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Abstract: This study offers a thorough overview and introduction to smart materials, emphasising ionic polymers, particularly
ionic polymer-metal composites (IPMCs). These materials have lightweight, adaptability, and low power requirements,
which have contributed to their being more well-known for their potential in biomedical devices, soft robotics, and
micro/nano systems. This overview highlights significant advancements in fabrication methods, material composition, and
performance benefits. It focuses attention on new developments such as enhanced polymer matrices, layered structural
designs, and the application of advanced electrode materials. Applications in bio-inspired robotics, artificial muscles, and
sensor systems are investigated. The investigation also looks at more recent developments that provide better functionality
in IPMCs. Even with major advancements, maintaining stability and reliable performance over a prolonged period remains
difficult. More extensive integration into smart systems and affordable production techniques are anticipated to be the main
topics of future study. Along with emphasizing current research demands, this review offers a comparative analysis of current
fabrication and performance improvement techniques. It aims to provide a framework of reference for upcoming
advancements in high-performance smart systems based on IPMC.

Key words: ionic polymer metal composite (IPMCs), smart material, preparation process, application, model, and future
challenges.

1. INTRODUCTION

Inrecent decades, IPMCs have acquired recognition as being among of the most attractive smart materials because
of their distinctive electromechanical capabilities and wide range of uses in sensors, medical devices, soft
automation, and regulators. When exposed to an electric field, a new class of flexible functional materials,
identified as electroactive polymers, can produce various mechanical movements and after removing the external
electric field, they restore to their initial shape, [1]. A compact design, exceptional flexibility, great fracture
resistance, and simplicity of shape and modeling are only some of the advantages associated with electroactive
polymers, [2]. When the material is subjected to an electromagnetic field under mechanical stress, the ions inside
it rearrange internally, giving rise to these features. These materials fundamentally act as Smart material response
transducers, [88]. Ionic Electroactive Polymer-based, actuators have many benefits, such as versatility, low
weight, significant deformation capability, low operating voltage, biocompatibility, a high force-to-weight ratio,
and the capacity to operate in both open air and aquatic conditions, [3]. It is possible to produce these materials
in a wide range of forms and at minuscule sizes. Because of these features, lonic Electroactive Polymer based
actuators have a lot of potential for application in soft robotics applications. Some of the materials used in Ionic
Electroactive Polymer are also recyclable and regarded as reasonably safe for use in healthcare fields, [4].
Consequently, they are viewed as feasible options for high-precision medical devices, such as flexible, soft
needles with built-in actuation systems, [89].

In 1992, Shahinpoor and his colleagues first introduced Ionic Polymer-Metal Composites (IPMCs), which were
eventually used in swimming robots, among numerous other applications, [5].

Finite element and theoretical models were created by Segalman and others to explain their electro-chemo-
mechanical function. The effects of internal electromagnetic fields, ion transport, and solvent diffusion on polymer
deformation were taken into account in these models, [6]. The roles of cation types and cluster configurations,
sensing, and actuation were all influenced by researchers such as Nemat-Nasser and Weiland. Based on the
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material and cations employed in the membrane, IPMCs usually bend towards the anode when exposed to voltage
before gradually relaxing, according to investigations, [7].

IPMCs are primarily restricted to research because of their weak sensing currents, poor actuation force, and non-
linear nature, [8]. Their transduction effectiveness is highly influenced by the characteristics of the electrode,
intermediate layers, and polymer. To improve their performance and practicality, research is always being
conducted to improve manufacturing, description, modelling, and management, [9]. IPMCs research has recently
advanced with a focus on improving effectiveness, environmental versatility, and practicality, including
multilayer structures and operating under severe temperatures, [90]. Furthermore, because of their low
hydrodynamic impacts, they have been shown to offer potential in energy gathering, saltwater operation, and
simplified modelling. In addition to actuation, IPMCs exhibit promise in mechanoelectrical sensing through the
generation of energy under bending or pressure, which allows them to be used as biomimetic and sensitive
vibration sensors, [10]. Although notable progress in IPMC research, there is still a dearth of comprehensive and
integrated reviews that concurrently address performance improvement techniques, sophisticated
multidimensional modeling techniques, and new soft robotic and biomedical applications, [91]. There is a gap in
unified analysis because the majority of current studies examine these topics separately. To speed up translational
development, a methodical assessment that links material design, modeling approaches, and real-world
application is necessary.

This paper presents a complete analysis of IPMC flexible actuators, concentrating on performance enhancements,
modeling methodologies, and different applications in robotics, opto-mechatronics, and medical engineering. It
also describes current progress, potential research directions, and difficulties to guide ongoing development in the
area of inquiry.

2. OVERVIEW ON PROGRESS IN PERFORMANCE OPTIMIZATION OF IPMCS

The IPMC performance optimization efforts primarily focus on enhancing the mechanical efficiency, robustness,
and response of these devices, [11]. To increase their overall functionality, researchers have looked into better
hydration methods, sophisticated electrode structures, and material improvements. These advancements are aimed
at expanding the possible applications of IPMC in medical devices, artificial muscles, and soft robotics
technologies, [12]. IPMCs exhibit significant potential because of their lightweight structure, high flexibility, and
low-voltage operation, which is compatible with the increasing need for tiny and flexible actuators and sensors
brought about by the development of soft robotics. Smart sensing systems, biomedical equipment, and underwater
robotics are just a few of the sectors in which they have found use. The constraints, including decreased force
production, instability at constant voltage, and solvent loss, continue, though, and motivate scientists to advance
manufacturing processes and materials, [13]. Due to their short air lifetime and low output force, IPMCs have
limited practical use, so researchers are looking for ways to improve both. The performance of IPMCs is affected
by a number of factors, including membrane thickness, electrode structure, ion concentration, and water content,
[14]. One of the main areas of focus is improving this compound matrix, which has a direct impact on conductivity,
elasticity, capacitance, and ion migration. Attempts to improve the Nafion matrix by altering the barrier thickness
or adding nanoparticles have demonstrated improvements in strength, conductivity, and overall functionality of
multi-walled carbon nanotubes (MWCNTSs), which have proven particularly effective among these because of
their superior dispersibility and electrical properties. IPMC Nafion matrix is a sulfonated tetrafluoroethylene-
based fluoropolymer composed of hydrophilic sulfonate (—SOs") ionic groups that facilitate ion migration and a
chemically stable hydrophobic backbone. For actuation and energy transmission, these ionic domains allow the
movement of exchanged cations (like Li*) or charge carriers like H". Its toughness, ionic conductivity, and overall
actuation performance can all be enhanced by ion-exchange implantation, additive addition, and molding methods,
including hot pressing or casting. With the goal to improve ionic conductivity, stiffness, solvent retention, and
overall actuation performance, recent manufacturing and regulation strategies optimize ion-exchange doping,
incorporate nanofillers, and apply new fabrication techniques to the Nafion matrix in IPMCs. Although carbon
nanomaterial-enhanced polymer composites are employed in many technical domains, their natural tendency to
aggregate may reduce their efficacy.

Without causing structural damage, methods such as surface modification, chemical treatment, and ultrasonication
enhance dispersion and integration, improving IPMCs’ electrical and mechanical performance.

The primary traits, process adjustments, performance indicators, and related regulatory and quality control
requirements of modern production and optimization techniques for [IPMCs are outlined in Table 1. It integrates
each method to industry standards, safety, and compliance while highlighting a variety of technological
advancements, such as 3D printing and fabrication aided by nanoparticles.
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Table 1. An overview of lonic Polymer—Metal Composites (IPMCs): Current Manufacturing Methods, Improvement Approaches, and
Regulatory Implications

Ref Manufacturing Key Features / Methods Metrics Regulatory/Quality
) Approach Advantages Changes Improved Considerations
Chemical REACH/RoHS
Electroless . . . . ]
. Uniform electrode reduction on Conductivity, compliance;
[15] Plating for .\ . . .
IPMCs deposition, cost-effective  Nafion-based adhesion chemical waste
membranes management
; Wastewater
Electroplating Higherdurability and Secon.d ary metal Surface resistance, treatment;
[16] Enhancementfor .. deposition after .
conductivity . tensile strength electrode
IPMCs seeding : ) .
uniformity testing
Layer-by-Layer Alternating Actuation ISO 13485

[17](LbL) IPMC Nano scale precision polyelectrolyte/metal Precisions documentation for
Assembly deposition sensitivity biomedical devices
Nanoparticle- Enhanced surface area. NP doping into the Actuation Nanoparticle

[18] AssistedIPMC lower voltage o eratio; polymer matrix or force, response release safety;
Fabrication ge op electrode time toxicity standards
3D Printing of Rapid prototyping Additive Customgeometry ﬁgg:;[g:turing

[19] IPMCs “.mh complex shapes manufacturing using performance qualification;
Conductive Inks polymer—metal inks . o

biocompatibility

Hybrid
Chemical—

Precision machining

Stability, bending

Multi-step process

[20] Mechanical Structuralrobustness . . traceability;
. + chemical plating endurance
Processing of operator safety
IPMCs
Iom(.: quuld Long-term hydration Nafion + ionic liquid Displacement Regulatory .
[21] Doping in stabili blendin stability inair  Ccarance for ionic
IPMCs ty & Y liquids in devices
Plasma Surface Improved electrode— Plasma etching prior Interface Emission control
[22] Treatment of olymer adhesion to platin bonding, for plasma systems
IPMCs POy P & displacement P Y
Carbon Nanocarbon safet
[23] Nanotube (CNT) Lightweight,high CNT layer coating Flexibility, Toto- Y
Electrode conductivity instead of metals conductivity p
cols
IPMCs
Graphene- Spray/inkjet Force output Nanomaterial-
[24] EnhancedIPMC  High electrochemical area pray/inxy but, . .
graphene on polymer voltage efficiency  specific regulations
Electrodes
PEDOT:.PSS Flexible,corrosion- Electrode . Durability, low- Medical-grade
[25] Conductive resistant replacement with voltage actuation polymer
Polymer IPMCs conductive polymer & certification
Hot-Pres.s Improvedelectrode Heatand pressure Mechanical Thermal process
[26] Lamination for . . . .
IPMCs integration bonding strength, sealing safety

Micro needle

Tool safety and

Larger effective contact ~ Mechanicalrolling Displacement,
[27] Roller Su.rface area before plating blocking force operator
Roughening protection
ISO design
Multi-Layer . . Stacked membrane verification for
[28] Stacking IPMCs Higher blocking force fabrication Force output multi-layer
actuators
Pt Dispersion . . .
SR Low-voltage,high- Uniform Pt nano . Platinum waste
[29] Optimization in . s Voltage efficiency
IPMCs performance particle distribution recovery
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Composite Custom mechanical Nafion blends with ~ Force/displacement Blocompatll.al!lty
[30] Membrane roperties PEO, PVDF, etc trade-off tunin and cytotoxicity
IPMCs prop ’ T ) & testing
[31] ISIE)ﬁZEnt-Cast Low-costscalable Solvent evaporation  Uniformity, VOC emission
Membranes membranes casting repeatability standards
[32] ﬁ; Optimized Data-driven material ML algorithms for Multimetric Data integrity
IPMC Design tuning NP/electrode choice  performance compliance
Electrode Mechanical
Penetration Balanced Time-controlled o QC for electrode
[33] . oo . . flexibility, . .
Control in flexibility/conductivity plating 2 depth uniformity
conductivity
IPMCs
Bio-Inspired T . Natural motion Ethical review for
[34] IPMC Structures Biomimetic actuation Patterned electrodes replication biomedical robotics

3. IPMCS MANUFACTURING PROCEDURE

Ionic Polymer-Metal Composites (IPMCs) are often produced through electrodeposition of precious metals like
platinum or gold onto Nafion membranes to form conductive electrodes, [35]. To improve actuation performance,
durability, and ionic conductivity, some treatments are being refined, such as surface roughening, ion exchange
treatments, and deposition processes. There are five essential processes in the fabrication of IPMCs, starting with
the selection of raw materials and ending with post-treatment [36]. Since a polymer membrane layered with
electrodes is essential to their operation and ion movement under voltage permits actuation, research focuses on
enhancing base film production and electrode plating to improve uniformity, conductivity, and overall
performance, [37].
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casting 4 AﬂerDrylng - plating L
(a) —

Nafion Electroless
Hot Press plating IPMC

AﬂerDryin: E : y ‘

(b)

3D Printing

(c)

E Nafion Electroless IPMC
After Dryin plating 1
ﬁ 4 Hold some Time ﬁ —_—

Fig. 1. IPMC fabrication techniques shown vertically: (a) solution casting, (b) hot pressing, and (¢) Nafion 3D printing

IPMCs can use various methods for their base membranes, including solution casting, hot pressing, and even 3D
printing, [38]. Solution casting offers advantages and disadvantages like any other technique. In this technique, a
film is made by pouring a resin solution on a surface, and after some time, during which the appropriate solvent
is used, a thin, uniform film is obtained. Unlike this method, hot pressing is quick, although it is costly, [39]. Here,
several polymer layers are fused into a single film, which requires great heat and pressure. While 3D printing can
take a long time and be expensive, it offers a great advantage in its material efficiency, allowing for greater
complexity in the shape of the IPMCs. While the chemical plating method is limited in its ability to control
thickness, it is fast and common, which works in its favor for plating electrodes. Sputtering deposition and
electroplating have their advantages and disadvantages, too, [40]. While sputtering provides smooth, uniform
coatings, it requires a vacuum system, which can be limiting. On the other hand, electroplating boosts conductivity
and durability, but is costly and energy inefficient. Direct plating has its problems, too, but requires great expertise.
By layering the polymers and electrodes on a metal foil, fast and low-cost options are made possible, [41].

To improve IPMC’s functions for varying devices, it is common for researchers to combine several methods, as
it allows for the removal of restrictions placed on individual techniques by trading off their unique advantages.
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Figure 1 shows three methods for the fabrication of IPMC (Ionic Polymer-Metal Composite) materials: (a)
solution casting, (b) hot pressing, and (c) 3D printing. For all fabrication methods, a Nafion precursor is prepared
and dried before electroless plating is performed to yield the final IPMC device.

The advantages and disadvantages of different IPMC fabrication techniques will be compared in Figure 2.
Although solution casting is easy to control and provides uniform thickness, its use is restricted by solvent
compatibility and an extensive preparation period, [42]. Despite requiring costly equipment, hot pressing is
effective and produces films rapidly. Elaborate layouts and outstanding resource utilization are made possible by
3D printing; however, it has drawbacks such as high costs, slow speed, and poor precision. Chemical plating has
a wide range of deposition capabilities and is quick and affordable, but it lacks precise control over film quality,
[43].
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Fig. 2. Advantages and disadvantages of different IPMC fabrication techniques

The phenomenon deposition produces consistent, high-quality films, but it requires specialized, expensive
equipment and vacuum conditions, [44]. Electroplating increases conductivity and structural strength, but it
requires a lot of energy, is expensive, and has a significant risk of imperfections. Direct assembly is low-cost and
environmentally beneficial, but it necessitates technical skill and meticulous process management. Overall, the
graph demonstrates a trade-off between performance and usability among different strategies.

4. WORKING PRINCIPLE OF IPMC-BASED SMART MATERIALS
Ion migration within a polymer membrane in response to an electric field is the basis for the workings of IPMC-

based smart materials, [45]. In a variety of usage, this movement allows the material to function as an actuator or
sensor by causing bending or deformation.
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Fig. 3. A demonstration of ion redistribution for sensing and actuation applications using an ionic polymer-metal
composite (IPMC) in both straight and bending circumstances

A central ionic membrane, such as Nation, is usually positioned between two noble metal electrodes, such as
platinum or gold, in IPMC. Cations and water molecules move towards the cathode when an electric field is
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applied, resulting in bending because of the uneven distribution of ions, [46]. On the other hand, IPMC functions
as both an actuator and a sensor when mechanical deformation causes ion migration, which produces a voltage,
[47]. Figure 3 demonstrates the way an lonic Polymer-Metal Composite (IPMC) responds when it is bent and
when it is not. While fixed anions stay immobile under bending deformation, hydrated cations redistribute towards
the stretched (outside) side. Because of the internal electric field produced by this ion migration, the IPMC can
act as a soft sensor and actuator.

5. SMART OPTIMIZATION APPROACHES FOR IPMC-BASED ACTUATORS

Optimization of design parameters and operating scenarios to increase IPMC-Based Actuators’ efficiency,
flexibility, and durability is the primary purpose of smart optimization approaches, [48]. These methods help to
improve performance with reduced energy consumption and precise motion control. The actuators are capable of
exceeding the specifications of certain systems by deliberately improving their design features and the
characteristics of the materials, [49]. In robotics, IPMCs, also known as “artificial muscles”. It is frequently
employed as an actuator in robotic animals and mobile devices, simulating the behaviours of actual muscles.
Innovations such as multilegged robots, lens actuators, tiny pumps, and dust removers for space cameras have
been powered by them, [50].
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Fig. 4. IPMC Actuator Load comparison

Figure 4 compares three different IPMC actuator model types based on six important performance parameters.
Nonphysical models provide simplicity but have lesser accuracy and explanatory power than physical-based
models, which rank highest in comprehensiveness, accuracy, and mechanism description, [51].

The ionomer and metal electrodes of IPMCs have a crucial interfacial layer that greatly affects their actuation
performance, mostly because of susceptibility. Gold, palladium, or platinum-based dendritic interfacial electrodes
(DIEs) have a greater surface area than granular ones, which improves electromechanical efficiency. IPMC’s
effectiveness in soft robotics scenarios is significantly increased by the formation of these high-surface-area DIEs
by techniques like as electroplating and impregnationreduction, [52]. Self-sensing actuation tackles improve
integration and eliminate the need for extra sensors by enabling simultaneous sensing and actuation within a single
smart material, [53]. Carbon nanofibers, dielectric elastomers, magnetorheological elastomers, and piezoelectric
are among the materials on which these techniques have been applied. They have a wide range of uses, such as
vibration control and structural health monitoring, [54]. In distinction to stacked or connected topologies, which
are not considered true Self-sensing actuation, self-sensing actuation options for ionic polymer-metal composites

(IPMCs) include monitoring impedance or charge or separating the material into separate actuator and sensor
fields.

6. IPMC-INTEGRATED SENSING MECHANISM

IPMCs are employed as sensors that translate mechanical stimuli like bending, pressure, or vibration into electrical
impulses, [55]. IPMC, which stands for integrated sensing mechanism, is an acronym given to this approach. This
approach takes advantage of IPMCs’ electrically active characteristics to provide sensitive, lightweight, and
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flexible, [56]. Sensing in realms such as soft automation, medical equipment, and devices for wearing. The internal
accessibility of ions in IPMC causes it to generate an electrical signal when triggered externally. It allows
distributed structures to sense position, pressure, humidity, motion, and deformation in soft robotics, [57].
Ambient humidity has a big impact on IPMC sensor performance since it can change how they respond
electrically. When compared to conventional strip-shaped sensors, novel designs like tube-shaped and gradient-
shaped devices have demonstrated increased sensitivity and responsiveness. Analyses that explain energy
formation under dynamic pressure reveal that the electrical response of IPMC sensors is controlled by structural
dimensions, humidity, and cation type, [58].

IPMC SENSOR ﬁ ELECTngt\)L SIGNAL |

|
J
Fig. 5. IPMC Sensor System Overview

An IPMC sensor is shown in Figure 5. It transforms mechanical displacement input d(t) into an electrical signal
output s(t). The physical properties of the sensor determine its response. To estimate distortion, alternative self-
sensing actuation techniques for IPMCs are presented in Table 2, each of which uses distinct electrical attributes.
Measurements of stored charge, signal frequency modulation, electrode impedance monitoring, and the separation
of actuator and sensor regions on the same material constitute a few of the methods.

Table 2. Integrated Sensing and Actuation Strategies for IPMCs

Integrated Sensing-

Reference How It Works Actuation Approach

Detects extension by employing voltage divider and ~ Actuation impedance
[59] bridge circuits to measure variations in the
impedance of the actuator electrode.

Detects variations in impedance brought on by Electromechanical
[60] bending using high-frequency signals and the Impedance
actuation voltage.

Measures the accumulated charge, which indicates ~Accumulated Charge on
[61] the degree of deformation, by momentarily turning IPMC
off the actuation voltage.

Separates the sensing and actuation regions of the Dual-Zone Sensor and
[62] same [PMC material through the formation of Actuator Layout
electrode patterns.

Using high-impedance circuitry, active voltage sensing in IPMCs provides a straightforward design by monitoring
the potential difference between electrodes during deformation, [63]. Investigation has consistently shown that
although IPMCs

generate identifiable voltage signals when bent, these signals are comparatively weak and affected by variables
such as ambient humidity, shape, and hydration. The performance of voltage sensing is limited at shorter
frequencies, and improvements through structural and material modifications are frequently required to increase
signal quality, even if it is feasible for dynamic applications, particularly above 1 Hz.

The variable voltage sensing frequency response magnitudes seen in different studies [64, 65] are shown in Figure
6. IPMCs exhibit consistent and consistent behavior throughout a wide frequency range when exposed to impact,
producing a damped voltage output as a result of fading free vibrations in the form of a sinusoid. Figure 6 shows
how the output voltage changes over time. The curves labeled a, b, ¢, and d track how the IPMC’s voltage sensing
responds to different conditions—things like excitation frequency, material thickness, solvent types, and how the
electrodes are set up. Whenever it comes to deformation sensitivity, IPMC control sensing outperforms
conventional sensors like PZT and PVDF, particularly in the 1-100 Hz range, [66]. As a result of high-pass filter
effects, sensitivity decreases below 2 Hz, and performance is greatly impacted by solvent type, temperature, and
material thickness. The functionality of IPMC control sensing is affected by sample shape, electrode design, and
ambient conditions, [67]. It is extremely sensitive to pressure and deformation.
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Fig. 6. IPMC Voltage Sensing Frequency Responses Reported

However, circuit constraints, leakage, and charge redistribution cause sensitivity to decrease at low frequencies,
requiring compensatory methods like inverse filtering, [68]. Using impedance or charge-based techniques, self-
sensing techniques allow for simultaneous actuation and sensing; yet, issues such as signal interference,
nonlinearity, and circuit complexity still exist.

7. APPLICATIONS OF IPMCS

IPMCs work by transforming electrical energy into mechanical motion when voltage drives ions within the
polymer, resulting in deformation, and they can also work in reverse, generating voltage from mechanical
movement, [69]. Depending on the energy conversion direction, they can be employed as actuators in grippers,
pumps, and biomimetic devices, or as sensors for bending, flow, energy harvesting, wearable, and humidity
monitoring. lonized polymer membranes with conductive coatings are used to make IPMC actuators, which bend
when voltage induces ion movement and osmotic pressure variations, [70]. Their flexibility, low-voltage
operation, and bidirectional motion make them popular in biomedical devices, grippers, micro-pumps, and
biomimetic robots. Soft robotic grippers, diaphragm micro-pumps, tactile feedback devices, movable intraocular
lenses, and robots that imitate creatures like dragonflies, beetles, dolphins, manta rays, caterpillars, and marine
life are just a few examples of the many applications, [71].

Gripper Biomimetic

Micro-Pump

Biomedical

Fig. 7. Distribution of IPMC Applications, with specific proportions for Gripper (25%), Micro-Pump (15%), Biomedical
(35%), and Biomimetic (25%), [87]

Figure 7 demonstrates a specific distribution of IPMC applications into four categories: Gripper, Micro-Pump,
Biomedical, and Biomimetic. Biomedical applications account for 35% of the market, followed by Gripper and
Biomimetic at 25% each, and Micro-Pump at 15%, [85].

68



Several applications of Ionic Polymer—Metal Composites (IPMCs) in robotics, biomedical engineering, sensing,
precision fluid control, and energy systems are compiled in Table 3. Their unique qualities, lightweight, flexible,
and low-voltage operation are highlighted, opening the door for developments including wearable sensors,
microfluidic devices, artificial muscles, and high-speed bioinspired actuators. Although IPMC actuators are useful
for MEMS, robotics, and biomedical devices, mechanical, displacement, and mass transfer issues restrict their
performance, [80]. Their actuation is explained and maximized by mathematical models, which can be empirical
and physics-based. However, high-accuracy models sometimes require a large amount of processing power.
Developments such as forward learning control and self-sensing models, which enable sensor-free operation,
provide improved device performance and simplified system design, [81].

Table 3. Application areas of lonic Polymer—Metal Composites (IPMCs), highlighting their roles in modern

manufacturing, biomedical engineering, robotics, sensing, and precision fluid control, based on recent

Application Area

Description & Key Insights

Actuation
(Biomimetic & Soft
Robotics)

IPMCs are leveraged for their lightweight, large deformation, and low-voltage
actuation, enabling applications in bionic robots, soft grippers, underwater
actuators, and energy harvesters, [72].

Biomedical Devices

Employed in medical tools such as micro-pumps, soft medical robots, and
micro fluidic components with precise low-voltage control, [73].

Sensing & Multi-
functional Devices

IPMCs serve as tactile and bending sensors, enabling human motion detection,
sign language recognition, gas sensing, and strain sensing. Their
multifunctionality also supports intelligent wearable devices, [74].

Used in microfluidic systems—such as micropumps, microvalves, and
micromixers—IPMCs enable efficient fluid control in point of-care
diagnostics and low-cost bioengineering setups, [75].

Due to their ability to mimic muscle-like behavior, IPMCs are used in artificial
muscle configurations, robotic manipulators, large bending actuators, and
even cryogenic applications, [76].

Precision Flow
Control

Artificial Muscles &
Robotics

Energy &

Environmental Sensors

Employed in energy harvesting devices, flow sensors, biosensors, humidity
sensors, and similar applications where low-voltage responsiveness is an asset,
[77].

Advanced Medical
Instruments

Latest innovations include IPMC-based catheters capable of multi-degree
bending controlled by low driving voltages (~2.5 V), showcasing potential for
precision medical instruments, [78].

Flying Robotics &
High-Speed Actuation

IPMCs have been utilized in bionic flying robots, achieving vibration
frequencies up to 30 Hz, thanks to enhanced electrode and electrolyte

engineering, [79].

8. EMERGING DIRECTIONS IN IPMC DEVELOPMENT

Innovative approaches to IPMCs development emphasize on boosting actuation performance, resilience, and
reactivity through composite designs, advanced components, and innovative manufacturing procedures, [82]. For
implementation in gathering energy, medicinal gadgets, and soft automation, investigators are also investigating
versatile IPMCs. Future IPMC-based creations will be dependent on models that balance application, accuracy,
and computing efficiency. Device design innovation, mechanism explanation, and performance efficiency will all
be made possible by such models.

This work reviews and contrasts the primary techniques and unique features of the four different categories of
IPMC actuator models: nonphysical, partial-physical, physical-based, and application-focused, [83]. Physical-
based models succeed in broadness, accuracy, and mechanism explanation but require high configuration effort,
computation, and time, while partial-physical models strike a balance with moderate accuracy, complexity, and
explanatory power. Figure 8 demonstrates that while nonphysical models are quick and easy to set up, they are
less comprehensive, less accurate, and unable to explain IPMC mechanisms, [86]. For the purpose of enhancing
accuracy, ability to adapt, and immediate form variable recognition, future research seeks to encompass artificial
intelligence, hybrid modeling, and other impacting aspects, including premature ageing. Currently, IPMC actuator
models mostly concentrate on minor deformations brought on by sensor constraints.
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Fig. 8. An evaluation of the accuracy, accuracy, computing complexity, configuration effort, time demand, and
explanatory actuating mechanism of nonphysical, partial physical, and physical-based IPMC actuator models is
presented in a radar chart

To permit high-performance, complex-shaped IPMC actuators that function dependably in a variety of realistic
situations, advances should focus on streamlining intricate PDE (partial differential equation)-based physical
models, improving numerical techniques, and closely integrating modeling with device development, [84].

9. CONCLUSIONS

IPMCs have significantly widened their use in biomedical devices, adaptive sensing systems, and soft robotics
due to recent manufacturing and regulatory techniques. In alongside advances like nanoparticle-reinforced
membranes, enhanced electrode materials, and layered structures, performance gains are the result of careful
control over the parameters of the polymer, electrode, and intermediate layer. These techniques improve actuation
efficiency, mechanical strength, and conductivity; nevertheless, problems with low output force, relaxation, and
short service life still exist. Manufacturing challenges constrain massive amounts of manufacturing, and especially
in obtaining repeatable transmembrane pretreatment, managing water content, and striking an appropriate
equilibrium between thickness, deformation, and reaction rate. Although they show promise, techniques like
solution casting, multilayer integration, and improved pretreatment processes need to be further enhanced for
reproducibility and resilience. Modeling, which can be empirical as well as physical-based, is essential to design
and regulation since it helps anticipate and control performance. Fortunately, complexities, nonlinearity, and
material behavioral variability limit substantial modeling solutions. Sensing techniques hold great promise in
environments that are unsuitable for classical actuators, although being less researched than actuation.
Optimizing aspects including membrane thickness, electrode placement, hydration management, and pre-work
are essential to obtaining the most dependable technology with the longest endurance. These insignificant
modifications made during manufacturing have a significant impact because they increase stability and maintain
consistent performance over time. Boosting potential with the integration of communication mechanisms and
advancements in active, passive, and self-sensing sensors additionally presents obstructions when it comes of
noise reduction and the accuracy of statistical examinations. The knack of IPMC to adapt to various media and
situations is further supported by flow sensing investigations. Even with advancements, sustaining consistency
and dependable performance over time is still difficult. Legislative activities benefit from the implementation of
control models for high-precision purposes and the evaluation of technological variables. Model-based regulation,
process optimized performance, and material innovation will need to work together to overcome current
limitations. After all the additional investigation, IPMCs play a significant role for future-oriented smart systems
of materials.

70



Author contributions: RKY, ST, SCS, PK: conceptualization (conception or design of the paper); RKY, ST,
SCS, PK: investigation; RKY, ST, SCS, PK: supervision; RKY, ST, SCS, PK: initial draft writing, editing, and
review. All authors have read and agreed to the published version of the manuscript.

Funding: This paper has received no external funding.

Contflicts of interest: There is no conflict of interest.

5. REFERENCES

[1]. Dayyoub T., Zadorozhnyy M., Ladokhin D., Askerov E., Filippova K., Iudina L., [ushina E., Telyshev D.,
Maksimkin A., (2025), lonic Electroactive Polymers as Renewable Materials and Their Actuators: A Review,
Journal of Renewable Materials, 13, DOI: 10.32604/jrm.2025.02024-0022.

[2]. Jaiswal S., Dhand C., Dwivedi N., (2025), Shape Morphable Sofi Machines and Systems Enabled by
Responsive Advanced Materials, Small Methods, €01019, DOI: 10.1002/smtd.202501019.

[3]. Hossain M., Rabbi M., Ali M., (2025), Shape Memory Alloys in Modern Engineering: Progress, Problems,
and Prospects, RSC Advances, 15, pp. 33046-33100, DOI: 10.1039/D5RA04560F.

[4]. Balcerak-Wozniak A., Dzwonkowska-Zarzycka M., Kabatc-Borcz J., (2024), A Comprehensive Review of
Stimuli-Responsive Smart Polymer Materials—Recent Advances and Future Perspectives, Materials, 17, 4255,
DOI: 10.3390/mal7174255.

[5]. Enyan M., Bing Z., Amu-Darko J., Issaka E., Otoo S., Agyemang M., (2025), Advances in Smart Materials
Soft Actuators on Mechanisms, Fabrication, Materials, and Multifaceted Applications: A Review, Journal of
Thermoplastic Composite Materials, 38, 302—370, DOI: 10.1177/08927057241248028.

[6]. Jiang J., Lin C., Xu S., Yu Y., Yao L., Huang Z., (2024), Application-Oriented Modeling of Soft Actuator
lonic  Polymer—Metal Composites: A Review, Advanced Intelligent Systems, 6, 2300568, DOI:
10.1002/aisy.2300568.

[7]. Zhang H., Lin Z., Hu Y., Ma S., Liang Y., Ren L., Ren L., (2023), Low-Voltage Driven lonic Polymer-Metal
Composite Actuators: Structures, Materials, and Applications, Advanced Science, 10, 2206135, DOI:
10.1002/advs.202206135.

[8]. Sarker A., Ul Islam T., Islam M.R., (2025), A Review on Recent Trends of Bioinspired Soft Robotics:
Actuators, Control Methods, Materials Selection, Sensors, Challenges, and Future Prospects, Advanced
Intelligent Systems, 7(3), 2400414, DOI: 10.1002/aisy.202400414.

[9]. Tzotzis A., Manavis A., Efkolidis N., Kyratsis P., (2024), Modeling the Strength-to-Mass Ratio of the Fused
Filament Fabricated ABS Polymer with ANN, International Journal of Modern Manufacturing Technologies,
XVI(2), DOI: 10.54684/ijmmt.2024.16.2.7.

[10]. Wang G., Sun Y., Ji A., Yin G., Ge H., Liu X., Tong X., Yu M., (2024), Review on the Research Progress
and Application of IPMC Sensors, Journal of Bionic Engineering, 21, 2687-2716, DOI: 10.1007/s42235-024-
00587-3.

[11]. Zhu Z., Bian C., Bai W., Hu Q., Chen S., (2022), Integrated Fabrication Process with Multiple Optimized
Factors for High Power Density of IPMC Actuator, International Journal of Smart and Nano Materials, 13, 643—
667, DOI: 10.1080/19475411.2022.2133187.

[12]. Minaian N., Olsen Z., Kim K., (2020), lonic Polymer-Metal Composite (IPMC) Artificial Muscles in
Underwater Environments: Review of Actuation, Sensing, Controls, and Applications to Soft Robotics, Bio
Inspired Sensing, Actuation, and Control in Underwater Soft Robotic Systems, 117-139, Springer, DOI:
10.1007/978-3-030-50476-2_6.

[13]. Naseem M., Islam M., Kareem A., Sultan M., Khan 1., Ahmad S., Ahmad A., (2025), Chitosan as a
Nanocomposite Matrix: Advances in Nanostructure Fabrication, Functional Properties, and Multidisciplinary
Applications, Journal of Materials Science, 1-30, DOI: 10.1007/s10853-025-10956-w.

[14]. Ch Yesaswi S., Sreekanth P., (2025), Evaluating the Bending Factors of Teflon Fabric-Reinforced IPMC
Membrane Under Hydrated and Dehydrated Conditions, Arabian Journal for Science and Engineering, 50,
13915-13930, DOI: 10.1007/s13369-024-09609-y.

[15]. Khursheed S., Khan M., Moeed K., Sultana S., (2021), 4 Review of Coating Materials for lonic Polymer
Metal Compounds  for Nafion-117, Materials Today: Proceedings, 46, 6655-6659, DOI:
10.1016/j.matpr.2021.04.112.

[16]. Yang L., Wang H., Zhang X., (2021), Recent Progress in Preparation Process of lonic Polymer-Metal
Composites, Results in Physics, 29, 104800, DOI: 10.1016/j.rinp.2021.104800.

[17]. Asgari E., Robichaud A., Cicek P., Shih A. (2024),Liquid Crystal Elastomers in Soft
Microelectromechanical Systems: A Review of Recent Developments, Journal of Materials Chemistry C, DOI:
10.1039/D4TC03282A.

71



[18]. Lugman M., Anis A., Shaikh H., Al-Zahrani S., Alam M., (2022), Synthesis, Characterization and
Fabrication of Copper Nanoparticles Embedded Non-Perfluorinated Kraton Based lonic Polymer Metal
Composite (IPMC) Actuator, Actuators, 11, 183, DOI: 10.3390/act11070183.

[19] Catana M., Mazurchevici S.-N., Carausu C., Mindru T.D., Nedelcu D., (2024), Bicomponent Additive
Manufacturing of Polymers — A Review, International Journal of Modern Manufacturing Technologies, XVI(2),
DOI: 10.54684/ijmmt.2024.16.2.13.

[20]. Xu Z., Shi P., Yan J., Zhao J., (2024), A Review of Somatic Design for Soft Robotic Grippers: From Parts
Integration to Functional Synergy, Advanced Intelligent Systems, 6, 2300788, DOI: 10.1002/aisy.202300788.
[21]. Liu Q., Liu H., Zhang W., Ma Q., Xu Q., Hooshyari K., Su H., (2024), Enhancing Polymer Electrolyte
Membrane Fuel Cells with lonic Liquids: A Review, Chemistry — A European Journal, 30, €202303525, DOI:
10.1002/chem.202303525.

[22]. Mariello M., Es 1., Proctor C., (2024), Soft and Flexible Bioelectronic Micro-Systems for Electronically
Controlled Drug Delivery, Advanced Healthcare Materials, 13, 2302969, DOI: 10.1002/adhm.202302969.

[23]. Khan F., Mubarak N., Khalid M., Khan M., Tan Y., Walvekar R., Abdullah E., Karri R., Rahman M., (2022),
Comprehensive Review on Carbon Nanotubes Embedded in Different Metal and Polymer Matrix: Fabrications
and Applications, Critical Reviews in Solid State and Materials Sciences, 47, 837-864, DOI:
10.1080/10408436.2021.1935713.

[24] Huang Y., Kormakov S., He X., Gao X., Zheng X., Liu Y., Sun J., Wu D., (2019), Conductive Polymer
Composites from Renewable Resources: An Overview of Preparation, Properties, and Applications, Polymers,
11, 187, DOI: 10.3390/polym11020187.

[25]. Acharya R., Dutta S., Patil T., Ganguly K., Randhawa A., Lim K., (2023), 4 Review on Electroactive
Polymer—Metal Composites: Development and Applications for Tissue Regeneration, Journal of Functional
Biomaterials, 14, 523, DOI: 10.3390/jfb14100523.

[26]. Zhao J., Dong Y., Zhang Z., Yang D., Zhang S., Jia M., (2025), Study on the Energy Storage and Driving
Performance of IPMC with Laminated Structure Electrodes, Coatings, 15, 577, DOI: 10.3390/coatings15050577.
[27]. Ebrahiminejad V., (2023), Design and Fabrication of Micro Needle Patches, Micro Blades and Featured
Insertion Applicator for Optimising Transdermal Drug Delivery, PhD Thesis, University of Southern Queensland,
DOI: 10.3762/bjnano.13.55.

[28]. Bian C., Zhu Z., Bai W., Chen H., (2021), Highly Efficient Structure Design of Bending Stacking Actuators
Based on IPMC with Large Output Force, Smart Materials and Structures, 30, 075033, DOI: 10.1088/1361-
665X/ac0398.

[29]. Lai J., Zeng B., Liu J., Zhang J., Pei W., Zhou Y., Liu Y., Li J., Tong Y., (2024), Current Research Status
of lonic Polymer—Metal Composites in Applications of Low-Voltage Actuators, Materials Advances, 5, 4601—
4617, DOI: 10.1039/D4AMA00040D.

[30]. Narvaez D., Newell B., (2025), A Review of Electroactive Polymers in Sensing and Actuator Applications,
Actuators, 14, 258, DOI: 10.3390/act14060258.

[31]. McCracken J., Donovan B., White T., (2020), Materials as Machines, Advanced Materials, 32, 1906564,
DOI: 10.1002/adma.201906564.

[32]. Chaitanya K.S.K., Datta S., (2022), AI-Based Design of Hybrid lonic Polymer—Metal Composite with CNT
and Graphene, Journal of the Institution of Engineers (India): Series D, 103(1), 37—44, DOI: 10.1007/s40033-
021-00314-w.

[33]. Hao M., Wang Y., Zhu Z., He Q., Zhu D., Luo M., (2019), 4 Compact Review of IPMC as Soft Actuator
and Sensor: Current Trends, Challenges, and Potential Solutions from Our Recent Work, Frontiers in Robotics
and Al, 6, 129, DOI: 10.3389/frobt.2019.00129.

[34]. Pachkawade V., (2025), Bio Inspired Micro-Electromechanical Systems/Nano-Electromechanical Systems:
An Overview, Applications, and Perspective, Nature-Derived Sensors, 267-293, Elsevier, DOI: 10.1016/B978-0-
443-22002-9.00011-7.

[35]. Zizhe L., Rauf' S., Xu Z., Sagar R., Faisal F., Tayyab Z., Rehman R., Javed R., Surulinathan A., Zafar Z., et
al., (2025), Advanced Fabrication Techniques for Polymer-Metal Nanocomposite Films: State-of-the-Art
Innovations in Energy and Electronic Applications, Chemical Science, DOI: 10.1039/D4SC04600E.

[36]. Szalai S., Herold B., Kurhan D., Németh A., Sysyn M., Fischer S., (2023), Optimization of 3D Printed Rapid
Prototype Deep Drawing Tools for Automotive and Railway Sheet Material Testing, Infrastructures, 8(3), 43,
DOI: 10.3390/infrastructures8030043.

[37]. Nagao Y., (2024), Proton-Conducting Polymers: Key to Next-Generation Fuel Cells, Electrolyzers,
Batteries, Actuators, and Sensors, ChemElectroChem, 11(12), €202300846, DOI: 10.1002/celc.202300846.

72



[38]. Zizhe L., Rauf S., Xu Z., Sagar R., Faisal F., Tayyab Z., Rehman R., Javed R., Surulinathan A., Zafar Z., et
al., (2025), Advanced Fabrication Techniques for Polymer-Metal Nanocomposite Films: State-of-the-Art
Innovations in Energy and Electronic Applications, Chemical Science, DOI: 10.1039/D4SC04600E.

[39]. Atay H., (2020), Fabrication Methods for Polymer Coatings, Polymer Coatings: Technology and
Applications, pp. 1-20, Wiley, DOI: 10.1002/9781119655145.chl.

[40]. Kim N., Kang S., Kim T., Kim S., Kim G., (2025), Electroless Plating on Polymer Surfaces: Comprehensive
Review of Mechanism, Process, Analysis, and Future Applications, Advanced Materials Interfaces, 12, 2400931,
DOI: 10.1002/admi.202400931.

[41]. Zhang Z., Song Y., Zhang B., Wang L., He X., (2023), Metallized Plastic Foils: A Promising Solution for
High-Energy Lithium-lon Battery Current Collectors, Advanced Energy Materials, 13, 2302134, DOI:
10.1002/aenm.202302134.

[42]. Tewari K., Thapliyal D., Bhargava C., Verma S., Mehra A., Rana S., Gautam A., Verros G., Arya R., (2024),
Innovative Coating Methods for the Industrial Applications, Functional Coatings: Innovations and Challenges,
23-50, Wiley, DOI: 10.1002/9781394207305.

[43]. Han X., Lin X., Sun Y., Huang L., Huo F., Xie R., (2024), Advancements in Flexible Electronics
Fabrication: Film Formation, Patterning, and Interface Optimization for Cutting-Edge Healthcare Monitoring
Devices, ACS Applied Materials & Interfaces, 16, pp. 54976-55010, DOI: 10.1021/acsami.4c11976.

[44]. Toma F., Rahman S., Hussain K., Ahmed S., (2024), Thin Film Deposition Techniques: A Comprehensive
Review, Journal of Modern Nanotechnology, 4, DOI: 10.53964/jmn.2024006.

[45]. Park S., Kim S., Park S., Lee J., Kim H., Kim M., (2022), Recent Progress in Development and Applications
of lonic Polymer—Metal Composite, Micromachines, 13, 1290, DOI: 10.3390/mi13081290.

[46]. Gongalves R., Tozzi K., Saccardo M., Zuquello A., Barbosa R., Oliveira Blanco G., Hirano L., Scuracchio
C., (2024), Review on the Use of Impedance Spectroscopy for IPMC-Like Devices: Application, Models, and a
New Approach to Data Treatment, Materials Advances, 5, 1817-1845, DOI: 10.1039/D3MA00593C.

[47]. Gongalves R., Tozzi K., Saccardo M., Zuquello A., Barbosa R., Oliveira Blanco G., Hirano L., Scuracchio
C., (2024), Review on the Use of Impedance Spectroscopy for IPMC-Like Devices: Application, Models, and a
New Approach to Data Treatment, Materials Advances, 5, 1817-1845, DOI: 10.1039/D3MA00593C.

[48]. Tomar A., Mukherjee S., (2024), Designing of Control-Oriented Position Controller for Biomimetic
Underwater IPMC Propulsor, Journal of the Brazilian Society of Mechanical Sciences and Engineering, 46, 532,
DOI: 10.1007/s40430-024-05095-3.

[49]. Brown N., Ames D., Mueller J., (2025), Multimaterial Extrusion 3D Printing Printheads, Nature Reviews
Materials, 1-19, DOI: 10.1038/s41578-025-00809-y.

[50]. Bhattacharya S., (2022), Introduction to IPMC, Its Application and Present Scenario, lonic Polymer-Metal
Composites, 1-15, CRC Press, DOI: 10.1201/9781003204664.

[51]. Zhang G., Luo X., Zhang L., Li W., Wang W., Li Q., (2025), A Framework of Indicators for Assessing Team
Performance of Human—Robot Collaboration in Construction Projects, Buildings, 15(15), 2734, DOI:
10.3390/buildings15152734.

[52]. Carrico J., Tyler T., Leang K., (2017), A Comprehensive Review of Select Smart Polymeric and Gel
Actuators for Soft Mechatronics and Robotics Applications: Fundamentals, Freeform Fabrication, and Motion
Control, International Journal of Smart and Nano Materials, 8, 144-213, DOI: 10.1080/19475411.2018.1438534.
[53]. Farzin M., Naghib S., Rabiee N., (2024), Advancements in Bio-Inspired Self-Powered Wireless Sensors:
Materials, Mechanisms, and Biomedical Applications, ACS Biomaterials Science & Engineering, 10, 1262-1301,
DOI: 10.1021/acsbiomaterials.3c01633.

[54]. Mohd Isa W., Hunt A., HosseinNia S., (2019), Sensing and Self-Sensing Actuation Methods for lonic
Polymer—Metal Composite (IPMC): A Review, Sensors, 19, 3967, DOI: 10.3390/s19183967.

[55]. Gongalves R., Tozzi K., Saccardo M., Zuquello A., Barbosa R., Oliveira Blanco G., Hirano L., Scuracchio
C., (2024), Review on the Use of Impedance Spectroscopy for IPMC-Like Devices: Application, Models, and a
New Approach to Data Treatment, Materials Advances, 5, 1817-1845, DOI: 10.1039/D3MA00593C.

[56]. Dayyoub T., Zadorozhnyy M., Ladokhin D., Askerov E., Filippova K., Iudina L., Tushina E., Telyshev D.,
Maksimkin A., (2025), lonic Electroactive Polymers as Renewable Materials and Their Actuators: A Review,
Journal of Renewable Materials, 13, DOI: 10.32604/jrm.2025.02024-0022.

[57]. Hegde C., Su J., Tan J., He K., Chen X., Magdassi S., (2023), Sensing in Soft Robotics, ACS Nano, 17,
15277-15307, DOI: 10.1021/acsnano.3¢04089.

[58]. Narvaez D., Newell B., (2025), 4 Review of Electroactive Polymers in Sensing and Actuator Applications,
Actuators, 14, 258, DOI: 10.3390/act14060258.

73



[59]. Wagner J., Schliep A., Lin Y., Fiukowski O., Nebesnyi R., Pich A., Schnakenberg U., (2025), 4 Versatile
and Robust System for Electrical Droplet Position Sensing in a Digital Microfluidic Platform, Sensors and
Actuators A: Physical, 116880, DOI: 10.1016/j.sna.2025.116880.

[60]. Salinero G., Robles G., (2025), Designing a Capacitive Sensor to Detect Series Arcs in Aircraft HVDC
Electrical Systems, Sensors, 25, 4886, DOI: 10.3390/525164886.

[61]. Mohd Isa W., Hunt A., HosseinNia S., (2019), Sensing and Self-Sensing Actuation Methods for lonic
Polymer—Metal Composite (IPMC): A Review, Sensors, 19, 3967, DOI: 10.3390/s19183967.

[62]. Jo S.-J., Park C., Kwak Y., Kim J., (2025), A Seed-Inspired 3D Electroionic Flier with Obliquely Embossed
lonic Polymer Actuators for Tunable Autorotation and Lift, Sensors and Actuators Reports, 100393, DOI:
10.1016/j.snr.2025.100393.

[63]. Raghavan S., (2024), Novel Method for Electrically Tuning the Resonant Frequency of Piezoelectric
Vibration Energy Harvester (PVEH) by Using Low Power Actuation, Research Report/Thesis, available at:
https://dspace.library.uvic.ca/items/c4a78f35-4797-4cbe-9aef-7f90b2{6dbe9

[64]. Mohd Isa W., Hunt A., HosseinNia S., (2019), Sensing and Self-Sensing Actuation Methods for lonic
Polymer—Metal Composite (IPMC): A Review, Sensors, 19, 3967, DOI: 10.3390/s19183967.

[65]. Newbury K., (2002), Characterization, Modeling, and Control of lonic Polymer Transducers, PhD Thesis,
Virginia Polytechnic Institute.

[66]. Aabloo A., Belikov J., Kaparin V., Kotta U., (2020), Challenges and Perspectives in Control of Ionic
Polymer-Metal Composite (IPMC) Actuators: A Survey, 1EEE Access, 8, 121059-121073, DOI:
10.1109/ACCESS.2020.3007020.

[67]. Meng L., (2025), The Application of IPMC Material Sensors in Collecting Flow Rates of Products, Materials
Science, 31, 75-84, DOI: 10.5755/j02.ms.37462.

[68]. Ying D., Hall D., (2021), Current Sensing Front-Ends: A Review and Design Guidance, IEEE Sensors
Journal, 21, 2232922346, DOI: 10.1109/JSEN.2021.3094830.

[69]. Gupta A., Mukherjee S., (2025), lonic Polymer—Metal Composites: Smart Multifunctional Properties and
Applications in an Underwater Environment, Nanocomposite Manufacturing Technologies, 227-241, Elsevier,
DOI: 10.1016/B978-0-12-824329-9.00001-2.

[70]. Marguta A., Mazurchevici S.-N., Nedelcu D., (2022), Coated Polymers — A Review, International Journal of
Modern Manufacturing Technologies, XIV(2), 128-144, DOI: 10.54684/ijmmt.2022.14.2.128.

[71]. Park S., Kim S., Park S., Lee J., Kim H., Kim M., (2022), Recent Progress in Development and Applications
of lonic Polymer—Metal Composite, Micromachines, 13, 1290, DOI: 10.3390/mi13081290.

[72]. Kulkarni M., Edward S., Golecki T., Kaehr B., Golecki H., (2025), Soft Robots Built for Extreme
Environments, Soft Science, 5(1), DOI: 10.20517/ss.2023.51.

[73]. Naghib S., Rezaeian Y., (2025), Microfluidic Micropumps. Advancing Biomedical Applications with Micro
Electromechanical-Based Systems (MEMS), Frontiers of Nanobiotechnology: Microfluidic Devices and
BioMEMS for the Future, pp. 93—135, Springer, DOI: 10.1007/978-3-031-88419-1 4.

[74]. Nong H., Jin M., Pan C., Zhou H., Zhang C., Pan X., Chen Y., Wei X., Lu Y., Zhao K., et al., (2024),
Intelligent Sensing Technologies Based on Flexible Wearable Sensors: A Review, IEEE Sensors Journal, 24,
22197-22217, DOI: 10.1109/JSEN.2024.3405173.

[75]. Naghib S., Rezaeian Y., (2025), Microfluidic Micropumps.: Advancing Biomedical Applications with Micro
Electromechanical-Based Systems (MEMS), Frontiers of Nanobiotechnology: Microfluidic Devices and
BioMEMS for the Future, 93—135, Springer, DOI: 10.1007/978-3-031-88419-1 4.

[76]. He Q., Yin G., Vokoun D., Shen Q., Lu J., Liu X., Xu X., Yu M., Dai Z., (2022), Review on Improvement,
Modeling, and Application of lonic Polymer Metal Composite Artificial Muscle, Journal of Bionic Engineering,
19, 279-298, DOI: 10.1007/s42235-022-00153-9.

[77]. Riaz A., Sarker M., Saad M., Mohamed R., (2021), Review on Comparison of Different Energy Storage
Technologies Used in Micro-Energy Harvesting, WSNs, Low-Cost Microelectronic Devices: Challenges and
Recommendations, Sensors, 21, 5041, DOI: 10.3390/s21155041.

[78]. Dayyoub T., Zadorozhnyy M., Ladokhin D., Askerov E., Filippova K., Iudina L., Tushina E., Telyshev D.,
Maksimkin A., (2025), lonic Electroactive Polymers as Renewable Materials and Their Actuators: A Review,
Journal of Renewable Materials, 13, DOI: 10.32604/jrm.2025.02024-0022.

[79]. Dewang Y., Sharma V., Baliyan V.K., Soundappan T., Singla Y.K., (2025), Research Progress in
Electroactive Polymers for Soft Robotics and Artificial Muscle Applications, Polymers, 17(6), 746, DOI:
10.3390/polym17060746.

[80]. Ghazali F., Hasan M., Rehman T., Nafea M., Ali M., Takahata K., (2020), MEMS Actuators for Biomedical
Applications: A Review, Journal of Micromechanics and Microengineering, 30, 073001, DOI: 10.1088/1361-
6439/ab8832.

74



[81]. Rivkin B., Becker C., Akbar F., Ravishankar R., Karnaushenko D., Naumann R., Mirhajivarzaneh A.,
Medina-Sanchez M., Karnaushenko D., Schmidt O., (2021), Shape-Controlled Flexible Microelectronics
Facilitated by Integrated Sensors and Conductive Polymer Actuators, Advanced Intelligent Systems, 3, 2000238,
DOI: 10.1002/aisy.202000238.

[82]. Simdes S., (2024), High-Performance Advanced Composites in Multifunctional Material Design: State of
the Art, Challenges, and Future Directions, Materials, 17, 5997, DOI: 10.3390/mal7235997.

[83]. Mittal V., Lotwin M., Shah R., (2025), 4 Review of Bio-Inspired Actuators and Their Potential for Adaptive
Vehicle Control, Actuators, 14(7), 303, DOI: 10.3390/act14070303.

[84]. Tejada J., Toro-Ossaba A., Lopez-Gonzalez A., Hernandez-Martinez E., Sanin-Villa D., (2025), 4 Review
of Multi-Robot Systems and Soft Robotics: Challenges and Opportunities, Sensors, 25, 1353, DOI:
10.3390/s25051353.

[85]. Park S., Kim S., Park S., Lee J., Kim H., Kim M., (2022), Recent Progress in Development and Applications
of lonic Polymer—Metal Composite, Micromachines, 13, 1290, DOI: 10.3390/mi13081290.

[86]. Nasrollah A., Soleimanimehr H., Haghighi S.B., (2024), IPMC-Based Actuators: An Approach for
Measuring a Linear Form of Its Static Equation, Heliyon, 10(4), e24687, DOI: 10.1016/j.heliyon.2024.e24687.
[87]. Sideris E.A., (2024), Realization of a Linear Peristaltic Pump Using Smart Materials, Research
Thesis/Dissertation, available at: https://sl1nk.com/1t9t8tt

[88]. Shahinpoor M., (2020), Polymer-Metal Composites (IPMCs) as Smart Materials, Fundamentals of Smart
Materials, 203-221, https://doi.org/10.1039/BK9781782626459-00203.

[89]. Aabloo A., Belikov J., Kaparin V., Kotta U., (2020), Challenges and Perspectives in Control of lonic
Polymer-Metal Composite (IPMC) Actuators: A Survey, 1EEE Access, 8, 121059-121073, DOI:
10.1109/ACCESS.2020.3007020.

[90]. Majeed H., Iftikhar T., (2026), Intelligent Manufacturing in Industry 4.0 with loT-Driven Automation and
Smart Systems, Intelligent Manufacturing in Industry 6.0: A Climate Resilience Approach, pp. 95-129, Springer,
DOI: 10.1007/978-3-032-07278-8 4.

[91]. He Q., Yin G., Vokoun D., Shen Q., Lu J., Liu X., Xu X., Yu M., Dai Z., (2022), Review on Improvement,
Modeling, and Application of lonic Polymer Metal Composite Artificial Muscle, Journal of Bionic Engineering,
19, 279-298, DOI: 10.1007/s42235-022-00153-9.

Received: March 15%, 2026 / Accepted: June 15%, 2026 / Paper available online: June 20", 2026 © International Journal
of Modern Manufacturing Technologies.

75



