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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 req-
uires 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; how-
ever, 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.) fol-
lowed by ‘‘soft actuator’’ or ‘‘soft robot.’’ An equally
popular case is using the main material as the pre-
ceding term (e.g., dielectric elastomer, shape-memory
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polymer, liquid-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 res-
ponsive 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.4–6

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 rel-
evant work in the field.

This naming inconsistency is a complex debate, as
clarity and impact of a article are not always corre-
lated. 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.7

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 (i.e., use of separator such as a hy-
phen or colon separating ideas) positively affecting
citations.8,9

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 find-
ability 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 cita-
tions it might receive. Impact can consist of many dif-
ferent things, such as author fame/achievement,11,12

use of ‘‘attention grabbers,’’ or marketability/branding
of a technology.13

A title should be clear and impactful to avoid confu-
sion 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 exam-
ples that are (1) clear and impactful, (2) clear but
not impactful, (3) unclear and not impactful, and

FIG. 1. (a) Quadrant chart comparing published articles based on naming scheme in terms of clarity and
impactfulness; black dots represent the 130 articles scraped, with select 10 titles with larger colored dots
labeled. (b) Sample implementation of proposed naming scheme.
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(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 pen-
ultimate domain should be thermal (regardless if previ-
ous domain is electrical), that is, the heating source can
be swapped without critical adjustment of geometry
or properties. In addition, the majority of the actua-
tion 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.14 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 there-
fore can be made portable for applications.

Soft robotics have been targeted as a sect of mechan-
ics 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 bio-
logical tissue (skin, cartilage, muscles, etc.; �1 GPa).15

In the areas of prosthetics and rehabilitation, the per-
formance of the thermo-active soft actuators should
resemble human skeletal muscles16 (energy density
� 10 kJ

kg
, bandwidth �10 Hz, and efficiency �10%).

Breakthroughs in material fabrication and manu-
facturing processes have led to achieving more com-
plex 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 research-
ers have tools to traverse current literature and find
areas needing improvement and understand what tech-
nologies 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 ther-
mal technology, and highlight future trends.

(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 ac-
tuators are a critical consideration for the selec-
tion 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 actua-
tors 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 meth-
ods 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 applications17 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) descrip-
tive and informative, (2) consistent, (3) clear and sim-
ple, (4) broadly applicable, (5) flexible, and (6) share
a community consensus.18 However, these general
guidelines can be challenging to consolidate for devel-
oping 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 actu-
ators that are critical for understanding the mechanics
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behind actuation such as materials, working principle,
actuator type, heating stimuli, and application. The pri-
mary 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 Principle½ � þ Material½ � þ Application½ � (1)

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 2

3
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.

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 dis-
cussion on the overlap between these three naming cri-
teria. Currently, the best way to search for a specific
thermo-active soft actuator is to search by either mate-
rial 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 quer-
ies. The selected queries include ‘‘shape memory alloys
in soft actuators,’’ ‘‘thermally responsive hydrogels in
actuators,’’ ‘‘liquid crystal elastomers and thermal actua-
tion,’’ 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 scoring19 [Eq. (2)] is a basic quan-
tification 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 multi-
ple 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 max-
imum records scraped for each term was 200.

206:835 � 1:015
total words

total sentences

� �
� 84:6

total syllables

total words

� �

(2)

Materials and Working Principles
Of the three criteria, the materials and working princi-
ple provide more clarity than application, as there is
significant overlap of the specific applications (e.g., liq-
uid crystal elastomer [LCE] bending actuator, shape
memory bending actuator).

Materials
This section delves into the materials utilized in
thermo-active robotics, shedding light on the underly-
ing concepts of shape memory, working principles, and
phase-change behavior. It explores the environmental
stimuli of shape memory polymers, transition temper-
atures and their role in alloys memory, and types of
fluid selections for phase-change actuation applica-
tions. 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 mate-
rials rely on transition temperatures that mark config-
urations within the range (Fig. 3). In addition, heat, pH,
elasticity, magnetics, light, humidity, and redox reac-
tions can cause configuration changes to the polymers.

Further, these polymers can be used to house a
mechanical working principle through various struc-
tural configurations, enabling actuation via a different
mechanism, that is, phase change of a fluid within a
polymer container. Two-way shape memory20 works

Exley, et al.; Robotics Reports 2024, 2.1
http://online.liebertpub.com/doi/10.1089/rorep.2023.0023

18



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 Urethane21 is biocompati-
ble with the human body and flexible, making it suitable
for a wide range of biomedical applications. Reversibil-

ity is important22 and critical in applications such as
vascular grafts or artificial heart valves to have the abil-
ity to repetitively change and recover its shape.

Additive materials such as carbon nanotubes (CNTs)
have been implemented with shape memory polymers
(SMP) technology23,24 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 sys-
tems, and tissue scaffolds with shape memory properties.

FIG. 2. Keyword Frequency in 130 articles on Thermo-Active Robotics.

Table 1. Properties of Thermo-Active Actuators for Desired Applications, Compared with Human Skeletal Muscles

Material Energy density Deformation Bandwidth (Hz) Power Efficiency

Human skeletal muscles71,72 40 J
kg

47 20%–40%48 1–1047 50–300 kW
m3

47 20%47

Fiber-based artificial muscles 2–2.573 49%73 1–7.573 27.1 kW
kg

73 20%73

Shape memory polymers 17.9 J
g

23,24 24–6043,44 — 2 kJ
kg

23,24 40%22

Thermally responsive hydrogels 0.35 J
cm3

74 90%74 — — —

Electrothermal films 10 � 3 J
cm3

75 120%76 0.176 0.1 W
cm3

76 12%75

Shape memory alloys 104 J
kg

47 10%–50%47 0.5–547 103�105 kW
m3

47 —

Liquid crystal elastomers77–79 1–50 J
kg

47 38%–50%79,80 0.19–1079,80 0:804:5 W
cm3

80,81 —

Phase change actuators 40 kJ
m3

36 20%–40%31,33,36,82 0.15–236,41,52,83,84 50 W
cm3

39 —

The materials provided can be used a search queries for navigating literature.
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Block copolymers. Block copolymers that resemble
artificial muscles26,27 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 con-
tract and extend, changing shape in a controlled man-
ner. 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.

Thermally responsive hydrogels. Thermally respon-
sive hydrogels are smart materials that are capable of
physical property changes, such as swelling and col-
lapsing, 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 hydro-
gels, 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

FIG. 3. Strain graph showing the recoverable
deformation of shape memory polymers.
Reproduced from Delaey et al.25 with
permissions.

FIG. 4. Block copolymer fiber characterized by hydrophobic and hydrophilic regions for reversible SPC
and actuation. SPC, strain-programmed crystallization. Reproduced from Lang et al.26 with permission.
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various temperatures, this material can be used for var-
ious applications such as precise control over micro-
fluidics, 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 actu-
ation cycles to be repeatable.

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

Note that Lang et al.26 has multiple stimuli among
the working principles, including heat, hydration, and
water vapor. This is a unique solution to achieving bet-
ter 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,31 size,32 and composi-
tion33–35 all can affect the final product’s actuation.
The phase-change fluid can also affect the final actua-
tion by changing the fluid used,31 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

FIG. 5. Programmable actuation of liquid
crystal elastomers between contraction and
shear actuation types based on deformation
and heating. Reproduced from Wang et al.28

with permission.

FIG. 6. 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.29 with permission.

FIG. 7. Working principle of phase-change
elastomer acutators showing elastomer-fluid
composite below and above the vaporization
temperature. Reproduced from Decroly et al.31

with permission.
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materials used, the working principle here is clearly the
volumetric expansion from the fluid to vapor transi-
tion. 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 elas-
tomer as the material. There would be no need to men-
tion 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 volumet-
ric 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,39

vapor pressure,40 and toxicity. All these properties 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 mate-
rial’s purpose is to control the volumetric expansion,
the fluid’s purpose is to cause the volumetric expan-
sion, and the applied heat is used to initiate the volu-
metric expansion,41 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 develop-
ments are being produced,42 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.45 This ease of manufac-
turing 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 rehabilita-
tion and assistive devices are popular, as the inherent
compliance and adaptability is very beneficial for
pHRI. Thus, the characteristics of interest for these
devices typically resemble human skeletal muscles,
with the main metrics being energy density (40 J

kg
47),

deformation (20%–40%48), bandwidth (1–10 Hz47),
power (50–300 kW

m� 3

47), and efficiency (20%47).
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 in-
clude things such as portability, safety, and size.
Thus, artificial muscles49 should be bio-inspired.

Phase change50 has been incorporated to create arti-
ficial muscles (Fig. 9). Although many artificial muscles
are characterized by a McKibben braided mesh, various

FIG. 8. Showing principle of electrothermal film bending actuator utilizing graphene paper as a strain-
limiting layer. Reproduced from Liang et al.46 with permission.
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bending actuators have been developed by introducing
strain-limiting layers, such as51 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 inter-
face 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 rehabil-
itation in which haptics and feedback can offer useful
information back to the patient as a complement or
substitute to physical therapies. Virtual reality and hap-
tics have been a popular area for applying thermo-
active technology. By creating micro-arrays that are
able to decouple from a pneumatic 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 feed-
back and control.55–57 Thermal management can be
achieved with this technology through the addition of
pumps and origami.58,59

The SMPs have applications within biomedical engi-
neering (drug delivery), aerospace (deployable, explo-
ration components), and general fields (grippers). For
example, Yuan et al.60 use novel materials in nanocom-
posite fibers to replicate artificial muscle, gaining work
capacities magnitudes (60 · ) higher than human skel-
etal muscles.

Thermo-active soft actuators bring up unique appli-
cations where heat may be transferred in and out of the
system from extreme ambient temperatures. Potential
thermo-active actuator technologies may use princi-
ples such as photothermal,61 thermoelectric cooler,62

and phase-change heatsinks to effectively transition

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.52 with permission.

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.
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between actuation and de-actuation states. In addition,
material types such as gel,63,64 polyimide films,65 and
reduced graphene oxide66–68 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.70 Currently, what
is impeding implementation is insufficient thermal reg-
ulation for de-actuation, flexible heating/cooling
pumps, and inefficient heat dissipation. However,
thermo-active actuators may be most effective in ext-
reme 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. Fur-
ther, the clarity of the presented examples is straight-
forward for both the working principle and material,
but the application/actuator type is interesting, as one
may have to merge both into a comprehensive explana-
tion (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 implemen-
tation. Currently, studies have investigated strategies
for increasing bandwidth using mechanical instabil-
ities85 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

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.90 This is interesting as the
heating stimuli can interact with the environment,
whether that be surrounding air or surfaces to simulate
peristalsis.91

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 elas-
tomer.37,81,92,93 Further, these functional materials can
be implemented into the heating stimuli to make more
effecting heating junctions.94,95

Thermo-active soft actuators are thought to be as bi-
nary 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 systems96;
using origami could take further advantage of these sta-
bilities using thermo-pneumatics.97

More traditional origami such as the Yoshiura98

pattern and waterbomb99 patterns have become
more and more integrated into soft actuation sys-
tems,100,101 as one can take advantage of natural me-
chanical imperfections to accomplish different
motions. For thermo-active soft robots, groups have
used this strategy to accomplish worm-like move-
ment,99 self folding,102 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 heating103 (similar to Fig. 8), and even
having self-sensing capabilities.104

The heating (and cooling) stimuli for these soft actu-
ators are a necessary area of focus for these technolo-
gies 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 dramati-
cally increasing the bandwidth of hollow elastomers
filled with phase-change fluids. Further, we can con-
clude 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.106 investigate the ability
of thermo-electric devices (TEDs) for reversible heat-
ing and cooling. These devices tend to overheat and
require additional external cooling for enhanced effi-
ciency. Thus, underwater environments have been
investigated, which improved cooling capabilities of
the TEDs.
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Another vital discussion is the importance of mar-
ketability and potential branding. For example, a pop-
ular example within dielectric elastomer actuators
(DEAs) is the HASEL (Hydraulically Amplified Self-
healing ELectrostatic) actuator. Having an acronym
for your naming scheme is not necessary, but may
allow for additional iterations that can add information
without becoming too wordy (e.g., Peano-HASEL107

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

chemistry110,111 have been investigated for pneumatic
actuators.112 With further research into thermo-
pneumatics,34,113 these technologies may be combined
for enhanced properties. Self-sensing114 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. Mirva-
kili36 defines this concept as ‘‘untethered pneumatic arti-
ficial 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 con-
cept of thermo-pneumatics where heating is the stimuli
that causes this ‘‘pneumatic’’ volume expansion.

Table 2. Comparing the Naming Schemes of Select Current Studies

Study Material
Actuation

movement
Actuation

stimuli Application Novel aspect Journal

Impact
factor

(2 years)

Soft Material for
Soft Actuators52

Phase-change fluid,
silicone
elastomer

Expansion,
contraction

Joule heating Artificial muscle Working principle
(phase-change)

Nature
Communications

16.6

NiTi Soft
Robotics115

Nitinol Contraction Shape
memory

Artificial muscle
fiber

Micro IROS 2.45

Block Copolymer
Muscles26

ABA triblock
copolymer

Contraction,
rotation

Flat iron,
hydration

Artificial muscle
fiber

Hydro and heat
activated
(micro)

Nature
Nanotechnology

38.3

Thermo-Activated
Micro-Actuator54

Galinstan Expansion Joule heating Tactile display Micro Microelectronic
Engineering

2.3

HaPouch Display32 Nylon film, phase-
change fluid

Inflation Peltier Haptic display Haptics IEEE Access 3.9

Tri-Layer Electro-
Thermal
Actuators23

Carbon nanotubes,
kapton,
polycaprolacton

Bending Joule heating Soft robots Out-of-plane
structures

Soft Robotics 7.9

Magnetic
Pneumatic
Muscles36

Balloon, phase-
change fluid

Expansion Induction Artificial muscle Untethered
pneumatics

Science Robotics 25.0

Bioinspired Phase
Change
Actuators34

Silicone Expansion Peltier Soft gripper,
soft robots

Untethered,
pumpless

Chemical
Engineering
Journal

15.1

LC Elastomer106 Liquid crystal
elastomer

Bending Peltier Soft robots Energy
harvesting,
active cooling

Advanced Materials 29.4

Fishing Line
Muscles73

Fishing line, sewing
thread

Contraction Joule heating Artificial
muscles

— Science 56.9

Rows are highlighted with what attribute is clearly stated in the title. Color key is shown for all combinations, even if not all are represented in the
table.

Working Principle
Material
Application
Working Principle + Material
Working Principle + Application
Material + Application
Working Principle + Material + Application

LC, liquid crystal.
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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 2

3
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 key-
words have been defined by authors.

The role of soft actuators is constantly being rede-
fined, and each subtype is finding its own niche in app-
lications. Further, thermo-active soft actuators must be
fully evaluated for applications where they are stand-
alone, and applications where they synergize and coop-
erate 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 possi-
bilities of multi-domain modeling in flexible but not
stretchable systems.

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 technol-
ogy in an academic setting may be an afterthought, but
dedicating time to simplifying your idea using descrip-
tive terms can enhance the discoverability of your work
and further clarify ones scope. Hence, the overarching
takeaway from this review is this: to maximize the find-
ability of ones study, 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 reg-
ulation for increasing overall efficiency.

With thermo-active applications spanning a pleth-
ora 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 arti-
ficial 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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CNT ¼ carbon nanotubes

HASEL ¼ hydraulically amplified self-healing electrostatic
LC ¼ liquid crystal

LCE ¼ liquid crystal elastomer
LCST ¼ lower critical solution temperature
pHRI ¼ physical human-robot interactions
SMA ¼ shape memory alloy
SMP ¼ shape memory polymers
SPC ¼ strain-programmed crystallization
TED ¼ thermo-electric device

UCST ¼ upper critical solution temperature
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