.03 ± 9.92% vs. 12.64 ± 3.99%, p = 0.04).

Overall in Case 1, there is a significant increase in cooling time between repetitions, no change

in the heating time, and little change in the stroke and hysteresis. The opposite effect is present in

Case 2—there are no significant differences in the cooling time, however there is a slight decrease

in stroke after Repetition 1 and an increase in the amount of hysteresis, as illustrated in Figure

B.2. It is likely that the difference in stroke only occurs as an effect of the different first repetition,

and that additional repetitions would have a constant stroke, as there are no significant differences

between Repetitions 2, 3, and 4. However, despite no further changes in the stroke, the amount
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(a) (b)

(c) (d)

Figure B.1: Comparison of TCA performance between repetitions for Case 1. Statistically signifi-
cant differences are marked by ∗ for p < 0.05 or ∗∗ for p < 0.001.

of hysteresis present continues to increase, as there are significant differences between Repetitions

2 and 4 (12.66 ± 2.53% vs. 13.89 ± 2.37%, p = 0.026). Unlike the hysteresis, the heating time is

approximately consistent, with the only significant difference occuring between Repetition 2 and

Repetition 4 (3.65 ± 0.73 s vs. 3.59 ± 0.71 s, p = 0.019).

Completely opposite to Case 2, Case 3 (Figure B.3) has significant increases in cooling time,

however no significant differences in heating time, stroke, or hysteresis. In Case 3, there are

significant increases in the cooling times with p < 0.001 between all repetitions except between

Repetition 3 and 4, where there was no significant difference. Interestingly, the amount the cooling

time changes between repetitions decreased with each subsequent repetition, indicting that the

cooling time of the TCA in the channel may stabilize after enough repetitions.

Case 4 (Figure B.4) is similar to Case 3 in that there are no significant differences in the stroke

or amount of hysteresis, and the amount the cooling time changes between repetitions decreases

with each subsequent repetition. The only difference between Cases 3 and 4 is that Case 4 has

a statistically significant decrease in the heating time between Repetition 1 and Repetitions 2, 3,

and 4. It is unclear what caused this decrease, as there are no significant differences in the heating
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(a) (b)

(c) (d)

Figure B.2: Comparison of TCA performance between repetitions for Case 2. Statistically signifi-
cant differences are marked by ∗ for p < 0.05 or ∗∗ for p < 0.001.

(a) (b)

(c) (d)

Figure B.3: Comparison of TCA performance between repetitions for Case 3. Statistically signifi-
cant differences are marked by ∗ for p < 0.05 or ∗∗ for p < 0.001.
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(a) (b)

(c) (d)

Figure B.4: Comparison of TCA performance between repetitions for Case 4. Statistically signifi-
cant differences are marked by ∗ for p < 0.05 or ∗∗ for p < 0.001.

time between Repetitions 2, 3, and 4.

Overall, with the exception of Case 2, there were significant increases in the cooling time

between adjacent repetitions. A possible explanation is that there was heat transfer to the sur-

rounding apparatus (especially the insulation) that decreased the thermal gradient between the

TCA and its environment, resulting in slower cooling times. This is not ideal, as if the cooling

time continually increases between repetitions, there will reach a point where the device will not

be able to meet the speed requirements for a given exercise. This effect does not seem to be caused

by the channel, as it was also observed in Case 4, where there was no channel present. It is possible

that the cooling time did not increase for Case 2 as there was both natural convection and forced

convection, as opposed to only one of those methods. It is possible that the cooling time stabilizes

after a few iterations.

Interestingly, there were only significant differences present in the heating time when there was

no channel present (Cases 2 and 4). The channel may have helped reduce the variation in the

heating time by providing additional insulation.

When considering the stroke and hysteresis, there were significant differences between Repe-
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tition 1 and the following repetitions for both Cases 1 and 2. However, there were no significant

differences with either Case 3 or 4, indicating that the variation in hysteresis and stroke come from

the addition of active cooling.

To conclude, there was a negative effect on the cooling time as the TCA was cycled consec-

utively. While this effect is not present in the same capacity for the heating time, stroke, or

hysteresis, future work should experiment with extended use of the TCA in the channel to fully

evaluate the stability of the performance of the TCA.
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