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ABSTRACT: The development of actuators based on ionic polymers as soft robotics, artificial muscles, and sensors is
currently considered one of the most urgent topics. They are lightweight materials, in addition to their high efficiency,
and they can be controlled by a low power source. Nevertheless, the most popular ionic polymers are derived from
fossil-based resources. Hence, it is now deemed crucial to produce these actuators using sustainable materials. In
this review, the use of ionic polymeric materials as actuators is reviewed through the emphasis on their role in the
domain of renewable materials. The review encompasses recent advancements in material formulation and performance
enhancement, alongside a comparative analysis with conventional actuator systems. It was found that renewable
polymeric actuators based on ionic gels and conductive polymers are easier to prepare compared to ionic polymer-
metal composites. In addition, the proportion of actuator manufacturing utilizing renewable materials rose to 90%,
particularly for ion gel actuators, which was related to the possibility of using renewable polymers as ionic or conductive
substances. Moreover, the possible improvements in biopolymeric actuators will experience an annual rise of at least
10% over the next decade, correlating with the growth of their market, which aligns with the worldwide goal of
reducing global warming. Additionally, compared to fossil-derived polymers, the decomposition rate of renewable
materials reaches 100%, while biodegradable fossil-based substances can exceed 60% within several weeks. Ultimately,
this review aims to elucidate the potential of ionic polymeric materials as a viable and sustainable solution for future
actuator technologies.

KEYWORDS: Electroactive polymers; renewable materials; actuators; artificial muscles; hydrogels; ionic polymer-
metal composites

1 Introduction

Because of the desired properties of polymers, such as lightweight, design flexibility, and good mechan-
ical properties, they have inspired a broad range of applications in medicine, industry, aerospace, energy
storage, and robotics [1-3]. Generally, polymers can be divided regarding their base into fossil-based,
biodegradable fossil-based, and renewable polymers (Fig. 1). However, many known polymers are synthe-
sized from fossil fuel sources, leading to serious environmental pollution [4,5]. Over the past twenty years,
renewable polymers have gained attention as a viable solution because of their beneficial environmental
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properties as renewable biomaterials and a sustainable resource for materials [6,7]. The effect of conventional
fossil polymers begins with the extraction and refining of fossil fuels, which emit significant levels of carbon
dioxide and methane. The manufacturing process of fossil-based plastics requires a lot of energy and usually
depends on fossil fuels, leading to extra emissions of greenhouse gases. In addition, conventional polymers
derived from fossil resources also play a role in the accumulation of pollution and waste that endure for
hundreds of years. The increasing issue of plastic waste can be seen in oceans, landscapes, and the food chain,
leading to a pressing demand for sustainable solutions [8]. Biopolymers, as renewable materials, are seen as
another option and are being researched further in order to find the most effective solutions, with the goal of
reducing impact on the environment as much as possible. Biopolymers are derived from renewable biological
resources, providing a sustainable alternative to traditional fossil-based plastics. Biopolymers are made from
plant materials like corn starch, sugarcane, flax, hemp, and wood fibers instead of non-renewable petroleum
used in traditional plastics. The transition to plant-based sources greatly decreases the environmental impact
linked to plastic production [9]. Furthermore, typically, biopolymers are biodegradable under specific
conditions, leading to a decrease in ongoing pollution and aiding in the prevention of plastic waste buildup
in nature. Nevertheless, it is crucial to mention that this is true only when appropriate waste disposal facilities
exist. By improving recycling systems, both traditional and biodegradable polymers can be recycled into
new products instead of ending up in landfills. On the other hand, over 380 million tons of plastic are
produced each year, with a yearly growth rate of 4%, resulting in the generation of 6300 million tons of
plastic waste since 1950 [9-11]. Currently, approximately 2 million tons of biopolymers that are completely
bio-based are being produced annually, with the aims of moving away from fossil resources, implementing
new recycling or degradation methods, and utilizing fewer harmful reagents and solvents during production
[8-10]. In addition, the estimated value of the biopolymers market worldwide in 2023 was USD 17.54 billion
and is expected to increase by 10.4% annually from 2024 to 2030 [12]. Thanks to their biocompatibility,
biopolymers are widely utilized in the medical field, and they can be engineered to decompose naturally over
time, eliminating the necessity for follow-up surgery to extract the implants. This feature is advantageous in
cases where controlled drug release or temporary support is necessary. This indicates that the utilization of
biopolymers matches the increasing focus on environmentally friendly, efficient, and secure materials [12].
However, one of the major obstacles for biopolymers is their price competitiveness in comparison with
conventional fossil-based plastics. Frequently, their production costs are higher, which can make them less
economically viable for certain uses. Overcoming the challenge of reaching the same cost as traditional
plastics is still a struggle. Companies that utilize these polymers could be at a competitive disadvantage
when compared to competitors using traditional plastics. Their widespread use may be restricted until they
are able to compete in terms of price without sacrificing performance and quality. Increased production
expenses could restrict the use of these polymers to specialized markets or high-end product categories [13].
The biopolymer market is categorized into films, bottles, fibers, seed coating, vehicle components, medical
implants, actuators, sensors, artificial muscles, soft robotics, and others [13]. Biopolymer films are commonly
utilized in the packaging sector as eco-friendly substitutes for traditional plastic films. Consumer demand
for eco-friendly and biodegradable packaging materials has led to the use of biopolymer films in food
packaging, bags, wraps, and labels. The natural flexibility of these materials allows them to be used in a
variety of packaging applications, meeting the diverse requirements of industries such as food and beverage,
pharmaceuticals, and cosmetics [14].
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Soft robotics is regarded as a novel and intriguing branch of robotics. Such robots must be made from
soft, flexible, and compliant materials to execute tasks that adapt to their surroundings [15]. Additionally, soft
robots are more versatile and safer for human interaction, more resilient and dependable, and could be less
expensive than conventional robots [16]. Soft robotics could embody a technology that benefits humanity
and the Earth by tackling global issues and environmental deterioration via specific productive uses. Firstly,
in terms of urban agriculture, soft robots can enhance food security and alleviate poverty through precise
planting and harvesting of crops in cities, encouraging sustainable consumption, monitoring crop health,
and ensuring food safety, and they can also minimize the carbon footprint associated with the food system
and farming practices [17,18]. Secondly, regarding ocean conservation, soft robotics can play a crucial role
in cleaning, safeguarding, conserving, and restoring marine biodiversity and ocean health, encouraging
sustainable exploitation of ocean resources, and comprehending the effects of climate change on marine
environments [19]. Third, in the context of disaster response, soft robots can assist in search and rescue
operations following natural disasters, enhancing safety and mitigating the effects of such events, delivering
prompt aid to impacted communities, restoring and fixing infrastructure, and enhancing transportation
and communication systems [20]. Additionally, the energy production sector is regarded as a significant
area for utilizing soft robotics. For instance, incorporating renewable energy sources into soft robotics
structures could transform energy production into a clean, adaptable, and easily accessible process [21].
Ultimately, healthcare applications are regarded as the most significant area of soft robotics. Soft robotic
exosuits, wearables, and manipulators can assist in physical therapy and minimally invasive surgery, thereby
enhancing mobility capabilities, fostering independence for individuals with disabilities, and shortening
patients’ recovery periods [22,23].

Eco-friendly materials, including recyclables, renewables, and biodegradable substances, are partic-
ularly appealing for application in soft robotics [24]. Soft actuators are essential components of all soft
robotic systems. This thus necessitates a strong emphasis on the advancement of sustainable soft actuator
technologies and, more broadly, for researchers to adopt sustainability as a primary design objective for soft
robotic systems [25,26]. Nevertheless, as polymeric actuators are made up of various components, including
a polymer matrix and electrodes, which necessitate distinct materials to obtain desired characteristics, fully
biodegradable material systems for these actuators have not yet been manufactured [27]. The most important
applications of the biopolymers are considered medical and soft robotics ones that will be reviewed in this
work (Fig. 2). In addition, cellulose, starch, and gelatin are considered the most used materials as renewable
ones. For example, Lihui Chen et al., in their work [28], prepared a cellulose-based soft robot that had a dual-
layer structure, which consists of cellulose nanofibers as an upper layer and a hydrophobic biaxially oriented



1270 ] Renew Mater. 2025;13(7)

polypropylene (BOPP) membrane as a bottom layer. The authors presented that this prepared soft robot can
be actuated by only 67 mW cm™? of light or a 2.8 V power source, accomplishing a 360° bending range with
abending curvature of 2.67 cm™'. In the work [29], biocompatible soft robotics were prepared based on pure
cassava-starch-based film that can be activated for over 60 min with a continuous supply of water vapor and
can generate a force of 4.2 mN. Also, using gelatin in manufacturing soft robotics is considered an interesting
direction. For example, in the work [30], a miniature soft robot was created using a magnetic gelatin hydrogel
with mechanical characteristics that can be adjusted easily using a Hofmeister effect-assisted reaction in a
single step. Additionally, the authors reported that this robot was created with legs that resemble insect claws,
enabling it to carry out gripping and transporting tasks like its biodegradable counterparts.
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Figure 2: Types and applications of renewable polymers

2 Ionic-Based Actuators Based on Renewable Polymers

Actuators are commonly devices that transform supplied energy into movement. Due to their distinctive
qualities as environmentally friendly biomaterials, polymer actuators are now receiving greater interest
compared to conventional actuators such as piezoelectric metal-ceramic actuators [31,32]. These polymers
can react to different external stimuli like pH changes, electric current, humidity variations, light, temper-
ature changes, magnetic fields, etc., altering their size or form, and they can return to their initial shape
once the external stimulus is gone [1,2]. One of the most important and interesting types of polymers is
electroactive polymers (EAPs), which can be deformed under the influence of an external electric field. Their
characteristics, such as lightweight, noiselessness, biodegradability, biocompatibility, and good mechanical
properties, especially under high load, make them attractive for use as actuators, sensors, and artificial
muscles [31]. EAPs are an excellent choice for a wide range of applications as electromechanical actuators
since they are materials that, when exposed to an electric current, modify their mechanical or optical
characteristics with exact control of the energy transfer from electrical to mechanical and vice versa [32].
Electroactive polymers can be divided into two main groups: dielectric and ionic EAPs, depending on
their conductivity mechanism [33-35]. In other words, EAPs can be categorized based on their conduction
mechanism into intrinsic types, which achieve electric conductivity through electron mobility or conductive
particles dispersed in a polymer matrix, and extrinsic types, which exhibit ionic conductivity (Fig. 3).
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Figure 3: Conduction mechanisms of electroactive polymers

Ionic electroactive polymers (IEAPs) are operated by the diffusion of ions within the electrolyte’s ionic
liquids, affecting the actuator’s transformation in size and shape through the movement and dispersion of
ions. Anions move towards the cathode and cations move towards the anode when a steady electric field is
present. This results in the actuator expanding/contracting and bending [31,36]. Ionic EAPs have two stable
equilibrium states and require lower actuation electrical current compared to dielectric EAPs. Ionic EAPs
have several disadvantages, like slow activation, low strength, the need for constant humidity when water is
utilized as an ionic liquid, and the risk of electrolysis above a certain voltage, resulting in irreversible damage
to the material; furthermore, maintaining constant deformation can be difficult when a constant voltage is
applied [37]. Fig. 4 presents the activation mechanism of IEAPs, which generally consists of a polymeric
conductive interlayer located between two conductive electrodes. When the electric field is applied, the
hydrated cations in the ionic EAP move towards the negatively charged electrode, causing a change in volume
in a specific area (Fig. 4), which means that the ionic EAPs exhibit a distinct bending motion due to the
volume change [38]. The actuators based on ionic EAPs can be divided into ionic polymeric gels, conductive
polymers, and ionic polymer-metal composites.
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Figure 4: Principle of operation of ionic EAPs

This review, illustrated in Fig. 5, will examine actuators derived from sustainable ionic EAPs and their
actuation mechanisms, focusing on recent progress in developing ionic EAP actuators. It will discuss the
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potential for incorporating renewable materials as the polymer matrix in actuators, the role of renew-
able polymers in enhancing actuator characteristics or lowering costs, and applications in diverse areas,

particularly in medicine.
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Figure 5: A diagram depicting the organization of the review

2.1 Ionic Polymeric Gels and their Actuators

Ionogels, also known as ionic polymer gels, are a unique subset of polyelectrolytes distinguished by
the existence of ionic linkages along their polymer chains. Usually, these gels are formed by polymerizing
monomers sourced from ionic liquids or by altering neutral polymers post-polymerization [39]. Recently,
there has been an increasing fascination with ionic polymer gels, especially in fields like soft robotics,
biomedicine, and biotechnology. Ionogels are typically classified as hydrogels, comprising polymer networks
that can absorb and expand in water [40]. Additionally, non-aqueous ionic gels are formed by stretching
polymer frameworks with organic electrolyte solutions, demonstrating physical interactions within the
polymer structures [41].

Hydrogels consist of two phases, porous and permeable solids with a minimum of 10% interstitial fluid,
mainly water. Different substances, such as inorganic materials, organic molecules, and polymers, can be used
as these solids. Lately, there has been an increase in the creation of functionalized hydrogels, which not only
create a three-dimensional hydrophilic structure but also have improved features. These improved properties
include abilities like in-place solidification, sticking power, regulated medication delivery, slickness, cellular
protection, and pH control. Additionally, hydrogels are capable of responding to chemical stimuli such as
changes in molecular composition, pH levels, redox potential, or ionic strength, as well as physical stimuli
like fluctuations in temperature, pressure, magnetic and electric fields, sound waves, or exposure to light [42].
Actuators made from hydrogels are flexible components that can act as pliable actuators, versatile sensors,
multi-functional logic switches, and devices for medical uses [43].

Cellulose is a polymer that is green, sustainable, biodegradable, and found in abundance. These
distinctive qualities of cellulose make it a practical polymer for creating bio-based hydrogels or soft materials
for multiple uses [44]. Cellulose is not just seen as a renewable substance but also possesses important
features like biodegradability, biocompatibility, and insolubility in most solvents, making it a highly sought-
after option in forming hydrogels [45]. Furthermore, due to cellulose’s non-toxicity to humans, its hydrogels
have the potential to be utilized for applications such as actuators, wound healing, wound dressings, and
drug delivery. In Reference [46], an actuator based on 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-
oxidized cellulose nanofiber (TOCN)/poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)/ionic
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liquid (PEDOT:PSS/IL) gel electrode with a TOCN/IL or poly(vinylidene fluoride-co-hexafluoropropylene)
(PVAF(HEFP)/IL) gel electrolyte was prepared (Fig. 6). The authors reported that OCN/PEDOT:PSS/IL gel
electrode actuators exhibited high strain performance and excellent electrical and ionic conductivity. The
ionic conductivity of the TOCN/IL gel electrolytes ranged from 0.49 to 1.33 mS.cm™. The maximum strain
value of 1.11% was observed for TOCN/PEDOT:PSS/IL (50/200/200), which was thought to be influenced by
capacitance, ionic conductivity, electrical conductivity, and Young’s modulus. Additionally, the hydrogel had
a cycle life of at least 10,000 cycles under conditions of +1 V, 1 Hz, indicating prolonged functionality in air.
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Figure 6: Ionic hydrogel actuators based on TOCN/PEDOT:PSS/IL. Reprinted/adapted with permission from Refer-
ence [46]. Copyright 2021, Elsevier

In Reference [47], a highly electro-responsive ionic actuator based on functional carboxylated cellulose
nanofibers (CCNF) by doping with ionic liquid (IL) and graphene nanoplatelets (GN) was developed (Fig. 7).
The researchers demonstrated that the suggested actuator achieved a significant 15.71 mm tip displacement
at 2.0 V and 0.1 Hz, with a quicker rise time of 2.9 s, and maintained 98.6% retention for 3 h without any
distortion in actuation response.
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Figure 7: Highly electro-responsive ionic actuator based on CCNF-IL-GN. Reprinted/adapted with permission from
Reference [47]. Copyright 2023, Elsevier

In Reference [48], the authors prepared electro-actuators based on cationic cellulose nanofibrils (CNFs)
and studied the impact of the type of electrolytes and their anions on the actuation performance (Fig. 8).
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The authors presented that by using two types of electrolytes, which were lithium-based salts and 1-ethyl-
3-methylimidazolium chloride (EMIM)-based ionic liquids, the prepared actuators can be activated by low
DC voltage up to 5.0 V with a bending strain value up to 0.15%.
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Figure 8: Fabrication steps of CNFs actuators. Reprinted/adapted with permission from Reference [48]. Copyright
2023, Elsevier

In Reference [49], the authors prepared an electro-active actuator based on cellulose nanocrystals
(CNC)-polyacrylamide nanocomposite hydrogels (Fig. 9). They reported that the prepared actuators showed
greater field-induced bending responses and longer lifetimes because of the incorporation of CNCs into
non-electroresponsive polyacrylamide. These actuators had a high bending speed of up to 9° s™".
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Figure 9: Electro-active actuator based on CNC-polyacrylamide nanocomposite hydrogels. Reprinted/adapted with
permission from Reference [49]. Copyright 2022, American Chemical Society

Nonetheless, it was observed that preparing complete actuators using cellulose hydrogels is deemed
quite challenging. The primary issue in this case is that the remaining parts of actuators also need particular
characteristics, notably the excellent electrical conductivity regarding actuator electrodes. This ensures that
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creating actuators from ionic polymeric gels with solely renewable materials remains challenging yet feasible
in the coming years.

Polyacrylic acid, a polymer that is biocompatible and biodegradable, has been extensively researched
for its potential applications in drug delivery. It has several properties that make polyacrylic acid a promising
material for various applications, including the ability to form hydrogels, mucoadhesive properties, and
stimuli-responsive behavior. Polyacrylic acid-based hydrogels could transport medications to a range of
tissues and organs [50]. In addition, hydrogels based on polyacrylic acid are widely used in actuator
manufacturing. The study [43] investigated how different types and amounts of electrolyte salts affect the
water retention and electrical conductivity of polyacrylamide (PAM) hydrogels (Fig. 10). As seen in Fig. 10,
the flexible actuator consists of highly stretchable PAM conductive hydrogel electrodes along with an Ecoflex
dielectric elastomer layer. In this case, the way it works is that when a direct current “DC source” is connected,
electrodes that are compatible get charged with opposite charges. As a result, these opposite charges on the
electrodes are drawn towards each other due to the Coulomb force, resulting in the creation of electrostatic
pressure (P). This pressure then causes the elastomer film to easily deform in the plane. Both LiCl and
CaCl, were highly effective in improving water retention, with the ability to hold water increasing as the
concentration of the salts increased. The hydrogel made with PAM and LiCl showed noteworthy electrical
conductivity. By adding electronic conductors such as SWCNTs, MWCNTs, and GO, composite conductive
hydrogels demonstrated enhanced electrical conductivity properties. Significantly, the electrical conductivity
of PAM-LiCl was increased from 8 to 10 S/m with the addition of SWCNTs. The conductive hydrogels, which
have both strong electrical conductivity and high water retention, were used to create a flexible actuator that
responds to electricity. This actuator demonstrated remarkable flexibility, reaching a peak area strain of 18%
when exposed to a 10 kV external voltage.

(©) (d)

Figure 10: Flexible actuator based on electrically conductive PAM hydrogel electrodes. (a—d) The area of the flexible
actuator increases with time when a triangular external voltage with a period of 40 s was applied. Reprinted/adapted
with permission from Reference [43]. Copyright 2022, MDPI
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2.2 Conductive Polymers and Their Actuators

Conductive polymers (CPs) have been widely recognized for their potential in actuator technologies
because of their unique electrochemical properties [51-53]. Conductive polymers are organic substances that
can conduct electricity, and their conductivity can come from either being inherent or being induced through
doping. Conductive polymers are substances that expand/contract when a voltage is applied. Nevertheless,
as of now, there are no actuators made from renewable conductive polymers, although many are thought to
be biodegradable. Hydrogels composed of conductive polymers provide several advantages [54-56]. They
need very little voltage to function, possess great conductivity, contain a significant amount of water, and
have a structured system that facilitates effective interactions between various components, and they are
biocompatible. Another significant factor in the advancement of conductive actuators is the impact of the
structural design, as the size of the actuators also contributes to their performance. Actuators that are
wider can show more torsional deformation due to stress distribution, whereas shorter lengths result in
increased curvature and induced strain [57]. The electrochemical impedance spectroscopy indicates that ion
penetration depth is greater in shorter actuators, enhancing their responsiveness [58].

A fascinating example of how conductive polymers are activated is through the oxidation or reduction
processes based on their polarity. In Fig. 11, oxidation causes electrons to be removed and anions to be
introduced, creating crosslinking between polarons and dopant anions, leading to the actuator expanding.
During the recovery period, applying negative voltage influences the compression-stretching reaction, which
is influenced by the size and movement of the neutralized anions [59,60]. When the dopant anion is small
and highly mobile, it displaces anions and solvent molecules from the polymer to keep it neutral, causing
the polymer to compress. If the dopant anion is large and unable to move, as shown in Fig. 11b, the anions
are trapped within the polymer during reduction. This causes the cations in solution to migrate towards
the polymer to maintain charge balance, leading to increased polymer expansion to counteract the trapped
anions, ultimately resulting in further expansion of the polymer matrix [61].

In Reference [62], the researchers presented a new electrochemical actuator that relies on ionic
liquids, including EMIMTESI (1-ethyl-3-methylimidazolium bis(trifluorome- thylsulfonyl)imide, BMImOTs
1-butyl-3-methylimidazolium tosylate, and PEDOT:PSS aqueous solution that utilizes conductive polymer
ionogel as active electrodes. This ionogel showed outstanding characteristics, such as excellent conductivity,
flexibility, and electrochemical activity. Their electrochemical actuators displayed impressive bending strain
capabilities and quick response times, reaching frequencies of up to 10 Hz with a low voltage of 1 V. This
highly flexible actuator surpasses other materials like graphene in terms of conductivity, flexibility, and
electrochemical activity. The researchers demonstrated that the main factor driving the principle of work is
the movement of cations. In Fig. 12a, it was apparent that cations cause the film to swell on the negative side,
while the removal of cations leads to the film shrinking on the positive side. The researchers analyzed the
actuator’s cyclic voltametric features at various scan rates, as shown in Fig. 12b. They determined that the
cyclic voltammetry curve appears to be roughly rectangular.

In Reference [63], a conducting polymer actuator was modified with enantiomers of a naturally chiral
oligomer to create a bipolar valve for sealing a tube filled with dye in a solution with chiral analytes. Upon
the application of an electric field, the actuator that was specifically created exhibited a reversible deflection
in a cantilever-like manner, enabling the dye to be discharged from the reservoir. Changing the polarity
of the system allows for the opening and closing of the tube. The operational principle relied on applying
an external electrical field. Chiral bipolar enantioselective valve (BPE) becomes polarized in the solution,
leading to the preferential oxidation of one enantiomer. Hence, in order to observe the electromechanical
distortion of polypyrrole (Ppy), it is crucial for the chiral oligomer to have a compatible configuration
to interact with the appropriate molecular probe in the solution. Fig. 13 displays the typical experimental
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arrangement. The oligomer having the correct configuration was important because Fig. 13 showed that
electromechanical changes had not taken place. Nevertheless, the primary benefit of these actuators lies in
their wireless capabilities and ability to directly translate molecular chirality into the discharge of specific
compounds. Therefore, these valves could be valuable in the realm of microfluidics for wireless drug delivery,

among other applications.
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Figure 11: Ionic actuation mechanisms of conductive polymer actuators depending on the anion size and mobility: (a)
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actuator; (b) CV curves of the actuator at different scan rates. Reprinted/adapted with permission from Reference [62].
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Figure 13: (a) Schematic illustration of the bipolar set-up used for the wireless enantioselective valve with a represen-
tation of the chemical reactions, the electromechanical activation and the release of the dye; Bipolar enantioselective
valve (1.5 cm long) operating with a Ppy actuator functionalized with (R)-oligo-BT, T, dipping in an aqueous 0.2 M
LiClO; solution of (b) 5 mM D-DOPA and (c) 5 mM LDOPA. Reprinted/adapted with permission from Reference [63].
Copyright 2022, John Wiley and Sons

In Reference [64], a novel conductive hydrogel based on gelatin methacrylate (GelMA), collagen, and
silver nanowires (AgNW) was developed (Fig. 14). The inclusion of silver nanowire (AgNW) resulted in a
significant rise in storage modulus, boosting it from 2.2 to 13.77 kPa, underscoring the essential impact of
AgNW on improving both the electrical conductivity and mechanical strength of the gel. Furthermore, the
researchers showed that they could selectively release fluorescent molecules from the conductive gel mixture
by applying electrical stimulation. This means that the GelMA-Collagen-AgN'W conductive hydrogels could
be used as accurate actuators to facilitate the controlled discharge of molecules.

In Reference [65], the authors utilized electrochemical polymerization to cover the electrospun
polyurethane (PU) nanofibers with conductive polypyrrole (PPy), aiming to create bending actuators. The
basic principle that guides how these devices work is illustrated in Fig. 15. In Fig. 15, it is visible that in
the oxidation of the actuators, electrons are removed from the PPy structure, while in the reduction phase,
electrons are reintroduced into the structure. This event causes a shift in volume, resulting in a change in the
bending angle of the actuator being produced because of the mechanical restrictions imposed by the inactive
adhesive tape.

The positions of various actuators after oxidation and reduction are shown in Fig. 16. As can be seen
in Fig. 16, the introduction of perchlorate ions from the electrolytic solution into the structure of the
actuator during oxidation is accompanied by an increase in volume of the actuators, resulting in their
counterclockwise rotation and vice versa. The authors presented that the angular displacement in the
potential cycle can reach 225° [65].
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Figure 15: The schematic representation of bending actuation mechanism of the PU/PPy nanofibrous actuators during
oxidation and reduction processes. Reprinted/adapted with permission from Reference [65]. Copyright 2020, IOP
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Figure 16: Position of PU/PPy nanofibrous actuators produced using total consumed charges of (a) 2 C, (b) 3 C, (c) 4
Cand (d) 5 Cin reduced and oxidized states. Reprinted/adapted with permission from Reference [65]. Copyright 2020,
IOP Publishing Ltd.

2.3 Ionic Polymer-Metal Composites

Ionic polymer-metal composites (IPMCs) are one of the prospective types of actuators, which are
composed of a single ionic polymer layer, functioning as an electrolyte with conductive electrode layers.
A fundamental key characteristic of IPMCs is that their deformation results from the transport and
redistribution of ions within the internal structure of the actuator [66]. IPMCs are advanced materials
with considerable promise for diverse applications, especially in the fields of robotics and bioengineering.
Structurally, they comprise a polymer electrolyte core encapsulated by metal electrode layers, facilitating
their operation as flexible actuators and sensors. By the type of polymer matrix, IPMCs can be classified
into several groups, such as fluoropolymers, liquid crystal polymers (LCPs), and biopolymer-based IPMCs,
including cellulose and chitosan [67]. This classification reflects the variety of materials used to create the
polymer matrix, each offering distinct properties such as ionic conductivity, flexibility, and biocompatibility.
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Fluoropolymers are polymers that are based on fluorocarbons and contain numerous carbon-fluorine
bonds. They play a crucial role in renewable energy sources [68]. Polytetrafluoroethylene (PTFE) and
polyvinylidene fluoride (PVDF) are considered well-known fluoropolymers. Copolymerizing PVDF with
hexafluoropropylene (HFP) is a common method to boost the strength of ionic polymer matrices during
preparation. Ionic membranes based on PVDF have a greater ion-exchange capacity and lower elastic mod-
ulus compared to PTFE, which makes them ideal for creating very effective IPMC actuators. Nonetheless,
PVDF generally exhibits strong resistance to internal ionic migration, which leads to a slower response time
and diminished sensitivity as a sensor in comparison to PTFE-based IPMCs [67]. Liquid crystal polymers
(LCPs) are commonly created by orienting liquid crystal mesogens in a polymer matrix. Because of the
loose arrangement of these mesogens, there are nanoscale channels present in LCPs, and the introduction
of ionic liquids into these channels can lead to the synthesis of ionic LCPs. The way the liquid crystals
are oriented, whether planar, hybrid, or homeotropic, affects the electromechanical deformation of ionic
LCPs in IPMCs. Columnar liquid crystals are frequently employed in ionic liquid crystalline polymers for
ionic polymer-metal composites. It is possible to alter the properties of the matrix by efficiently creating
1D and 3D ionic channels through different self-assembly methods. Stretchable membranes composed of
ionic LCPs enhance the compatibility and adaptability of IPMCs with various interfaces, thereby assisting in
the advancement of high-performance IPMC sensors. Nevertheless, the majority of ionic LCP-based IPMCs
are used as actuators. LCP actuators have programmable features and operate at low voltage, but they show
restricted deformation [67]. Research is currently concentrating on biodegradable IPMCs within the realm
of rapid advancements in zero-carbon flexible bioelectronics. Cellulose, the most plentiful natural polymer,
is an ideal material for those purposes. Cellulose’s porous structure and high number of hydroxyl (-OH)
groups make it a potential option for creating biodegradable IPMC actuators. Utilizing cellulose as the base
for actuators is hindered by its limited conductivity. Nevertheless, it provides benefits as a biodegradable
substance with a notable ion-exchange capacity (IEC) [67].

Fig. 17 illustrates the operational concept of ionic polymer-metal composites. When a voltage is applied
to these IPMCs, the charged cation in the hydrated state starts to move easily towards the cathode via
the polymer membrane, which acts as pathways for their motion; consequently, the cation gathers at the
cathode, leading to the actuator’s expansion and bending [69-71]. In more detail, the actuation mechanism
of IPMC:s in the presence of an electric field likely comprises an ion cluster movement and electro-osmotic
water flow that travels from the anode to the cathode through hydrophilic and ionic pathways, causing the
IPMCs to bend [72]. Furthermore, the movement of the ion-water clusters within the IPMC leads to the
contraction of one side while the opposite side expands. When an electric voltage is applied, the movement
of charges in an IPMC membrane results in alterations in the electrostatic, osmotic, and elastic interaction
forces both within and outside the clusters. This leads to localized changes in volume within the clusters,
which, along with variations in water content, results in either stretching or relaxation of the polymer chains.
These effects are common in generating the quick bending response of the IPMC, which is then succeeded
by gradual relaxation [38]. Furthermore, the direction of back relaxation is influenced by the makeup of the
backbone ionomers and the characteristics of the counter-ions. On the anode side, the decrease in cation
concentration lowers the osmotic pressure within the clusters. Additionally, the rearrangement of the leftover
water molecules in the clusters generally boosts the effective electric permittivity of the clusters, thereby
diminishing the electrostatic repulsive forces between the fixed charges inside the clusters. Owing to the
cation deficiency, a repulsive electrostatic force is generated in the clusters close to the anode. This generally
raises the average size of the clusters, which in turn prompts the accumulation of water molecules on the
anode side. On the cathode side of an IPMC, clusters hold surplus cations because of the voltage-induced
cation flow. The elevated cation concentration decreases the effective electric permittivity of the clusters,
leading to an enhancement of the electrostatic forces between cations and the stationary anions [71,73].
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Figure 17: Work principle of ionic polymer-metal composites

Nafion, a brand name for a sulfonated tetrafluoroethylene-based fluoropolymer-copolymer, was created
in 1962 by Dr. Donald ]. Connolly at the DuPont Experimental Station in Wilmington, DE, USA [74]. It
shows adequate biocompatibility, and in order to improve its biodegradability, it can be blended with eco-
friendly materials, such as chitosan or vegetable cellulose [74,75]. For example, in Reference [76], the authors
prepared IPMC actuators mixed with cellulose nanofibrils (CNF) to partly replace Nafion to cut production
costs, improve mechanical/thermal characteristics, and increase biodegradability. The authors found that
including CNF resulted in a notable improvement in the actuator’s mechanical characteristics. Furthermore,
they noted that elevated levels of mild acids like phosphoric and phytic acid were found to enhance the
ion conductivity of bacterial cellulose, offering the potential to increase ionic conductivity in CNF and
utilize higher CNF levels in CNF-Nafion composite membranes. The authors proposed that these CNF-
Nafion hybrid membranes have the potential to function as synthetic muscles and sensors and actuators in
low temperatures.

In Reference [76], researchers developed an IPMC actuator based on a multilayer multiwalled carbon
nanotube/Nafion macroporous membrane. The authors reported that a structured arrangement of silica
spheres was used to incorporate macropores and multi-walled carbon nanotubes (MCNTs) into multilay-
ered IPMC actuators for improved performance, as shown in Fig. 18. The addition of both MCNTs and
macroporous multilayered MCNTs/Nafion membranes greatly enhanced the mechanical characteristics of
the membranes that were prepared. Specifically, the Young’s modulus of the macroporous multilayered
MCNTs/Nafion membrane increases by a factor of 3.3 (from 262.6 to 858.1 MPa), while the hardness increases
by a factor of 4.4 (from 28.2 to 123.9 MPa). Electromechanical performance of the IPMC actuator improves
by 1.41 times in displacement (33.5 mm) and 2.2 times in force (19.2 mN) when operated in air witha 5V DC
voltage, compared to standard IPMC actuators (Fig. 18).

In Reference [77], a square rod-shaped IPMC based on perfluorinated sulfonic acid resin with multi-
degree-of-freedom motion was prepared. According to the authors, when the actuator was subjected to an
8 V DC voltage, the highest bending angles recorded were 48.50°, 44.70°, and 43.07°, and the maximum
blocking forces at the end were 116.33,117.90, and 99.70 mN, respectively. They demonstrated that a functional
interventional catheter with active guidance can be developed, and a human aortic vascular model can be
constructed to conduct in vitro interventional simulation experiments (Fig. 19).
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Figure 18: IPMC actuator based on multilayer multi-walled carbon nanotubes/Nafion macroporous membrane: (a)
schematic representation of bending actuation; (b) photo of prepared actuators. Reprinted/adapted with permission
from Reference [76]. Copyright 2022, Elsevier

Figure19: The human aortic vascular model. Reprinted/adapted with permission from Reference [77]. Copyright 2020,
Taylor & Francis

The authors in Reference [78] prepared a high-performance sandwich-structure low-voltage ionic
electroactive actuator based on Nafion membranes and conductive PEDOT:PSS electrodes by the hot-
pressing technique, which can be used as actuators in biosensor microrobots and biomedical microdevices.
They reported that the prepared actuator can be used with alternating sine-wave voltages in the range of
0.25-3 V and frequencies of 0.1-0.5 Hz. The actuator showed a large bending displacement of 5.7 mm with



1284 ] Renew Mater. 2025;13(7)

four sets of measurements without degradation, a long-term cyclic stability of 98% up to 300 cycles at the
conditions of 1.0 V and 0.1 Hz; in addition, they had a high bending strain of 0.25% with low applied voltages
of0.25t03 V.

In Reference [79], eco-friendly actuators driven by moisture were developed using Nafion™ membrane
and polyimide tape. The researchers showed that the actuator they made performed well in terms of both
bending curvature (ranging from —0.98 to 5.34 cm™") and response speed (0.29 cm™!/s). Programmable
structure design enabled the creation of various functional structures that can undergo complex deforma-
tions such as torsion and bending (Fig. 20).
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Figure 20: Actuators based on commercial Nafion™ membrane and polyimide tape. Reprinted/adapted with permis-
sion from Reference [79]. Copyright 2023, Elsevier

3 Hydrogel-Based Actuators Activated by AC Voltage as a Novel Activation Method

As mentioned in the section of “ionic polymeric gels and their actuators”, the actuation process of
actuators that rely on electroactive gels is triggered by DC voltage. Nevertheless, these actuators exhibit
sluggish response times for activation and restoration, as well as subpar mechanical properties, necessitating
the need to uphold a consistent level of humidity [80]. Furthermore, electrolysis may occur at a specific DC
voltage level, potentially causing permanent harm to the material [36,39]. Polyvinyl alcohol (PVA) is a non-
toxic and biodegradable material, which makes it an eco-friendly choice for many applications. An important
advantage of PVA is its ability to break down by natural processes and dissolve in water. When in contact
with water and tiny organisms, PVA decomposes into safe substances, making it a greener option compared
to regular plastics [81].



] Renew Mater. 2025;13(7) 1285

In References [82,33], a novel method for activating hydrogel actuators was suggested that involves
using AC voltage in place of DC power. This mechanism operates by alternating between extension and
contraction for actuating the actuator. Under AC voltage, the localized vibration of ions without movement
towards the electrodes heats the hydrogel, causing water molecules to evaporate and resulting in actuator
swelling. In other words, the network structure of the hydrogel is compressed by hydrogen bonds at room
temperature, and when AC current is applied, the hydrogel warms up, leading to a weakening of hydrogen
bonds and the elongation of twisted polymer molecular chains. When the hydrogel temperature exceeds
95°C, the actuator will expand due to the breaking of hydrogen bonds within the hydrogel network and
the subsequent vaporization of water molecules. Once the voltage is turned off, the vaporized water reverts
to liquid and is absorbed by the hydrogel, causing the actuator to go back to its original shape as shown
in Fig. 21. The primary factor in this activation process is the Joule heating effect, as the electrolyte heats
up in AC systems because of Ohmic current, which is generated by the vibration of ions in the electrolyte,
even when electrodes are blocked [84,85]. Furthermore, Joule heating causes the density of the electrolyte to
change, generates an AC electro-thermal flow, and leads to the boiling of the electrolyte [86,87].
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Figure 21: Diagram of activation mechanism for hydrogel actuators using AC power. Reprinted/adapted with
permission from Reference [67]. Copyright 2024, MDPI

In these works [82,83], two linear actuators utilizing polyvinyl alcohol (PVA) hydrogels were developed
by placing the hydrogels inside latex balloons with elastic shells and incorporating spiral weave and braided
mesh fabric as external reinforcements, as shown in Fig. 22. It was reported that PVA hydrogel actuators,
when exposed to an AC voltage of 200 V, a frequency of 500 Hz, and a load of ~20 kPa, can achieve over 60%
extension with an activation time of ~3 s when reinforced with a spiral weave. On the other hand, actuators
reinforced with fabric-woven braided mesh can achieve over 20% contraction with the same activation time
of ~3 s. In addition, the activation force of the actuators based on PVA hydrogels can reach up to 297 kPa.
The authors tried to decrease the required actuation voltage by adding conductive salt of lithium chloride
(LiCl) to the PVA hydrogels [82], and it was discovered that at a LiCl content of 100 wt. % of PVA mass, the
minimum actuation AC power required was 20 V. Moreover, the highest deformation achieved in extension
mode was 52% with an activation time of approximately 2.5 s using an AC voltage of 110 V and a 50 Hz
frequency when the LiCl content was 10 wt.%. On the other hand, the maximum deformation in contraction
mode was 20% with an activation time of around 2.2 s by using an AC voltage of 90 V and a 50 Hz frequency
when the LiCl content was 30 wt.%. These hydrogel actuators had an activation force exceeding 0.5 MPa
when exposed to an AC current of 110 V.

These hydrogel actuators can be used in a wide range of applications, such as soft robotics, artificial
muscles, and aerospace (Fig. 23).
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Figure 22: (a) Actuators based on PVA hydrogel: (a) effect of AC-voltage, frequency and polymer content on overall
extension/contraction and activation time of actuators; (b) types and activation forms of linear actuators based on PVA
hydrogels. Reprinted/adapted with permission from Reference [83]. Copyright 2023, MDPI

Figure 23: Application of linear hydrogel actuator as an artificial muscle. Reprinted/adapted with permission from
Reference [82]. Copyright 2024, MDPI

4 Renewable Polymers in Actuators

In the past two decades, there has been a growing emphasis on creating polymeric actuators using
renewable polymers as a possible solution because of their eco-friendly qualities as renewable biomaterials
and as sustainable alternative to metallic materials and fossil fuel-based polymers. Nevertheless, as illustrated
in Table 1, cellulose-based actuators are presently regarded as the leading type of ionic EAPs, primarily uti-
lized as ionic polymeric gels [34-36]. Additionally, cellulose may serve as a co-material in the creation of ionic
polymer-metal composites to decrease actuator costs and enhance biodegradability [76]. Moreover, gelatin
and collagen may be utilized as conductive polymers for the creation of renewable-based actuators [64].
Furthermore, to this day, fossil-based and biodegradable fossil-based polymers are regarded as the primary
materials for all types of actuators.
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Table 1: Possibility of using renewable polymers in actuators

Ionic-based actuators Ionic polymeric Conductive Ionic polymer-metal
gels polymers composites
Renewable polymers + + -
Biodegradable fossil-based + + +
polymers
Fossil-based polymers + + +

5 Conclusion and Prospects

This review discussed the recent research on ionic electroactive polymer-based actuators and their
operational principles. These materials are currently popular in fields like soft robotics, sensors, and actuators
for medical uses like artificial muscles and drug delivery. In order to use ionic EAPs derived from renewable
materials in various fields like soft robotics and aerospace technology; it is important to enhance their unique
characteristics such as mechanical properties, conductivity, porosity, viscosity, hydrophobicity, etc. [9,10].
Comprehension of the ionic EAP functioning principles is crucial for their application, involving enhancing
the polymer structure through necessary modifications and optimizing the processing and programming
technology of the ionic EAP. The key limitations for utilizing renewable materials in different applications
are the necessary structural properties and achieving the specific mechanical properties required for a long-
lasting application with quick cycle activation. It is important to mention that the decomposition rate of
polymers utilized in actuator production is regarded as one of the most crucial factors. For instance, cellulose,
as a renewable resource, breaks down in soil with microbial enzymes in a span of weeks to months [88].
In contrast, PVA, a biodegradable material derived from fossils, is challenging to decompose under natural
conditions, initiating at a temperature of 240°C [89]. However, in aquatic environments, PVA can achieve
up to 60% degradation in 32 days [90]. Conversely, materials derived from fossils do not decompose. For
instance, fluoropolymers like Teflon require approximately 4.4 million years to degrade, and they start to
decompose at around 260°C [91]. This indicates that actuators made from renewable materials offer the
primary benefit to the environment.

Over the next decade, there will be an increased focus on studying new renewable polymers that can
be utilized as ionic hydrogels and membranes for ionic EAPs, concerning the necessary structural, physical,
and mechanical properties, as well as in terms of lowering material costs. A key focus for the next generation
of actuators is bioinspired soft robotics, which can be utilized in scenarios where rigid-body robots are
ineffective, particularly in biomedical fields, surgical procedures, drug delivery systems, aerospace tools,
crop harvesting in agriculture, underwater exploration, and interactive wearables. Nevertheless, the primary
constraint that necessitates further research soon is the flexibility and continuous nature of soft robots, which
in turn demands enhancements in their modeling and control. To advance toward soft robots lacking rigid
parts, it is crucial to explore innovative renewable materials, as integrating sensors, power systems, or control
circuits might present challenges. Renewable energy sources like solar, wind, vibrations, and microbial fuel
cells can be utilized to energize soft robots. A move toward a more environmentally sustainable approach will
occur by integrating biodegradable materials with renewable energy sources. The possibility of preserving
and reapplying these actuators is seen as another major challenge. As actuators can be reused several times,
using renewable materials for their production could offer a practical and cost-effective solution to this
problem. This will facilitate the creation of tech products that use less energy and have more straightforward
recycling initiatives. Achieving this, however, will require extensive research focused on closing the gap to
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high-performance solutions or providing entirely new opportunities, with robotics acting as the main driver
of continuous technological advancement.
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