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Abstract

Soft robotics is a rapidly growing field that spans the fields of chemistry, materials science,

and engineering. Due to the diverse background of the field, there have been contrasting

naming schemes such as “intelligent,” “smart,” and “adaptive” materials, which add vagueness
to the broad innovation among literature. Therefore, a clear, functional, and descriptive naming
scheme is proposed in which a previously vague name—Soft Material for Soft Actuators—can
remain clear and concise—Phase-Change Elastomers for Artificial Muscles. By synthesizing the
working principle, material, and application into a naming scheme, the searchability of soft
robotics can be enhanced and applied to other fields. The field of thermo-active soft actuators
spans multiple domains and requires added clarity. Thermo-active actuators have potential for a
variety of applications spanning virtual reality haptics to assistive devices. This review offers a
comprehensive guide to selecting the type of thermo-active actuator when one has an application
in mind. In addition, it discusses future directions and improvements that are necessary for
implementation.
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Introduction

There has been an intense interest in soft robotics and soft actuators since the turn of the
21st century; however, it is difficult to navigate the literature surrounding these topics, as the
terminology related to soft actuators is constantly redefined and interchanged. This can lead
to confusion for those searching for related articles, unsure of which keywords are most used
in the field, or cause uncertainty about the definitions of terms that have not been clearly
defined.

In the field of soft robotics, it is common that the naming schema consists of the

stimulus (e.g., pneumatic, hydraulic, electrothermal, electromagnetic, etc.) followed by
“soft actuator” or “soft robot.” An equally popular case is using the main material as the
preceding term (e.g., dielectric elastomer, shape-memory polymer, liguid-crystal elastomer,
phase-change, etc.). More importantly, we can target “soft robotics” as a field and see

that “smart materials” has been almost made synonymous with words such as “intelligent
materials,” “responsive materials,” and “adaptive materials.”

This interchangeability of smart, intelligent, and responsive may not lead to confusion

from the reader, but causes fragmentation in the literature. For example, when conducting
an electronic search for “responsive materials; soft robotics,” you may find a plethora of
journals primarily focused on chemistry rather than soft robotics,1~3 whereas if one searches
“intelligent materials; soft robotics,” more robotics-centric journals appear in the search
results.*-6

This is not to imply there is not a prominent overlap in the fields, but this segmentation can
make it more difficult to find relevant work if there is no uniformity in titles and keywords.
Although new soft actuator technology is constantly developing, a persistent issue lies in the
inconsistency of naming conventions. This issue not only confuses readers but also forms a
barrier that can prevent researchers from readily accessing relevant work in the field.

This naming inconsistency is a complex debate, as clarity and impact of a article are

not always correlated. Previous works have investigated the effects on article quality and
external factors on the number of citations a study receives, as well as the number of
accesses, downloads, or the overall “use” of a article.” For example, the title of a article
has unique effects in relation to overall impact (number of citations), such as the length
negatively affecting interactions, and combinatory titles (/.e., use of separator such as a
hyphen or colon separating ideas) positively affecting citations.8:

Further, and perhaps even more significant, is one’s choice of associated keywords. For
example, Jacques et al. state that having two keywords other than the words included

in the title drastically increases findability and, therefore, citations of a article especially
with electronic searches being the norm.10 Therefore, to maximize clarity, careful keyword
selection should be an indispensable part of the publication process in soft robotics research.
The overall “impact” of an article is very important when it comes to the number of
citations it might receive. Impact can consist of many different things, such as author fame/
achievement,11.12 yse of “attention grabbers,” or marketability/branding of a technology.13
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A title should be clear and impactful to avoid confusion and be memorable within the
literature. Figure 1 depicts the spread of articles within the field within a chart that is
divided into quadrants representing examples that are (1) clear and impactful, (2) clear but
not impactful, (3) unclear and not impactful, and (4) unclear but impactful. The metrics for
categorizing the articles among the different quadrants are specified in the Naming Scheme
section.

For a soft actuator to be considered “thermo-active,” the primary actuation principle should
be heat. In this sense, if the final goal of a device is actuation, the penultimate domain
should be thermal (regardless if previous domain is electrical), that is, the heating source can
be swapped without critical adjustment of geometry or properties. In addition, the majority
of the actuation structure should be soft for consideration of this review.

This should not be confused with electrothermal soft actuators, as they would be considered
a specific subtype of thermo-active actuators.1* Thermo-active soft actuators are significant
as they are able to be made completely soft (including heating stimuli), require relatively
low input power (<10 W), and therefore can be made portable for applications.

Soft robotics have been targeted as a sect of mechanics that can solve problems in physical
human-robot interactions (pHRI) such as prosthetics, drug delivery, and rehabilitation.

To be classified as “soft,” materials should have a Young’s modulus comparable to soft
biological tissue (skin, cartilage, muscles, efc.; <1 GPa).1® In the areas of prosthetics and
rehabilitation, the performance of the thermo-active soft actuators should resemble human

skeletal musclesl® (energy density> 10%, bandwidth =10 Hz, and efficiency >10%).

Breakthroughs in material fabrication and manufacturing processes have led to achieving
more complex geometries and advanced control systems inherent to the material itself. The
development of functional materials simultaneously simplifies and complicates actuation
mechanisms by decreasing the number of elements required for fabrication, but increasing
many considerations at the design level. These advancements further underline the need for a
standardized naming convention, which considers not just the material but also the actuation
mechanisms and design considerations.

Community consensus and adoption of a naming scheme is a lengthy process and cannot

be achieved overnight. Therefore, it is crucial that young researchers have tools to traverse
current literature and find areas needing improvement and understand what technologies are
suitable for certain applications. The body of this review will go over current technologies
for thermo-active soft actuators, with focus on materials and working principles.

Review Structure

This review strives to accomplish three tasks. (1) Develop a universal naming scheme for
classifying newly developed thermo-active soft actuators (any soft actuator controlled by
heating). (2) Present an application-based metrics evaluation for readers to understand which
technology can accomplish a specific task. (3) Discuss strengths and drawbacks to each
thermal technology, and highlight future trends.

Robot Rep. Author manuscript; available in PMC 2024 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Exley et al.

Page 4

1 Universal naming: Working principle, material, and application of a soft actuator
should be clarified in the functional name of an actuator. Thus, naming of
such devices can be consistent, informative, and have broad applicability across
literature.

2. Technology evaluation: Applications of soft actuators are a critical consideration
for the selection of different technologies. The strengths and drawbacks of
thermo-active soft actuators span many metrics, making technology suitable
for delicate manipulation (stiffness, force) as well as adaptive locomotion
(bandwidth, portability).

3. Potential and limitations: Thermo-active actuators have great potential as they
can be made fully portable, and active cooling has not been fully characterized.
Energy can be transferred into these actuators through a variety of methods such
as through light, magnetism, and this technology should be fully realized even in
extreme environments (cold or hot).

It is important to note the inclusion and exclusion criteria of this review; light-activated
actuators and small-scale applicationsl” are excluded, but are further discussed when it
comes to unique materials that are developed. An overview of the different thermo-active
technologies is discussed and future trends are discussed.

Naming scheme

First, the standards that make a good naming scheme should be overlaid. A good name
should be (1) descriptive and informative, (2) consistent, (3) clear and simple, (4) broadly
applicable, (5) flexible, and (6) share a community consensus.18 However, these general
guidelines can be challenging to consolidate for developing a new technology. Therefore, it
is necessary to further simplify these standards for thermo-active soft actuators.

There are many features of thermo-active soft actuators that are critical for understanding the
mechanics behind actuation such as materials, working principle, actuator type, heating
stimuli, and application. The primary areas of focus for development have been (1)
materials, (2) working principle, and (3) application. Thus, Equation (1) can be developed,
which overlays the general structure a name should have:

[Working Principle] + [Material] + [Application]
(€

However, it is understandable that studies may not always innovate on all three factors,
or have one of these factors as a control where different aspects are controlled and tested

for. Therefore, for a article to be considered clear it must satisfy % of the requirement of

Equation (1). Impactfulness, on the other hand, is a more difficult metric to quantify. For a
journal to be considered impactful, it should equal or surpass the respective journal’s impact
factor.
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In a rapidly growing field, it is important to not only have clarity in the description of a
technology, but also be clear in the novelty of the invention. Thus, for select studies, novelty
will be presented and there will be discussion on the overlap between these three naming
criteria. Currently, the best way to search for a specific thermo-active soft actuator is to
search by either material or working principle, but this is a problem, as it may be unclear

to young researchers what options there are. Therefore, a preliminary literature search is
conducted to provide a starting point for navigating current literature.

Literature search

Using the IEEE Xplore Metadata Search API, search engines were scraped using
predetermined search queries. The selected queries include “shape memory alloys in soft
actuators,” “thermally responsive hydrogels in actuators,” “liquid crystal elastomers and
thermal actuation,” and “phase change fluid in actuators.” These texts were chosen to
provide an overview of thermo-active technology and serve as an example of queries young
researchers would choose, and the subsequent results can be replicated by following similar
methodology.

This scraping is to quantify the clarity, impact, and frequency of keywords among relevant
literature. The Flesch Reading Ease scoring!® [Eq. (2)] is a basic quantification of clarity of
the title, taking into consideration the total syllables and words of the title. For impact, the
number of citations is divided by the number of years since publication.

Both clarity and impact scores are winsorized at the 5th and 95th percentiles, scaled using

a standard scaler, and rescaled along the impact axis to show spread within the quadrants.

In addition, 10 articles were selected for further discussion of our proposed naming scheme,
which can be found in the Current Challenges and Future Directions section. All of this
information was used to construct the quadrant chart featured in Figure 1.

We also obtained index terms from the API for each article to rank the frequency

of keywords across multiple articles (Fig. 2). These terms include both author-defined
keywords, and IEEE terms (“keywords assigned to IEEE journal articles and conference
papers from a controlled vocabulary created by the IEEE”). The maximum records scraped
for each term was 200.

206.835 - 1.015

total words | 3 total syllables)
total sentences total words

@

Materials and Working Principles

Of the three criteria, the materials and working principle provide more clarity than
application, as there is significant overlap of the specific applications (e.g., liquid crystal
elastomer [LCE] bending actuator, shape memory bending actuator).
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This section delves into the materials utilized in thermo-active robotics, shedding light on
the underlying concepts of shape memory, working principles, and phase-change behavior.
It explores the environmental stimuli of shape memory polymers, transition temperatures
and their role in alloys memory, and types of fluid selections for phase-change actuation
applications. The selected variations of thermo-active soft actuators are compiled in Table 1.

Shape memory.—Shape memory polymers are similar to shape memory alloys in that
their form is dictated by the environment they are subjected to, typically the stimulus
that institutes change is heat. These materials rely on transition temperatures that mark
configurations within the range (Fig. 3). In addition, heat, pH, elasticity, magnetics, light,
humidity, and redox reactions can cause configuration changes to the polymers.

Further, these polymers can be used to house a mechanical working principle through
various structural configurations, enabling actuation via a different mechanism, that is,
phase change of a fluid within a polymer container. Two-way shape memory29 works with
applying an indirect or direct stimulus such as heat, light, or chemical materials, to produce
an output reaction.

The external stimulus, heating for example, triggers a change in the permanent shape to

a temporary one. Conversely, applying the reverse stimulus, cooling, causes the temporary
shape to go back to the permanent shapes memory.20 Polyester Urethane?! is biocompatible
with the human body and flexible, making it suitable for a wide range of biomedical
applications. Reversibility is important?2 and critical in applications such as vascular grafts
or artificial heart valves to have the ability to repetitively change and recover its shape.

Additive materials such as carbon nanotubes (CNTSs) have been implemented with shape
memory polymers (SMP) technology?3-24 to enhance mechanical properties, and improve
thermal and electrical conductivity within the system. The synergy between CNTs and SMPs
opens possibilities for smart implants, drug delivery systems, and tissue scaffolds with shape
memory properties.

Block copolymers.—Block copolymers that resemble artificial muscles?6:27 typically
consist of two or more chemically distinct polymer blocks that are covalently bonded
together in single chains (Fig. 4). These blocks consist of various chemical compositions,
weights, and physical properties. Exhibiting muscle-like behaviors with copolymers, the
designed and synthesized contract and extend, changing shape in a controlled manner.
Challenges with this application are calibrating the responsiveness of the apparatus,
durability, and scaling for mass replication production.

Liquid crystal elastomer.—The LCEs are composed of long, chain-like molecules
aligned through mechanical or thermal processing. The liquid crystal segments within the
structure change the structures orientation in response to external stimuli, such as heat or
light (Fig. 5). The reversible shape allows for the structure to bend and contort for various
applications such as soft robotics or artificial muscles.
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Thermally responsive hydrogels.—Thermally responsive hydrogels are smart
materials that are capable of physical property changes, such as swelling and collapsing,
in response to a change in temperature. The hydrogels are fabricated with a specific
lower critical solution temperature (LCST) or upper critical solution temperature (UCST)
29 (Fig. 6). For the LCST hydrogels, above the temperature causes shrinkage and colder
temperatures cause swelling.

For UCST hydrogels, above the temperature does the opposite and causes the hydrogel to
swell and absorb water, and below that value they shrink and dehydrate.1 By exploiting the
ability to respond to various temperatures, this material can be used for various applications
such as precise control over microfluidics, artificial muscles, and drug delivery.

These actuating hydrogels can achieve complex deformations, with both contraction/
expansion and bending. The primary limitations of hydrogels are their requirement of an
aqueous solution for the actuation cycles to be repeatable.

Working principles

Shape Memory Alloys are intelligent materials that once deformed can be converted back
into their original configuration after exposure to an external stimulus, which is most often
heat. This conversion typically relies on transition temperatures that mark configurations
between the ranges made by each transition temperature value. The number of transition
temperatures the material has dictates how many forms the material can hold.30

Note that Lang et al.28 has multiple stimuli among the working principles, including
heat, hydration, and water vapor. This is a unique solution to achieving better actuation
capabilities, leaving interpretation for if it is considered to be “thermo-active.”

Phase change.—It is difficult to label each part of the research. The elastomer shape,3!
size,32 and composition33-3% all can affect the final product’s actuation. The phase-change
fluid can also affect the final actuation by changing the fluid used,3! and the volume of fluid
used.36:37

For a given phase-change actuator, the phase-change aspect is only looked at in the form of
a volumetric expansion in response to thermal stimulus (Fig. 7). While the fluid used can

be viewed as part of the materials used, the working principle here is clearly the volumetric
expansion from the fluid to vapor transition. For the proposed naming scheme of [working
principle] + [material] + [application], because phase-change fluid is the working principle
and part of the material, but no other aspect would properly describe the working principle
accurately, phase-change fluid would still be listed as the working principle and elastomer as
the material. There would be no need to mention the fluid for both the working principle and
the material, even if it could be viewed as both.

Let us take a closer look at the working principle. This would describe how a given
actuator actuates. Traditional phase-change actuators work by volumetric expansion. For
many studies this refers to the fluid used, and the fluids used are typically chosen based on
boiling point,31:38 molecular structure,3° vapor pressure,? and toxicity. All these properties
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are chosen based on the fluid transitioning from a fluid to a vapor, which is the working
principle.

Another way to look at this would be that the material’s purpose is to control the volumetric
expansion, the fluid’s purpose is to cause the volumetric expansion, and the applied heat

is used to initiate the volumetric expansion,! where the working principle would be a
combination of the applied heat and liquid to vapor phase change.

It is important to note that although this is within the phase-change subsection, many
material developments are being produced,*2 which include variations of the phase-change
principle, not only going between liquid and vapor, but also waxes going from solid to liquid
to vary overall stiffness.43:44

Electrothermal.—Electrothermal actuators are one type of soft actuators that produce
relatively quick responses, large strains, and are easy to manufacture when compared with
other types of soft actuators.*® This ease of manufacturing also includes the incorporation
of strain-limiting layers and embedded sensors (Fig. 8). Electrothermal actuators are mainly
controlled through Joule heating.

Applications of Thermo-Active Actuators

In the field of soft robotics, applications of rehabilitation and assistive devices are
popular, as the inherent compliance and adaptability is very beneficial for pHR/I. Thus, the
characteristics of interest for these devices typically resemble human skeletal muscles, with

the main metrics being energy density (40 k—Jg 47), deformation (20%—40%%8), bandwidth

(1-10 Hz*"), power (50-300 %47), and efficiency (20%%).
m

The other unique feature of skeletal muscles is that they can only achieve contraction,

and must synergize with agonist-antagonist designs to accomplish complex motion. In this
capacity, these metrics should also include things such as portability, safety, and size. Thus,
artificial muscles*® should be bio-inspired.

Phase change® has been incorporated to create artificial muscles (Fig. 9). Although many
artificial muscles are characterized by a McKibben braided mesh, various

bending actuators have been developed by introducing strain-limiting layers, such as®! that
which implements shape memory alloy (SMA).

There are some assumptions that can be made when it comes to an application. For example,
if a work claims to be for rehabilitation, it should be able to interface with a patient safely,
whereas if a work claims to be for everyday assistance, it should be portable.

Virtual reality technology is a novel tool for rehabilitation in which haptics and feedback
can offer useful information back to the patient as a complement or substitute to physical
therapies. Virtual reality and haptics have been a popular area for applying thermo-
active technology. By creating micro-arrays that are able to decouple from a pneumatic
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source,32:53:54 one can create tactile and visual displays that produce forces and noticeable
temperature differences (Fig. 10).

In addition, these haptics can help enable human-machine interfaces that give the user
enhanced feedback and control.55-57 Thermal management can be achieved with this
technology through the addition of pumps and origami.>8:59

The SMPs have applications within biomedical engineering (drug delivery), aerospace
(deployable, exploration components), and general fields (grippers). For example, Yuan et
al.8% use novel materials in nanocomposite fibers to replicate artificial muscle, gaining work
capacities magnitudes (60x) higher than human skeletal muscles.

Thermo-active soft actuators bring up unique applications where heat may be transferred in
and out of the system from extreme ambient temperatures. Potential thermo-active actuator
technologies may use principles such as photothermal 61 thermoelectric cooler,%2 and phase-
change heatsinks to effectively transition between actuation and de-actuation states. In
addition, material types such as gel,%3:64 polyimide films,®° and reduced graphene oxide6-
68 have shown capabilities for extreme temperature tolerance performances.

Some studies aim at replicating similar functionality of traditional motors using strategies
such as phase change39:69 and SMA functionality.”? Currently, what is impeding
implementation is insufficient thermal regulation for de-actuation, flexible heating/cooling
pumps, and inefficient heat dissipation. However, thermo-active actuators may be most
effective in extreme low-temperature environments with their current technology.

Current Challenges and Future Directions

This naming scheme may seem redundant in some applications, so further discussion must
be placed on the descriptive effects of a title versus keywords. Further, the clarity of the
presented examples is straightforward for both the working principle and material, but the
application/actuator type is interesting, as one may have to merge both into a comprehensive
explanation (e.g., artificial muscle — biomimetic application, contraction — actuation

type).

Further discussion may be had regarding overlap between materials that are also working
principles (e.g., Shape Memory Polymers) and working principles that can be materials
(e.g., Phase-Change Fluids).

The speed of thermo-active soft actuators is the most critical feature, which must be
improved for implementation. Currently, studies have investigated strategies for increasing
bandwidth using mechanical instabilities®® and incorporating thermally conductive fillers.86
Thermo-active elastomeric and phase-change actuators tend to have ineffective heating
through the bulk of the device. The construction of composite materials that are effective

at transferring heat faster and uniformly is necessary to increase general reliability of these
actuators.87-89
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Secondary to the bandwidth, active cooling must be implemented to further enhance the
symmetry of the actuation cycles. Studies have looked to regulate the environmental
temperature, or introduce heat pumps using Peltier technology.?? This is interesting as
the heating stimuli can interact with the environment, whether that be surrounding air or
surfaces to simulate peristalsis.9

An interesting development in soft robotics is integrating strain-limiting layers in novel
ways. Thermo-active soft actuators take this further and allow strain-limiting and functional
properties to be controlled through varying the thermal conductance of a material, such as
adding liquid metal into an elastomer.37:81.92.93 Fyrther, these functional materials can be
implemented into the heating stimuli to make more effecting heating junctions.?495

Thermo-active soft actuators are thought to be as binary in their actuation, with the devices
being “on” with the temperature above a critical point, or “off” with the temperature
decreases below the same point. There have been research groups that focus on bi-stable and
multi-stable approaches to pneumatic systems®®; using origami could take further advantage
of these stabilities using thermo-pneumatics.®’

More traditional origami such as the Yoshiura® pattern and waterbomb® patterns have
become more and more integrated into soft actuation systems,190.101 a5 one can take
advantage of natural mechanical imperfections to accomplish different motions. For thermo-
active soft robots, groups have used this strategy to accomplish worm-like movement,? self
folding,192 and crawling.103 Research has been done to print the actuator and structure onto
paper, allowing it to be self-folding and moving using joule heating92 (similar to Fig. 8),
and even having self-sensing capabilities.104

The heating (and cooling) stimuli for these soft actuators are a necessary area of focus for
these technologies to be implemented. However, the stimuli may not always be implemented
into the naming scheme, as some studies do not have this as a focus (e.g., use a climate
chamber, arbitrary heating, etc.).

Therefore, it is recommended that this aspect is reflected in the novelty of the work

to increase the impactfulness. Sogabe et al.105 demonstrate the ability of a temperature-
controlled water tank in dramatically increasing the bandwidth of hollow elastomers
filled with phase-change fluids. Further, we can conclude that the key factor in the
clarity of a name is the balance of simplicity and descriptiveness, whereas the key factor
for impactfulness is broken down to less of a science, consisting of memorability and
evocativeness.

Studies such as Zadan et al.19® investigate the ability of thermo-electric devices (TEDs)
for reversible heating and cooling. These devices tend to overheat and require additional
external cooling for enhanced efficiency. Thus, underwater environments have been
investigated, which improved cooling capabilities of the TEDs.

Another vital discussion is the importance of marketability and potential branding. For
example, a popular example within dielectric elastomer actuators (DEAS) is the HASEL
(Hydraulically Amplified Self-healing ELectrostatic) actuator. Having an acronym for your
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naming scheme is not necessary, but may allow for additional iterations that can add
information without becoming too wordy (e.g., Peano-HASEL07 following HASEL108).

This allows researchers to introduce novel aspects about their device and carry necessary
information while staying memorable. In following the proposed naming scheme, it can lead
to a title becoming too wordy, which can have a detrimental effect on impact (number of
citations).109

As thermo-active soft actuators are improved, the unique functionality of these kinds of
devices will add to the draw of the technology. For example, self-healing capabilities

of materials using Diels Alder chemistryl10.111 have been investigated for pneumatic
actuators.112 With further research into thermopneumatics,34113 these technologies may
be combined for enhanced properties. Self-sensingl14 is another area of focus, as the more
function and “intelligence” that can be consolidated to the material and geometry, the less
control system considerations are required.

Generalization of the naming scheme for maximum clarity is beneficial for enhancing the
visibility of one’s article, but it is still beneficial to make articles stand out by clearly
defining novel features within a work. For example, the concept of “thermo-pneumatics”
has been described in different ways before getting defined. Mirvakili3® defines this concept
as “untethered pneumatic artificial muscles” within the title, while a derivative study by
Yoon34 uses “untethered [and] pumpless phase change soft actuators” in the title, but goes
onto describing a concept of thermo-pneumatics where heating is the stimuli that causes this
“pneumatic” volume expansion.

However, “pumpless” still describes the novel aspect with less clarity, which brings up
the question of whether novel is more appealing to the reader than clarity. Hence, clear
descriptions should be included in the keywords section of a submission to allow for more
transparency in searching for articles.

Ten studies were selected to use for Table 2, and highlighted with colors that correspond to
the clarity of the title. These colors are combinations of the three-part naming scheme with
working principle, material, and application. Titles of the studies have been attenuated for

space requirements. The majority of the articles satisfied % of the naming scheme, although

some characteristics such as applications were kept general (e.g., “soft actuators,” “soft
robotics”). The key to ensuring clarity is to verify the naming scheme is met either in the
title or that relevant keywords have been defined by authors.

The role of soft actuators is constantly being redefined, and each subtype is finding its

own niche in applications. Further, thermo-active soft actuators must be fully evaluated

for applications where they are standalone, and applications where they synergize and
cooperate with traditional systems (e.g., end-effector, thermal management, quick release).
The modeling strategies for expansive soft actuators and robotics are not fully developed yet,
but heat transfer simulation has been widely used and understood, leading to possibilities of
multi-domain modeling in flexible but not stretchable systems.

Robot Rep. Author manuscript; available in PMC 2024 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 12

Although it was out of the scope of this review, machine-learning integration to the article
scraping could be beneficial for achieving more optimal titles.

Conclusion

Deciding a name, title, and keywords for your technology in an academic setting may

be an afterthought, but dedicating time to simplifying your idea using descriptive terms

can enhance the discoverability of your work and further clarify ones scope. Hence, the
overarching takeaway from this review is this: fo maximize the finaability of ones stuady, you
must optimize the clarity of the title and accompanying keywords.

We recommend using a combinatory title where a proposed name or novel feature is
introduced followed by a clear overview of material, working principle, and application.
Further, thermo-active soft actuators offer a unique challenge where one must identify the
various domains the technology overlaps and apply naming appropriately to ensure clarity.
Future studies with thermo-active soft actuators should fully realize enhanced controllability,
bandwidth, and thermal regulation for increasing overall efficiency.

With thermo-active applications spanning a plethora of applications dealing with external
and internal pHRI, further clarification can enable researchers to pick the best tool for an
application. Where phase-change materials can be implemented to create thermo-pneumatic
systems or stiffness control for artificial muscles, shape memory materials can be used to
accomplish delicate grasping tasks, and nanostructured fiber-based systems can accomplish
high-bandwidth goals. With such a wide range of applications, each demanding specialized
focus and terminology, naming becomes a crucial step for enhancing the visibility and
impact of your work across the diverse landscape of soft robotics research.
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Abbreviations Used

CNT carbon nanotubes

HASEL hydraulically amplified self-healing electrostatic
LC liquid crystal

LCE liquid crystal elastomer

LCST lower critical solution temperature

pHRI physical human-robot interactions

SMA shape memory alloy

SMP shape memory polymers

SPC strain-programmed crystallization
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Strain graph showing the recoverable deformation of shape memory polymers. Reproduced

from Delaey et al.25> with permissions.
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Block copolymer fiber characterized by hydrophobic and hydrophilic regions for reversible

SPC and actuation. SPC, strain-programmed crystallization. Reproduced from Lang et al.2
with permission.
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Programmable actuation of liquid crystal elastomers between contraction and shear

actuation types based on deformation and heating. Reproduced from Wang et al.?8 with
permission.
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Reversible, antagonistic design utilizing thermo-responsive hydrogels depicting swelling at
low temperatures and shrinking at high temperatures for active layer. Reproduced by Zheng

et al.2% with permission.

Robot Rep. Author manuscript; available in PMC 2024 April 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Exley et al. Page 24

phase change fluid + air vaporized fluid
elastomer matrix

heating
p—
S

cooling

T<Tg T>Tg

FIG.7.
Working principle of phase-change elastomer acutators showing elastomer-fluid composite

below and above the vaporization temperature. Reproduced from Decroly et al.3! with
permission.
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Free end

Fixed end

Showing principle of electrothermal film bending actuator utilizing graphene paper as a

strain-limiting layer. Reproduced from Liang et al.® with

Robot Rep. Author manuscript; available in PMC 2024 April 06.

permission.
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FIG.9.
(a) Phase-change elastomer composite enclosed in a braided mesh and implemented into an

antagonist-agonist design showing (b) biceps actuation for flexion and (c) triceps actuation
for extension. Reproduced from Miriyev et al.>2 with permission.
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Haptic display

Force presentation interface VR environment

FIG. 10.
Haptic pouch utilizing phase-change fluid for force haptics applied to the human

body, suitable for virtual reality environments. Reproduced from Uramune et al.32 with
permission.

Robot Rep. Author manuscript; available in PMC 2024 April 06.



Page 28

Exley et al.

“anyesan| BureBineu Joy sarianb yoless e pasn aq ued papiAoid sjerialew ay |

m:a ms
_ 6€ 0¢S ot 7—CT" e ioeired) 0 9 .0V
M v8'eg'ze'Tr'oeC—GT'0  zgog'ee'1e%0V—%0C ry siojenyoe abueyd aseyd
MED Mv\
—  werS080 08'6,0T-6T0 owe%05-%8s 7 pO0ST T (- siawomsero feskio pinbp
e 5y
— oy 50101 1550 1v%05-%0T w301 shojfe Aiowsw adeys
wo wo
) 10 £ o1
o, %CT % 910 9,%02T SLop e SWwiI [ew.ay1onos|3
MEQ
_ _ _ 0 v —SE0
+,%06 r sjaboJpAy an1suodsal Ajjeway L
L2l L
22%07 veee \.«N — wrer09—12 veee FOLL s1awAjod Alowstw adeys
3y .
£,%02 &L \SVZ Lc 9T ¢, %061 ¢,9¢¢C S9]oSNW [e1o1j1e pased-1aqi4
£ o — k2 )
Lo%0Z I \S«oom 0S 50T-T ey %0V=9%0T Ty ov 227,5919SNW [E13]3M4S UBWINH
Koueniy Jomod (zH) ypmpueg uoitew.od Kysuep ABeug [erere N

S9JISNIA [e18]9XS UewinH Yum pasredwo) ‘suonealjddy paisaq Jo) S101en)dy aAI10-0Wlay L Jo santadold

‘TalqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Robot Rep. Author manuscript; available in PMC 2024 April 06.



Page 29

Exley et al.

*31qe} 33 U1 pajuasaidal aJe |[B 10U JI USAS ‘SUOITRUIGUIOD [ 104 UMOYS SI A8 10100 "BJ3} 3} Ul pajess A|1ea|d si aingLie yeym yum paiyBijybiy ase smoy

“e3sA10 pinbi| ‘07

uonedl|ddy + [eslely + 81didutid BUIIOM wm

uonealddy + eusre

uonedl|ddy + ajdioutd BuryIop

[eusiel + a1di1dutid BujIop

uonealddy
|euarelN

a)diounig Bunjiopy

Robot Rep. Author manuscript; available in PMC 2024 April 06.

695 0UdIIS — S819SNW [BIDIMY Buneay sjnop uonIRIU0D peaiyy Buimas ‘aul bulysi4 ¢,5919sNIAl aul Buiysiy
Bujood annoe
62 S[BLIBIEWN PAIUBAPY ‘Bunsansey Abiaug 510004 140S Janed Buipuag Jawoise|a [e1sA1d pinbi gop49WO0ISe|3 D71
Jeuinor sjogol 4eSI01ENIOY
TST Butigaurbusz [eanusyd ssajdwnd ‘paseyiiun 1os ‘4addiib 10s J8119d uoisuedx3 3uo0d1|IS abueyD aseyd pasidsuiorg
sonewnaud 9eS8I9SNIA
0S¢ S9110Q0Y 39UBIIS paJayisun aJ9snw [e1dIY uonanpuj uoisuedx3  pinyy abueyd-sseyd ‘uoojjeg J1eWwnaud anaubey
$94N10N1S uojoejoideskjod £zS101eNY
6L Sa110qoy 10S aue|d-40-1n0 510004 140S Buneay sjnop Buipuag ‘uoydey| ‘sagnjoueu uogied |eway 1 011993 Jake -1
pini}
6'¢ $5820y 3337/ sondeH Ae|dsip ondeH Janjed uoneu| abueyd-aseyd ‘wiiy uojAN z¢feldsia yonodeH
burigauibuz yel01enoYy
o 21L04193]3042IN 0JIN Ke|dsip ajnoe| Bunreay ajnop uoisuedx3 uglsule 0101\ PaYRAIdY/-OULIBY |
(0401W) parennoe uoneipAy uonel04
€8¢ Abojouyasiouep ainmeN Jeay pue oJpAH  Jaqy BJasNW [eIIY ‘uoJi Jej4 ‘uonoeNuUOD JawAjodod Y20|qu1 VY gzSeI9SNIAl JswAjodoD yoolg
S SOH/ OJOIN  JaqIy B]9SNW LI Aiowsw adeys uonIRIUOD JouniN 77SO1000Y HOS 11IN
(abueyo-aseyd) uo1eIU0D Jawolsels 2¢S101eNdY
99T SuoHBIIUNIWIOD) BIMEN a)diounid Bupiiopny a[asnw [e1IIY Buiyeay ajnor ‘uoisuedxg  auodl|Is ‘pInjy abueyd-aseyd 1JOS 10} [elIBle|N YOS
(s1eah reunor 109dse pAON uoiredl|ddy 1nwis JUBWIBAOW el N Apnis
2) loey uolreny uolreny
1oedw |
S31pNIS 1UaIND 199]9S JO Sawayds Bulwep ay1 burredwo)
‘¢ 9lqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



	Abstract
	Introduction
	Review Structure
	Naming scheme
	Literature search

	Materials and Working Principles
	Materials
	Shape memory.
	Block copolymers.
	Liquid crystal elastomer.
	Thermally responsive hydrogels.

	Working principles
	Phase change.
	Electrothermal.


	Applications of Thermo-Active Actuators
	Current Challenges and Future Directions
	Conclusion
	References
	FIG. 1.
	FIG. 2.
	FIG. 3.
	FIG. 4.
	FIG. 5.
	FIG. 6.
	FIG. 7.
	FIG. 8.
	FIG. 9.
	FIG. 10.
	Table 1.
	Table 2.

