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Highlights:  

⚫ EAPs provide precise motion control for advanced haptic interfaces. 

⚫ Performance optimization of EAPs enhances their application potential. 

⚫ AI integration will enable smarter, personalized haptic interactions. 

Abstract: In the context of rapid technological advancement, haptic human-machine interfaces (HMIs) 

enhance user experience by simulating touch. Electroactive polymers (EAPs) are smart materials with 

high responsiveness, flexibility, and tunability, making them suitable for haptic actuators and feedback 

applications. This review examines the role of EAPs in haptic interaction, analyzing driving 

mechanisms, structural design, functional materials, fabrication methods, and practical applications. We 

also address challenges like performance limitations and manufacturing complexities, while discussing 

future trends in material optimization, structural design, and innovative driving strategies. This review 

serves as a valuable reference for future research and technological advancements in EAPs.  
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1. Introduction 

The skin is the largest organ of the human body, accounting for approximately 15% of body weight. Its 

dense network of tactile nerve endings and receptors enables it to detect mechanical, thermal, and chemical 

signals in the environment with remarkable sensitivity. As one of the primary means by which humans 

perceive the world, tactile sensation is crucial for maintaining and enriching various physical activities in 

our lives, making it a focal point of research in Human-machine interface (HMI) devices [1–6]. 

Electroactive Polymers (EAPs) have become key materials in haptic feedback due to their unique 

properties, such as high energy density, lightweight, stretchability, and good biocompatibility [7–10]. 

https://creativecommons.org/licenses/by/4.0/
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These smart materials can undergo changes in shape or volume under electrical stimulation, generating 

signals such as force, vibration, or temperature to achieve precise tactile feedback. This characteristic 

endows EAPs with significant potential in tactile drive technology, making them an ideal choice for 

innovative HMI devices. 

Research on EAPs began in the 1960s, and with advancements in nanotechnology and materials 

science, researchers gradually introduced various types of EAP materials, including polymer gels, 

conductive polymers, and ionic polymers. They have progressively focused on enhancing response 

speed, force output, and durability to accommodate more complex tactile applications. Over the past 

decade, EAPs have experienced rapid development in the field of haptics, with researchers integrating 

EAPs into haptic human-machine interfaces to develop devices capable of simulating a range of tactile 

experiences, such as haptic feedback gloves and electronic skin in virtual reality [11–16]. However, 

despite the significant potential of EAPs in the realm of haptic actuators, several challenges remain [17]. 

For instance, improving the response speed and efficiency of EAPs, extending their lifespan, and 

effectively integrating them into existing electronic systems are ongoing issues. In specific application 

scenarios, such as medical prosthetics, EAPs also face challenges related to biocompatibility and long-

term stability. In recent years, researchers have focused on optimizing the driving efficiency and stability 

of EAPs to achieve longer operational times and greater tactile precision, further enriching the tactile 

emotional experience. 

Amid the rapid development of smart materials in the field of HMI, many research teams have 

provided detailed reviews [18]. Tan et al. [19] explored the high actuation performance of soft haptic 

actuators and the principles and challenges of their driving stimulation classifications. Meanwhile, 

Yang et al. [20] focused on the applications of active materials in virtual and augmented reality, discussing 

innovations in haptic technology, sensors, actuators, and future trends in remote haptic interaction. 

However, there is still a lack of systematic summaries regarding EAPs in the field of haptic actuators. 

 

Figure 1. Overview of EAPs haptic actuators used in HMIs [21–28]. Reprinted with permission. 

Copyright 2023, John Wiley and Sons. Copyright 2024, Elsevier. Copyright 2021, Elsevier. 
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In this review, we categorize and summarize the driving principles of EAPs, exploring their 

structural design methods, material types, and preparation techniques for haptic actuators (see Figure 1). 

The focus will shift to practical application examples, analyzing the current challenges faced and 

outlining future development trends. Through this review, we aim to provide a reference framework for 

researchers and engineers engaged in tactile drive applications, while inspiring new research ideas and 

innovative designs. 

2. Driving principles of EAPs 

In exploring the applications and advances of EAPs in haptic HMIs, it is essential to first understand how 

these smart materials respond to external stimuli to generate mechanical motion. EAPs operate based on 

their ability to undergo mechanical deformation under an electric field. These smart materials typically 

exhibit dielectric elastomer properties, where the internal molecules realign in response to changes in the 

electric field when a voltage is applied. Consequently, the material’s volume or shape changes, making 

EAPs an ideal choice for manufacturing tactile interaction devices. Based on the EAPs’ driving principles 

and activation mechanisms, the most common driving principles for EAPs are outlined in Table 1, which 

summarizes the performance characteristics of different types of EAP-based haptic actuators. 

Table 1. Performance of Different Types of EAP Haptic Actuators. 

Mechanism Structure Materials 

Input 

(electrical 

signal) 

Output 

parameters /  
character 

Array 

Actuator size 
Application Ref. 

Ion driving 
mechanisms 

Multilayer 

Ionic liquid, 

lithium salt 
PEDOT:PSS electrodes 

0.1–110 Hz 
±2 V 

0.48 mN 
Bending: 3 μm 
Ionic conductivities: 
3.0 × 10−4 S/cm 

Ring: 5 actuators 

Thickness: 55 μm 
Area: 20 × 4 mm2 

Finger ring-

shaped haptic 
interface 

[29] 

Fabric Liquid metal-hydrogel 135 V 
Stretchability: 
400% 

128 pixels over the 
palm 

Fully integrated 
breathable 
haptic textile 

[30] 

Electronic 
driving 
mechanism 

“Air-
bubble” 
electret 
structure 

FEP/Air/FEP/Al/PI 
films 

10–500 Hz 
5–20 V 

Power density: 3.25 
W/kg 

Array: 3 × 3 
Pixel size: 2 × 2 cm2 

Wearable 
electronics 

[26] 

Multilayer 
chamber 

Electret 
100–150 Hz 
200 V 

Force :55 mN 
18 pixels 
6 × 3 cm2 

Cognitive 
Assistance 
Navigation 

Braille 

[31] 

Multilayer DEA 
0–400 Hz 
0–4 kV 

Force: 8.48 N 

Displacement: 0.46 
mm 

Diameter < 15 mm 
Height < 10 mm 

Fingertip tactile 
device 

[25] 

Thermal or 
novel driving 
mechanisms 

Auxetic 
structure 

Shape-memory alloys 2.5–7.5 V 

Time to reach 60 ℃: 

1–10 s 
Resistive force:20 N 

SMA: 350 μm 
WHAF: 80 × 75 mm 

Wearable haptic 
fabric 

[32] 

Chamber 
PVC gel composite 
Dielectric liquid 

0.1–300 Hz 
0–2.1 kV 

Vibrational force: 

2.4 N 
Height: 2.2 mm 

Area: 38 × 38 mm2 
Thickness: 1.5 mm 

Tactile display [33] 

Chamber 
Laminated 

Dielectric liquid 
Dielectric shell 
PET film 

0–200 Hz 
0–6 kV 

Forces: 2.3 N 
Actuation stroke: 
2.44 mm 

Ten-pouch actuators 
Area: 14 × 14 mm2 

Cutaneous 

electrohydraulic 
wrist-wearable 
device 

[34] 
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2.1. Ion driving mechanisms  

Ionic polymer-metal composites (IPMCs) are among the most representative materials in ion-driven 

mechanisms [35,36]. As shown in Figure 2a, when a voltage (1–5 V) is applied across the ends of an 

IPMC, an electric field forms within the base membrane. Cations within the membrane bind to water 

molecules and migrate from the anode to the cathode, causing water molecule expansion on the cathode 

side and contraction on the anode side, leading to the macroscopic bending deformation of the IPMC. 

Another type of ion-driven material is gel-based ionic polymers [37,38], which are generally composed 

of a hydrogel matrix and ion exchange resins. The hydrogel matrix provides a structure to retain water 

molecules, while the ion exchange resin facilitates ion migration. When voltage is applied, the water 

molecules within the hydrogel move accordingly, driving ion migration in the ion exchange resin and 

resulting in volume changes in the gel material. These volume changes can be tailored by designing gels 

with varying structures and material compositions to achieve diverse shapes and movement modes, 

offering a wider range of applications for haptic HMI. Key characteristics of these materials include fast 

response speed, large deformation amplitude, and low energy consumption. 

 

Figure 2. Driving principles of EAPs: (a) Ion migration. (b) Piezoelectric effect. (c) Electrically 

induced shape deformation. (d) Hydraulically amplified self-healing electrostatic. 
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2.2. Electronic driving mechanisms 

Electronic driving mechanisms are common in dielectric elastomers (DEs) [39–41], a type of electroactive 

polymer material that operates based on the inverse piezoelectric effect. As shown in Figure 2b, when voltage 

is applied across the two sides of the DE, electrical energy is converted into mechanical energy. According 

to Maxwell’s equations, the applied electric field generates mechanical stress within the material, causing a 

change in its internal polarization direction and leading to mechanical deformation [42,43]. Specifically, 

when voltage is applied along the thickness direction of the material (typically in the range of several 

kilovolts), the dielectric membrane undergoes strain due to the Maxwell stress induced by the high 

electric field. This strain causes the membrane to decrease in thickness and expand in area, resulting in 

a volume change. This volume change drives mechanical motion in the DE, such as expansion, 

contraction, or bending. 

2.3. Thermal and novel driving mechanisms 

In addition to traditional electronic and ionic driving mechanisms, thermal driving mechanisms and other 

novel driving technologies have gained widespread application in the field of haptic HMIs in recent 

years. Thermal driving mechanisms primarily rely on the deformation of materials when heated, 

typically achieved through thermal expansion or phase transitions (see Figure 2c). Unlike electronic 

driving mechanisms, the advantage of thermal driving is that it can directly drive material deformation 

using temperature differences or heat sources, without the need for complex circuits or high voltage. 

This offers a safer and simpler driving solution. 

Thermal driving materials often use shape-memory polymers (SMPs) or thermally responsive 

materials [44–46], which undergo physical deformation upon heating and exhibit self-recovery or 

memory functions. SMPs are a special class of EAPs with shape memory properties. When an electric 

current is applied, SMPs undergo Joule heating, resulting in phase changes and shape alterations. This 

characteristic allows SMPs to achieve sustained deformation in haptic HMIs without the need for 

continuous current application to maintain the shape, thus reducing energy consumption. While SMPs 

do not possess inherent electrical conductivity, they can acquire electroactive capabilities by being 

combined with conductive materials. 

In addition to thermal driving, other novel driving mechanisms are also being explored, such as 

light-driven, magnetic-driven, and chemical-driven mechanisms [38,47,48]. Light-driven mechanisms 

utilize light energy to trigger material deformation, typically for driving light-responsive materials or 

photoactive polymers. Magnetic driving uses external magnetic fields to influence magnetic materials, 

demonstrating unique advantages, particularly in miniature and nanoscale applications. Furthermore, 

chemical-driven materials undergo deformation through chemical reactions or ion exchange, and their 

tunability and environmental friendliness make them an emerging driving technology.  

Although DEAs exhibit excellent electromechanical performance, they face challenges in the field of 

haptic actuators such as low driving force and difficulty in expressing complex shapes. To address these 

issues, the hydraulically amplified self-healing electrostatic (HASEL) actuator has emerged as a new type 

of artificial muscle, incorporating dielectric oil into the interior of DEAs [49]. The HASEL actuator 

integrates fluid-driven technology into the basic structure of DEAs, solving the issue of fluid’s amorphous 

nature while also achieving self-healing properties. The basic structure of a HASEL actuator consists of a 
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deformable flexible shell filled with liquid, with flexible electrodes partially covering the surface of the 

shell (as shown in Figure 2d). Under the influence of electrostatic forces, HASEL actuators compress the 

liquid, which is concentrated in areas not covered by electrodes (acting like pumping fluid) [50–52]. 

Herbert Shea’s team [53] expanded on the principle of HASEL actuators by adding a stretchable thin film. 

When subjected to electrostatic forces, the liquid is compressed, resulting in strains exceeding 100%. 

These novel driving mechanisms not only bring diverse options to the EAP field but also offer broad 

prospects for flexibility and functionality expansion in practical applications. 

3. Structural design 

In exploring the applications and advancements of EAPs in haptic HMIs, structural design emerges as 

crucial. The application of EAPs in haptic actuators primarily lies in their ability to mimic biological 

muscle characteristics, generating shape or size changes through electrical stimulation to achieve actuation. 

To enhance mechanical force output, researchers have developed various structural configurations for 

haptic actuators. 

3.1. Multilayer structure 

As shown in Figure 3a, stacking multiple layers of EAP films can significantly amplify the actuation 

stroke and force [54–59], thereby enhancing the intensity of tactile feedback. Additionally, combining 

EAPs with other materials, such as metals, ceramics, or different polymers, can improve the 

mechanical strength and durability of the actuators while maintaining their electroactivity (as 

illustrated in Figure 3b) [60,61]. This structure typically consists of two or more layers of dielectric 

materials, such as silicone rubber, with electrodes sandwiched between the material layers [62]. When 

voltage is applied, the dielectric material deforms due to electrostatic attraction, thereby generating 

tactile feedback. Hinchet and Shea [63] coated a poly(vinylidene fluoride-trifluoroethylene-

chlorotrifluoroethylene) (P(VDF-TrFE-CTFE)) layer with shape memory polyurethane and using an 

insulating layer to control the friction coefficient and achieve precise control over the clutch’s sliding force. 

These design approaches are particularly suitable for the manufacturing and integration of large-area soft 

electronic devices.  

On the other hand, for small-area actuators, Zhao et al.[64] designed DEAs using a multilayer structure 

composed of silicone rubber and carbon nanotube (CNT) electrodes. By incorporating pre-stress between 

the electrode layers, the actuator achieves significant axial expansion and force output when an electric 

field is applied. The introduction of pre-stress not only improves the mechanical stability of the actuator 

but also enhances its response speed and force output during dynamic operations, ensuring the actuator 

performs well during repeated use (see Figure 3c).  

3.2. Chamber structure 

EAP actuators with a chamber structure generate haptic feedback by applying voltage to the electrodes, 

which causes the chamber to contract and deform [65–68]. Yu et al. [66] proposed a novel self-sensing 

soft pneumatic actuator (SenAct), which can achieve high-precision force and vibration feedback 

through closed-loop control, thus simulating realistic haptic perceptions. The design of the actuator 

employs a sandwich structure (as display in Figure 3d) which includes a stable and fast-response 
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capacitive sensor that can simultaneously generate output force and monitor changes in capacitance. In 

another study, Chen et al. [22] developed a programmable, ultra-light, ultra-thin wireless wearable tactile 

electronic skin capable of fast response, large mechanical feedback force, and significant displacement 

output. Each actuator can be independently adjusted to generate a maximum normal force of 150 mN 

and normal displacement of 0.58 mm, while also enabling the presentation of textures in haptic feedback. 

This system relies on a portable multi-channel control circuit, allowing precise control of each 

electrohydraulic actuator to achieve various haptic modes. This design not only provides excellent 

responsiveness but also offers rich tactile experiences for complex applications.  

 

Figure 3. Structural designs: (a) Stacking multiple layers of the EAP film structure [69]. (b) 

Composite structure [63]. (c) Pre-stressed structure [70]. Reprinted with permission. Copyright 

2021, Elsevier. (d) Chamber structure [66]. Reprinted with permission. Copyright 2022, Elsevier. 

(e) Twisted spiral structure [71]. Reprinted with permission. Copyright 2019, John Wiley and 

Sons. (f) Mesh fabric construction [72]. Reprinted with permission. Copyright 2022, John Wiley 

and Sons. 

(d)

(e)

(f)

(b)

(a) (c)
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3.3. Fiber structure 

EAP actuators with a fiber structure enhance material flexibility and response speed by utilizing 

elongated fiber forms, providing higher precision and flexibility for haptic feedback. These actuators 

typically employ one-dimensional fiber arrays or three-dimensional networks based on fiber weaving, 

where fiber deformation occurs upon applying voltage, enabling the realization of complex haptic 

feedback patterns [73–75]. Compared to traditional film or sheet structures, fiber structures offer greater 

flexibility and faster response times, allowing for more precise simulation of various tactile sensations.  

Lamuta et al.[71] provided an innovative example (illustrated in Figure 3e) with their development 

of twisted spiral artificial muscles activated by electrothermal stimulation. These twisted spiral artificial 

muscles mimic the texture deformation abilities of cephalopods and achieve significant deformation at 

low voltages, opening new possibilities for soft robotics and smart skin designs. 

Cao et al. [76] developed a large-area seamless haptic feedback interface based on silk, where 

customized circuits apply current to the silk substrate, generating virtual tactile sensations on the palm. 

This technology leverages the softness and conductivity of silk to provide an innovative solution for haptic 

feedback systems. In addition, Li et al. [72] used composite materials made from polytetrafluoroethylene 

and polypropylene electrostatic fibers as key materials. During the corona charging process, electrostatic 

charges are stored in the fibers (as depicted in Figure 3f). When a time-varying voltage signal is applied, 

the electrostatic force generated between the electrode layers acts on the electrostatic fibers, converting 

it into mechanical vibrations to achieve tactile feedback. The mesh design not only provides excellent 

breathability but also allows vibration modes to be adjusted by precisely controlling the frequency and 

amplitude of the voltage signal. This makes diverse tactile stimuli possible and offers a new technical 

solution for wearable wireless haptic feedback systems. With high flexibility, stretchability, adjustable 

modulus, and breathability, the device ensures functionality without interfering with fine hand 

movements or natural tactile perception. 

In practical applications, designing EAP actuators requires careful consideration of factors such as 

material durability, operating voltage, power requirements, and size. EAPs are notable for their 

responsiveness to electrical stimulation, making them ideal for simulating touch sensations in tactile 

interaction interfaces. When constructing high-sensitivity and responsive interfaces, both the structure 

and integration of EAPs must be considered. Key design considerations include maximizing strain 

capacity while maintaining mechanical integrity and incorporating flexible circuits and sensors for 

precise detection and rapid response [77]. To achieve realistic tactile feedback, multimodal integration 

may be necessary, potentially using composite materials or multilayer structures to simulate various 

tactile properties. In summary, structural design should focus not only on material characteristics but 

also on innovative configurations and combinations to achieve advanced haptic HMI functions. This 

highlights the immense potential of EAP technology in simulating real tactile experiences, providing 

new possibilities for future HMIs.  

4. Functional materials 

EAPs come in a wide variety of materials, which can be categorized into two main types based on their 

actuation mechanisms under an electric field: electronic EAPs and ionic EAPs. 
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4.1. Electronic EAPs 

Electronic EAPs are directly driven by an external electric field, characterized by fast response and high 

energy density. Details of some representative electronic EAPs are presented in Figure 4. 

4.1.1. Dielectric elastomer actuator (DEA) 

DEAs typically consist of a series of flexible polymer matrix and conductive electrodes, making them highly 

deformable soft actuators [78–82]. In 2000, Pelrine et al. [83] reported in Science on DE capable of 

significant deformation under an electric field, which is crucial for developing new actuator materials. The 

research team achieved over 100% strain by applying voltage to thin films of silicone rubber and acrylic 

rubber, using electrostatic compression to reduce film thickness and expand its area. Specifically, pre-

stretching silicone rubber resulted in an activated strain of up to 117%, while acrylic rubber achieved an even 

higher activated strain of 215% through pre-stretching. In 2018, Zhao et al. [81] proposed an innovative flat 

DEA, significantly enhancing the actuator’s operating range and output force through integrated magnetic 

modulation mechanisms. DEA not only surpasses natural muscles in terms of strain, pressure, and response 

time, but also exhibits a higher specific energy density compared to other electroactive materials.  

Elastic polymers, as a key core material in haptic actuators, possess high elasticity and reversible 

deformation capabilities. They achieve mechanical deformation through electron migration in response to 

electric field stimulation. These materials are typically composed of DEs with high dielectric constants [84]. 

A representative of these materials is the ferroelectric polymer P(VDF-TrFE-CTFE) [85,86]. Their 

non-centrosymmetric crystal structure allows them to polarize and deform under an electric field. 

Polydimethylsiloxane (PDMS) is typically considered an amorphous polymer without long-range 

ordered arrangement, with molecular chains randomly arranged in space and lacking a fixed repeating 

pattern. However, PDMS can be endowed with electroactivity through specific processing methods or 

by adding particular fillers. For instance, mixing PDMS with Silbione can create a composite material 

that exhibits electroactivity under an electric field (Figure 4a) [87]. With ongoing research into DEA 

performance and continuous improvements in manufacturing technology, DEAs show great potential in 

haptic human-machine interfaces. Future research could enhance their durability and improve 

mechanical properties. 

4.1.2. Electroactive graft elastomer (EGE) and liquid crystal elastomer (LCE) 

In the field of EAPs, EGE and LCE have garnered significant attention due to their unique molecular 

structures. EGE are composed of flexible amorphous polymer chains and crystallizable graft polar 

polymers (Figure 4d) [88]. For instance, an elastic composite materials can be created by grafting 

polyaniline onto a polyvinyl chloride (PVC) based material using chemical grafting techniques [89]. The 

applied voltage forces the dipoles within the elastic composite to realign, resulting in a change in the 

material’s volume.  

In contrast, LCEs are composed of interconnected crosslinked elastic polymers and exhibits 

characteristics of mesogenic liquid crystal components (Figure 4c) [90]. Consequently, the LCEs 

combine the molecular mobility of liquid crystals with the elastic properties of elastomers [91,92]. In 

the absence of external stimuli, the orientational order of the mesogens forces the elastomer main chains 
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to elongate along the alignment direction of the mesogens (nematic phase). When external stimuli such 

as heat, light, or electricity are applied, the ordered arrangement of the molecules is disrupted, causing 

the elastomer main chains to relax into their coiled conformation. Voltage-activated LCEs exhibit a fast 

response time, with the required electric field (1.5–25 V/m) being lower than that of most EAPs. 

However, their actuation strain is not ideal (typically below 10%), indicating that further improvements 

are needed in terms of strain and work efficiency for their application as actuators.  

 

Figure 4. Electronic EAPs: (a) Dielectric elastomers [87]. Reprinted with permission. Copyright 

2020, John Wiley and Sons. (b) Conductive polymers [93]. Reprinted with permission. Copyright 

2022, American Chemical Society. (c) Liquid crystal elastomers (LCEs) [90]. (d) Electroactive 

graft elastomers (EGEs) [88]. (e) Polyvinyl chloride (PVC) gels [27]. Reprinted with permission. 

Copyright 2023, John Wiley and Sons. 

4.1.3. Conductive polymers (CPs) 

The conductivity of CPs arises from the conjugated system within their molecular structure, which 

allows electrons to move freely along the polymer chain. To achieve polymer conductivity, charges need 

to be introduced through oxidation or reduction reactions, a process known as doping (Figure 4b) [93]. 

For instance, PEDOT undergoes dimensional changes through ion doping and dedoping processes, 

(e)

(b)    

(c)

(d)

(a)
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exhibiting not only high electrical conductivity but also significant electroactive capabilities, particularly 

suitable for low-voltage-driven tactile feedback systems [31]. Since CP actuators rely on the presence 

of electrolytes, most CP-based haptic actuators require encapsulation to maintain their performance. 

Additionally, the strain range of these actuators typically falls between 1% and 40%. Consequently, 

some researchers have mixed carbon materials with excellent conductivity and mechanical properties, 

such as graphene and carbon nanotubes, with the polymers [48,94–96]. Xiang et al. [97] proposed an 

innovative Hard Magnetic Graphene Nanocomposite prepared by laser-induced doping of porous 

graphene with permanent magnetic particles. The hard magnetic graphene nanocomposite not only 

enhances the sensor’s performance in electrophysiological signal, temperature, and metabolite 

concentration measurements but also enables reversible self-assembly of the sensor with flexible 

substrate bases through magnetic forces. This capability allows for customized adjustments in spatial 

layout and functionality of the sensors.  

4.1.4. Other types of conductive polymer-based EAPs 

In addition to the electronic-type EAPs mentioned earlier, there are other types of electronic EAPs that 

exhibit exceptional deformation capabilities under an electric field due to their intrinsic electronic 

structures. For example, PVC gel is a composite material made of PVC and plasticizers (Figure 4e), 

which can undergo significant volume changes under an electric field [27,98]. This volumetric change 

is generally attributed to ion migration and the rearrangement of polymer chains induced by the electric 

field. Shape memory materials are a class of smart materials, including metal alloys or polymers, that 

can memorize and recover their shape at specific temperatures [99,100]. These materials can achieve 

reversible shape changes through electrically induced heating, making them potentially valuable for 

applications in flexible electronics and biomedical devices.  

4.2. Ionic EAPs 

Ionic EAPs achieve deformation through ion migration, characterized by low driving voltage and 

softness. Details of some representative ionic EAPs are presented in Figure 5. 

4.2.1. Ionic polymer-metal composites (IPMCs) 

IPMCs are directly influenced by material properties such as ion exchange capacity (IEC), water 

uptake (WU), and ion conductivity (IC). Higher IEC and IC allow ions to move rapidly within the 

polymer matrix, resulting in higher driving speed and force [86]. At the same time, higher IEC and IC 

allow for faster ion movement within the ion layer, resulting in greater driving speed and force. Higher 

WU enhances the stability of IPMC, allowing for longer operation times and enhanced driving 

performance. Currently, commercially available ion exchange membranes (such as Nafion membranes) 

have excellent ion transport capabilities but are prone to hydrolysis and dehydration under high 

temperature or high humidity conditions. Guo et al. [101] introduced a porous structure by doping PVP 

and ionic liquids into PVDF, facilitating ion mobility (Figure 5a). Despite the advantage of requiring 

low voltages, these systems typically exhibit low strain in their actuation.  
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4.2.2. Ionic Polymer Gels 

Ionic polymer gels are soft ion-conductive materials, typically consisting of a polymer matrix filled with 

an electrolyte solution in its interstices. Generally, these materials can respond to various external stimuli 

such as pH value, temperature, and others (Figure 5b,c) [23,102–104]. Ionic polymer gels exhibit high 

ion conductivity and flexibility, capable of generating significant deformation under low voltage. 

However, their slow actuation speed and the need for electrolyte encapsulation materials pose limitations 

on their applications.  

 

Figure 5. Ionic EAPs: (a) Ionic Polymer-metal composites (IPMCs) [101]. Reprinted with 

permission. Copyright 2019, American Chemical Society. (b, c) Ionic polymer gels [23,104]. 

Reprinted with permission. Copyright 2024, Elsevier. 

(a)

(b)

(c)
Isolated microstructured

ionic gels (IMIG)
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5. Fabrication methods 

The fabrication methods of electroactive polymer (EAP) actuators are crucial in their development, as 

they directly influence the actuator’s performance and range of applications. Depending on the type of 

materials and structural requirements, common fabrication techniques include micro-nano patterning, 

electrostatic assembly, polymer synthesis, and engineering. Below is a brief overview of several 

common EAP actuator fabrication methods (Figure 6): 

5.1. Micro-nano patterning techniques 

Micro-nano patterning techniques are key methods for achieving high-precision and high-sensitivity 

electroactive polymer (EAP) actuators. By creating micro-nano structural patterns on the material’s 

surface or within its structure, these techniques can significantly enhance the performance of EAP 

actuators, including their electrical responsiveness, mechanical strength, and flexibility. Micro-nano 

patterning enables actuators to produce more precise and complex deformations on a smaller scale, 

thereby increasing their potential applications in tactile feedback systems [105–107]. For example, by 

selecting appropriate electroactive polymer materials and utilizing 3D printing technology (Figure 6a), 

complex three-dimensional structures, even with functionally graded materials, can be directly 

fabricated. This method allows for the rapid production of EAP actuators with complex geometries and 

precise structures, making it particularly suitable for customized tactile feedback devices [21].  

 

Figure 6. Common preparation methods of EAPs: (a) 3D printing technology [21]. Reprinted with 

permission. Copyright 2024, Elsevier. (b) Polymer synthesis [102]. (c) Electrostatic adhesion [28]. 

(d) Molding [24]. Reprinted with permission. Copyright 2023, John Wiley and Sons. 
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5.2. Electrostatic adhesion 

Electrostatic adhesion is a widely used method for fabricating EAP actuators (Figure 6c). This technique 

leverages the electrostatic forces between charged particles or materials to assemble the actuator’s 

components or layers. The process typically involves applying a voltage to generate an electrostatic field, 

which attracts or repels charged materials, causing them to self-assemble into the desired structure or 

configuration [108–110]. In EAP actuators, electrostatic adhesion can be used to align polymer layers 

or arrange conductive materials on the polymer surface to enhance their conductivity and mechanical 

properties. EAPs fabricated through electrostatic assembly typically exhibit good adhesion and 

conductivity, making them suitable for flexible sensors and actuators. For example, Gao et al. [38] 

proposed an innovative fabrication method based on supramolecular design, synthesizing a soft 

electronic adhesive from ion-organic gels and stretchable polyurethane. This method does not require 

complex machinery or high temperatures. Additionally, it can be applied to flexible or stretchable 

substrates, making it an ideal choice for developing soft, wearable, and flexible EAP actuators. 

5.3. Polymer synthesis and engineering 

Molecular engineering plays a crucial role in the preparation of the EAPs [111], enabling the creation of 

materials with specific properties tailored to the required actuator performance. This method involves 

the design and synthesis of polymer materials that undergo significant deformation in response to 

external stimuli, such as electric fields, temperature changes, or light. The synthesis process typically 

includes the polymerization of monomers or oligomers, followed by post-processing techniques such as 

crosslinking, blending, or functionalization to enhance the material’s electroactive properties. Jianjian 

Huang et al. [102] published a research paper in Nature Communications (Figure 6b) where they 

introduced cyanoethyl cellulose (CEC) into plasticized PVC gel (PVCg), significantly increasing the 

dielectric constant (up to 18.9 @ 1 kHz) and markedly reducing viscoelastic effects, achieving low 

mechanical loss (0.04 @ 1 Hz). CEC/PVCg actuators demonstrate higher driving performance under 

low electric fields compared to existing DEAs. The controllability of polymer synthesis and engineering 

techniques provides researchers with a powerful tool for developing the next generation of efficient, 

durable, and adaptable EAP actuators. The flexibility of this approach also allows for the creation of 

innovative materials with tunable properties, meeting specific application needs, making it an essential 

method in the advancement of EAP technologies.  

5.4. Other methods 

In addition to the aforementioned methods, EAPs can also be fabricated using casting, electrochemical 

deposition, spraying, and other techniques. In the casting method, the electroactive polymer is first 

dissolved in a solvent to form a homogeneous solution. This solution is then cast onto a flat mold, and 

after the solvent evaporates, a thin film structure is obtained (Figure 6d). This method is suitable for 

fabricating large-area thin films, and the thickness and electrical properties of the film can be adjusted 

by controlling parameters such as the solution concentration, casting rate, and temperature [112]. 

Electrochemical deposition is a method that uses electrochemical reactions to deposit electroactive 

materials onto the surface of an electrode. By adjusting factors such as current density, temperature, and 
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solution composition, the deposition process is controlled to produce uniform thin films or layered 

materials. Electrochemical deposition is commonly used to fabricate EAP materials with high electrical 

conductivity and good electroactive properties [113]. Spraying is another common method for EAP 

material fabrication, particularly suitable for producing thin layers and multilayer structures. This 

method involves spraying a solution or suspension uniformly onto a substrate, which is then cured 

through heating or chemical processes. Spraying allows for efficient coverage of irregular surfaces and 

is well-suited for manufacturing flexible and wearable devices. By controlling spraying parameters such 

as spray rate and distance, the thickness and uniformity of the films can be precisely controlled [87,114]. 

In summary, efficient applications of EAPs in haptic HMIs rely on precise and diverse manufacturing 

techniques. From molecular scale to macroscopic structures, each manufacturing step requires careful 

consideration to ensure optimal material performance. With ongoing technological advancements, EAPs 

are expected to demonstrate broader applications in tactile interaction fields in the future. 

6. Applications 

EAP actuators, due to their excellent flexibility, response speed, and deformable characteristics, have 

become an essential component in haptic feedback systems. Compared to traditional electric drive 

technologies, EAP actuators can provide high-precision haptic feedback with lower power consumption, 

adapting to complex interactive needs. Here are some specific applications of EAPs in haptic 

actuators (Figure 7): 

6.1. Wearable haptic devices 

With the development of smart wearable technology, EAP actuators have begun to be applied in wearable 

haptic feedback devices (see Figure 7a). EAPs can simulate vibrations, pressure, and textures in wearable 

haptic feedback devices, significantly enhancing user immersion and interactive experience [115–121]. A 

pioneering work published by City University of Hong Kong in 2023 [122] introduced a skin-integrated 

multimodal haptic feedback interface. This interface leverages the properties of the EAPs and an integrated 

actuator array to achieve significant improvements in immersive haptic feedback for virtual and augmented 

reality systems. It combines three distinct feedback modes: mechanical, electro-tactile, and thermal 

stimulation, to selectively activate different tactile receptors in the skin. Highly flexible and sensitive 

fingertip haptic devices can be developed using EAPs. Fingertip haptic devices can simulate the haptic 

feedback of human fingers, enabling more precise operations and object grasping (see Figure 7c,d). By 

integrating EAPs into gloves or skin patches, they can detect and respond to user movements, providing 

real-time haptic feedback and enhancing the user’s experience [25,123,124]. Nevertheless, issues such as 

comfort and durability of these wearable devices under prolonged use remain under-explored. 

Additionally, EAPs can be integrated into the surface of haptic devices to form smart skin (see Figure 7e), 

which can detect and respond to touch, pressure changes, and temperature variations [24,125]. Research 

by Li et al. [126] introduced a novel ionic electronic skin (I-skin), specifically a frequency-coded artificial 

ionic mechanoreceptor skin, capable of ultra-fast readout and interference-free sensing across a wide 

pressure range. This I-skin, by mimicking the tactile system of human skin, provides high-sensitivity 

capacitive response in a pressure range from 0.12–1880 kPa. Furthermore, the frequency-coded artificial 

ionic mechanoreceptor skin platform, combined with deep learning technology, shows promising 
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applications in intelligent human-machine interaction and real-time dynamic robotic operations. 

However, the reliance on deep learning may require large datasets and complex algorithms that could 

hinder real-time applications. 

 

Figure 7. Applications of EAPs: (a) Immersive interactive devices [127]. (b) Touch screens [128]. 

Reprinted with permission. Copyright 2023, John Wiley and Sons. (c, d) Fingertip interactive 

devices [25,77]. (e) Wearable skin [125]. Copyright 2019, American Chemical Society. (f) 

Acoustic devices [129]. 

6.2. Medical haptic feedback systems 

In the medical field, the application of EAP actuators in haptic feedback systems is primarily focused 

on rehabilitation therapy and patient monitoring. By using haptic feedback devices driven by EAP 

actuators, the motion status of patients can be monitored in real-time, assisting in rehabilitation training 

and enhancing patients’ perception of movement feedback [78,130–132]. For example, EAPs have 

demonstrated great potential in the medical field. They can monitor patients’ physiological signals and 

provide therapeutic electrical stimulation. Due to their flexibility and stretchability, EAPs conform 

(e)

(c)
(d)

(a) (b)

(f)
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exceptionally well to the skin, offering patients a comfortable treatment experience. Nevertheless, the 

integration of such devices into daily therapeutic routines still faces challenges in terms of user comfort 

and device customization. 

6.3. Haptic display  

Haptic feedback can significantly enhance the sense of immersion in human-machine interaction. 

Traditional interactions primarily rely on visual (display) and auditory (acoustic) feedback. In recent 

years, both haptic display and acoustic technologies have become essential components of haptic 

feedback systems. As HMI technologies continue to evolve, haptic display technology has progressed 

to not only simulate the shape, texture, and temperature of objects but also integrate with acoustic 

technologies to offer a richer and more immersive sensory experience. The combination of these two 

technologies enables more natural and engaging interactions, showcasing substantial potential across 

various applications. 

In haptic display technology, EAPs are used to construct surfaces that simulate various tactile 

sensations, such as the texture of different materials [133]. Firouzeh et al. [128] introduced PopTouch, 

an innovative haptic interface technology capable of dynamically creating pressable physical buttons on 

touchscreens or other smooth surfaces. At the core of PopTouch is an actuator called hydraulically 

amplified electrostatic zipping taxels, which can generate significant normal displacement and provide 

intuitive mechanical feedback through finely tuned force-displacement characteristics. This technology 

not only simulates the ‘click’ sensation of physical buttons but also dynamically adjusts the button layout 

based on user interactions, offering a more intuitive and personalized interaction experience. However, 

challenges in ensuring long-term reliability and tactile feedback consistency remain unresolved, 

especially in high-use scenarios. 

Acoustic technology plays an important role in haptic feedback systems, especially in enhancing 

haptic interactions and providing immersive experiences. Acoustic technology can generate physical 

vibrations through sound waves, and when combined with haptic feedback systems, it enhances the 

user’s sensory experience [129]. By propagating sound waves and altering their frequency, the 

technology can stimulate the skin’s surface and provide tactile sensations. Variations in sound frequency 

and amplitude can simulate different tactile patterns (see Figure 7f). For example, Li et al. [134] 

introduced a smart textile system based on electrostatic induction for converting Braille to speech. With 

the integration of machine learning algorithms, the system achieves an accuracy of 99.09% and 97.08% 

in translating Braille letters and 40 common words, respectively. 

In summary, the application of EAPs in the field of haptics is continually expanding, offering new 

ways to create more natural, intuitive, and interactive user experiences. With ongoing optimization of 

EAP materials and driving technologies, future EAP actuators are expected to provide more precise and 

complex haptic feedback while consuming less energy and exhibiting greater stability. By integrating 

with advanced sensing technologies, EAP haptic systems have the potential to offer more immersive and 

personalized experiences in fields such as intelligent interaction, virtual experiences, and medical 

rehabilitation, driving human-machine interaction technologies toward smarter, finer, and more 

comfortable directions. 

Although the prospects for EAP actuators in haptic HMI devices are promising, they still face 

several challenges. First, the scalability and cost of manufacturing EAP actuators are critical factors 
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limiting their widespread adoption [135–138]. When scaling up production, how to maintain high 

performance while reducing costs remains a challenge. Second, EAP actuators typically require high 

energy input, which could pose energy consumption issues for long-wearing devices, affecting their 

sustained use. Therefore, improving energy efficiency and extending service life are key considerations 

when designing efficient wearable haptic devices. Additionally, although EAPs have flexibility and 

stretchability, their stability and durability in extreme environments still require further research, 

especially in high-intensity and high-frequency operations. Maintaining the long-term stability of EAP 

actuators under such conditions will be a crucial direction for future development. 

7. Conclusions and perspectives 

EAPs as a class of stimuli-responsive materials, generate strain under the action of an electric field, 

mimicking the movement of biological muscles to achieve soft and precise motion control. This provides 

a novel approach for haptic HMIs. In the field of functional materials, scientists continue to explore new 

types of EAPs and better ways to integrate these materials into haptic interaction systems. Some studies 

focus on improving the driving efficiency and stability of EAPs, which are crucial for the long-term 

stable operation of haptic interfaces. Through molecular design, doping techniques, and the development 

of composite materials, researchers have successfully enhanced the performance of EAPs, making them 

suitable for a wider range of applications. 

However, there are still many challenges in the use of EAPs for haptic actuation. First, ensuring that 

EAPs can operate safely at lower voltages while improving power efficiency to achieve higher driving 

force remains an unresolved issue. Second, effectively integrating EAPs into existing electronic systems 

and smart material systems, addressing compatibility issues, and maintaining stable performance in 

various environments is another key research direction. Furthermore, the stability and durability of EAPs 

under long-term use or extreme conditions (such as high temperature, high humidity, or chemical 

corrosion) are critical challenges for improving material reliability and extending service life. 

Despite these challenges, the application prospects of EAP actuators in haptic HMI devices remain 

broad. With the discovery of new materials and the rapid development of artificial intelligence, the 

application of EAPs in haptic human-machine interfaces will continue to expand, covering more fields and 

scenarios. In the future, the integration of EAPs with artificial intelligence will promote smarter and more 

personalized haptic interactions, further advancing the development and innovation of haptic HMIs. 
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