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Abstract

Adaptive vehicle control systems are crucial for enhancing safety, performance, and effi-
ciency in modern transportation, particularly as vehicles become increasingly automated
and responsive to dynamic environments. This review explores the advancements in
bio-inspired actuators and their potential applications in adaptive vehicle control systems.
Bio-inspired actuators, which mimic natural mechanisms such as muscle movement and
plant tropism, offer unique advantages, including flexibility, adaptability, and energy ef-
ficiency. This paper categorizes these actuators based on their mechanisms, focusing on
shape memory alloys, dielectric elastomers, ionic polymer—-metal composites, polyvinyli-
dene fluoride-based electrostrictive actuators, and soft pneumatic actuators. The review
highlights the properties, operating principles, and potential applications for each mecha-
nism in automotive systems. Additionally, it investigates the current uses of these actuators
in adaptive suspension, active steering, braking systems, and human-machine interfaces
for autonomous vehicles. The review further outlines the advantages of bio-inspired actua-
tors, including their energy efficiency and adaptability to road conditions, while addressing
key challenges like material limitations, response times, and integration with existing
automotive control systems. Finally, this paper discusses future directions, including the
integration of bio-inspired actuators with machine learning and advancements in material
science, to enable more efficient and responsive adaptive vehicle control systems.

Keywords: shape memory alloys; dielectric elastomer actuators; ionic polymer-metal composites;
polyvinylidene fluoride-based electrostrictive actuators; soft pneumatic actuators

1. Introduction

Adaptive vehicle control systems are essential in advancing the safety, efficiency, and
responsiveness of modern transportation, particularly as vehicles transition toward electri-
fication and autonomy. These systems require actuators capable of continuous, precise, and
responsive behavior in dynamic environments. Traditional rigid actuators, though effec-
tive in fixed mechanical systems, often lack the compliance, adaptability, and integration
required for next-generation automotive technologies. Bio-inspired actuators—engineered
to mimic the mechanisms found in muscles, tendrils, and other biological structures—offer
promising alternatives due to their inherent flexibility, energy efficiency, and ability to
deform safely and reversibly under external stimuli [1,2].
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Soft robotics, a domain closely aligned with bio-inspiration, has demonstrated the
value of compliant actuators in systems requiring high degrees of adaptability and phys-
ical interaction. These actuators rely on unconventional mechanisms like thermome-
chanical phase transitions (shape memory alloys), electrostatic deformation (dielectric
elastomers), ion-driven bending (ionic polymer—metal composites), electrostrictive mecha-
nisms (polyvinylidene fluoride (PVDF)-based electrostrictive actuators), and pressurized
expansion (soft pneumatic actuators) to generate movement [2,3]. Their ability to undergo
large strains while maintaining structural integrity makes them especially suited for auto-
motive applications where a variable geometry, passive compliance, and multifunctional
integration are critical, particularly in reconfigurable interiors, active suspensions, morph-
ing aerodynamic surfaces, and soft human-machine interfaces. Figure 1 shows a schematic
of each of these five categories of bio-inspired actuators.
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Figure 1. Schematic illustration of representative actuation principles in major classes of bio-inspired
actuators. (A) Shape memory alloys undergo thermally induced phase transitions between the
martensite and austenite phases, enabling deformation recovery upon heating. (B) Dielectric elas-
tomer actuators expand laterally and compress in thickness when voltage is applied across the elastic
electrodes. (C) Ionic polymer-metal composites bend due to asymmetric ion migration within a hy-
drated polymer membrane under an applied electric field. (D) PVDF-based electrostrictive actuators
nonlinearly deform in the presence of electric fields due to dipole alignment in ferroelectric domains.
(E) Soft pneumatic actuators deform by pressurizing internal chambers, producing linear or bending
motion when activated.

From a design perspective, the biological analogs of these actuators inform both their
function and control architecture. Natural muscles, for instance, exhibit properties that
include distributed actuation, embedded sensing, and energy-efficient cyclic operation.
These principles are reflected in the development of artificial muscle systems that integrate
actuation and sensing within the same material domain, enabling closed-loop feedback
without the need for external sensors or rigid linkages [1]. In the automotive context, these
characteristics offer distinct advantages in weight reduction, component modularity, and
real-time responsiveness, which are essential for implementing control systems capable of
adapting to terrain variability, vehicle loading conditions, and driver or passenger behavior.

This review explored bio-inspired actuators through a technical lens, categorizing
them by actuation mechanism and assessing their performance parameters—strain range,
actuation force, response time, energy density, and durability—within the context of
adaptive vehicle control. It further evaluated the current and emerging applications in
automotive systems, including compliant suspensions, steering and braking modules,
and responsive human-machine interfaces. This paper also discusses the integration
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challenges associated with these actuators, including material fatigue, nonlinear behavior,
and control complexity, before outlining future directions that involve hybrid actuator
systems, embedded sensing, and machine learning-driven control strategies to meet the
demands of intelligent, adaptive mobility.

2. Types of Bio-Inspired Actuators

Table 1 provides a summary of the four technologies discussed in this section along
with their typical actuation uses. The five technologies include shape memory alloys
(SMAs), dielectric elastomer actuators (DEAs), ionic polymer-metal composites (IPMCs),
polyvinylidene fluoride (PVDF)-based electrostrictive actuators, and soft pneumatic actua-
tors (SPAs).

Table 1. Summary of the five categories of bio-inspired actuators discussed in this paper.

Technology Descriptions Typical Actuation Uses
Metal alloys that “remember” and return to a
Shape Memory pre-defined shape when heated, due to a Compact, high-strain
Alloys (SMAs) reversible solid-state phase transformation actuation systems

between the martensitic and austenitic phases.

Dielectric Elastomer
Actuators (DEAs)

Soft, stretchable actuators that deform in
response to high-voltage electrical input, using
electrostatic forces to compress and expand a
dielectric elastomer film.

Systems that require large, fast,
and lightweight

muscle-like motion

Ionic Polymer-Metal
Composites (IPMCs)

Electroactive polymers that bend in response to
low-voltage stimulation by redistributing ions
and water molecules within a hydrated
polymer membrane.

Compact, biomimetic systems

Polyvinylidene Fluoride
(PVDF)-Based
Electrostrictive Actuators

Soft Pneumatic Actuators (SPAs)

Electroactive polymers that exhibit Precise, high-performance
electrostrictive behavior with a high energy actuation systems in
density, a fast response, and low hysteresis. demanding environments
Compliant systems that generate motion by

pressurizing internal chambers, producing Soft robotics and adaptive
large, controllable deformations in bending, vehicle components.

twisting, or linear directions.

2.1. Shape Memory Alloys (SMAs)

Shape memory alloys (SMAs) are smart materials capable of undergoing reversible
solid-state phase transformations between the martensitic and austenitic phases, enabling
them to recover a predefined shape upon heating. In the low-temperature martensitic
phase, the crystal structure of the material is relatively soft and can accommodate significant
deformation. When stress is applied, the material undergoes a twinning process, allowing
it to change shape without permanent damage. Upon heating, the material transitions to
the high-temperature austenitic phase, which has a more ordered and symmetrical crystal
structure. This structural change drives the material to return to its original, pre-deformed
shape, a process known as the shape memory effect.

This thermally induced transformation allows SMAs to function as compact, silent
actuators with a high energy density and an excellent strain recovery, often exceeding 8
percent in nickel-titanium (NiTi) alloys [4,5]. Because their actuation mechanism relies on
a temperature change rather than complex mechanical systems, SMAs are particularly well
suited for applications that require precise movement, minimal mechanical complexity,
and low noise. Their combination of a high actuation strain, a compact form factor, and
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relatively simple control makes them a compelling candidate for adaptive systems across a
range of fields, including aerospace, biomedical devices, and robotics.

Despite their versatility, SMAs face notable challenges. Their limitations include ther-
mal hysteresis, slow cooling rates, and a reduced fatigue life under high-cycle actuation [6,7].
Hu et al. [8] highlighted the need for improved bidirectional actuation architectures, par-
ticularly for systems requiring rotational or antagonistic motion, like origami-inspired
mechanisms or adaptive valve control. Lee et al. [9] proposed a reactive tubular SMA brake
with fast thermal recovery and an energy-efficient design, demonstrating SMA viability in
high-frequency wearable robotics, which may translate to automotive actuation domains.
Earlier research by Turner et al. [10] also demonstrated the potential of SMA-hybrid com-
posites to enhance the mechanical robustness and response control. Ongoing efforts in
materials engineering aim to improve the SMA actuator bandwidth, fatigue resistance, and
multifunctionality through alloy tuning, embedded sensing, and integration with advanced
composite structures [4,7,11].

2.2. Dielectric Elastomer Actuators (DEAs)

Dielectric elastomer actuators (DEAs) are soft, compliant electroactive devices that
mimic the behavior of biological muscle. They consist of a thin, flexible dielectric elastomer
film positioned between two stretchable electrodes. When a high voltage is applied across
the electrodes, the resulting electrostatic forces compress the elastomer in thickness and
cause it to expand in the planar directions. This deformation can produce large, muscle-like
strains that often exceed 100 percent [12]. The actuation mechanism of DEAs is based on
the Maxwell stress effect, where the applied electric field induces attractive forces between
the electrodes, leading to a reduction in the film thickness and a simultaneous lateral
expansion. This ability to undergo large, reversible strains makes DEAs well suited for
dynamic applications that require a high flexibility and adaptability.

DEAs offer several notable advantages, including a high energy density, a low weight,
and response times on the order of milliseconds [13,14]. These properties make them
particularly attractive for lightweight robotic systems, haptic interfaces, and adaptive
structures where rapid and tunable motion is essential. Moreover, their simple structure,
lack of rigid components, and potential for miniaturization position DEAs as a promising
class of actuators for future soft and wearable technologies.

Material innovations have significantly expanded the functional scope of DEAs. Feng
et al. [15] developed ultrahigh energy density elastomers with an improved dielectric
strength, enabling high-speed deformation for soft robotics. Kellaris et al. [16] introduced
Peano-HASEL actuators, electrohydraulic variants that combine the compliance of DEAs
with the amplification benefits of hydraulic systems, achieving linear contraction and
mimicking the performance of biological muscles. Rothermund et al. [17] and Perera
etal. [18] highlighted HASEL actuators’ unique self-healing and strain-adaptive capabilities,
positioning them as robust candidates for safety-critical systems such as impact-mitigating
vehicle panels. A comparative overview of key DEA material characteristics, including the
energy density, strain range, and response time, is provided in Figure 2, illustrating how
materials selection directly affects the performance outcomes.

As emphasized by Youn et al. [14], improvements in the electromechanical efficiency
and reliability remain essential for translating DEA technology from laboratory settings to
in-vehicle systems. Despite these hurdles, the scalability, speed, and compliance of DEAs
continue to support their integration into morphing surfaces, adaptive interfaces, and other
automotive subsystems.
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Figure 2. Comparative performance metrics of various DEA materials used in soft actuator systems.
HASEL actuators exhibited the highest strain and energy density, while silicone elastomers offered a
rapid response. The data were adapted from [15,16,18-20].

2.3. Ionic Polymer—Metal Composites (IPMCs)

Ionic polymer-metal composites (IPMCs) are a class of soft electroactive polymers that
exhibit bending motion in response to low-voltage electrical stimulation. These materials
consist of a hydrated ionomer membrane, typically Nafion, coated with thin layers of
conductive metal electrodes [21]. When a small voltage is applied (typically between 1 and
5 volts), mobile cations within the polymer migrate toward the cathode, dragging water
molecules along with them [22]. This ionic redistribution causes differential swelling across
the membrane, leading to smooth and controllable bending that closely resembles natural
muscle movement [23].

The actuation behavior of IPMCs is highly efficient and silent, with the added benefit
of continuous deformation under steady-state excitation. These materials are lightweight,
operate under safe voltage levels, and produce biologically relevant motion, making them
ideal for compact and biomimetic systems. Their low power requirements and precise
movement profile allow for integration into environments where precision and quiet
operation are paramount.

Despite their functional advantages, IPMCs face challenges related to a low force
output, a limited displacement compared to other soft actuators, and sensitivity to moisture
loss. These limitations are exacerbated under dry operating conditions, where dehydration
leads to performance degradation over time. Bhandari et al. [24] reviewed fabrication
improvements, including advanced electrode coatings and surface treatments that enhance
adhesion and reduce solvent evaporation. Nemat-Nasser and Wu [25] provided com-
parative assessments of different ionomer backbones and cation types, showing how an
ionic composition significantly affects the blocking force, response time, and durability. To
improve long-term functionality, Kim and Shahinpoor [26] investigated surface roughening
and electroless plating techniques to strengthen the metal-polymer interface and maintain
conductivity under repeated cycling.

2.4. Polyvinylidene Fluoride (PVDF)-Based Electrostrictive Actuators

Polyvinylidene fluoride (PVDF)-based copolymers, particularly polyvinylidene
fluoride-trifluoroethylene (PVDF-TrFE), represent a highly promising class of electroactive
polymers for bio-inspired actuator applications. Unlike DEAs, which rely on Maxwell
stress for actuation, or IPMCs, which function through ionic transport, PVDF-based copoly-
mers operate via an electrostrictive mechanism in which electric fields induce nonlinear
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deformation through dipole alignment in ferroelectric domains. These materials exhibit
high dielectric constants (e_r ~ 40-50), a low mechanical impedance, and transverse strain
responses of up to 7% under relatively modest electric fields (~50-100 V/um), enabling
compact actuation without the need for bulky pre-stretch or fluidic components [27]. Their
ability to generate strain with a high precision and at low voltages makes them ideal candi-
dates for lightweight, embedded actuation in space-constrained vehicular environments
such as haptic interfaces, aerodynamic morphing skins, and adaptive seat structures.

Key advances in actuator design have emerged through the integration of PVDF-TrFE
materials into micromachined unimorph and bridge-type actuator architectures. Cheng
et al. demonstrated that unimorph actuators incorporating electrostrictive PVDF copoly-
mers could achieve significant vertical displacement with minimal power consumption
and fast transient responses, owing to the large electromechanical coupling and elastic
compliance of the polymer layer [28]. Building on this, Zhang et al. developed a bridge-
type actuator topology using the same copolymer, which enabled bidirectional lateral
displacement and an enhanced blocking force in a compact micromachined format [29].
These devices exhibited high energy densities and operational bandwidths well suited
for feedback-intensive, dynamic applications in automotive systems, such as vibration-
damping panels or intelligent flow control surfaces. Additionally, the micromachining
compatibility of these polymers allows for direct integration with MEMS-based sensing
and control units, simplifying actuator feedback loops and reducing the overall subsys-
tem complexity.

Further performance gains have been achieved through hybridization and function-
alization strategies. Zhang and Cheng introduced an actuator system that combined
electrostrictive PVDF copolymers with piezoelectric ceramics, enhancing electromechanical
coupling and allowing for a tailored mechanical output across frequency ranges [30]. Such
hybrid systems leverage the fast response of PVDF materials and the high stiffness of ce-
ramics to enable variable actuation modes, from coarse positioning to fine-tuned control, in
a single device. Moreover, Zhang et al. developed an electroactive micropump diaphragm
using P(VDF-TrFE) films, demonstrating stable and repeatable flow generation suitable
for microscale fuel delivery and thermal regulation subsystems in electric vehicles [31].
These developments suggest that PVDF-based actuators not only rival more established
soft actuator technologies, but also offer distinct advantages in terms of power efficiency,
integrability, and mechanical versatility. Their ability to support miniaturized, distributed,
and multifunctional actuation makes them a critical addition to the portfolio of bio-inspired
actuators with potential for adaptive vehicle control.

2.5. Soft Pneumatic Actuators (SPAs)

Soft pneumatic actuators (SPAs) are compliant systems that use air or fluid pressure to
drive motion by inflating internal chambers embedded within elastomeric structures. When
pressurized, these cavities expand in carefully controlled ways, allowing the actuator to
bend, twist, or extend linearly depending on its internal geometry. The motion results from
the deformation of soft, stretchable materials and is governed by the shape and placement
of internal chambers, the thickness and stiffness of the surrounding walls, and the overall
material composition. This design flexibility makes soft pneumatic actuators highly tunable.
Engineers can tailor their response characteristics by adjusting the chamber layouts, adding
asymmetries in wall construction, or varying the stiffness of different material layers. As a
result, they can produce a wide range of motion types with large, controllable deformations
and relatively simple fabrication methods.

These actuators offer several practical advantages. They are inherently safe for hu-
man interaction due to their softness and low stiffness, which reduces the risk of injury.
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They also offer a high force-to-weight ratio and are capable of adapting to irregular or
dynamic surfaces. These features have made them indispensable in soft robotics and
wearable devices.

In the context of adaptive vehicle systems, soft pneumatic actuators are increasingly
valuable for applications requiring gentle contact, quiet operation, and robust compliance.
Their modularity and tunability allow for creative integration into components such as
adaptive seating, variable stiffness mounts, or soft interfaces for human-machine interac-
tion. As interest grows in biomimetic and flexible systems, soft pneumatic actuators are
likely to play a key role in the evolution of intelligent vehicle interiors and reconfigurable
structures [32]. Recent developments have expanded the SPA applicability across wearable,
structural, and interior vehicular interfaces.

Despite these advantages, SPA integration in high-speed automotive systems is limited
by external compressor requirements, relatively slow actuation dynamics, and air leakage
concerns. To address this, Chen et al. [33] proposed hybrid actuation systems that combine
dielectric elastomers and SPAs to achieve faster, multimodal responses. Progress in compact
fluidic control units, low-latency valve systems, and onboard pressure generation remains
critical for advancing SPA deployment in real-time vehicle control architectures.

3. Current Applications in Vehicle Control Systems
3.1. Adaptive Suspension Systems

Bio-inspired actuators, especially those based on SMAs, are being adopted in adaptive
suspension systems to dynamically modulate vehicle response based on the terrain and
load conditions. SMAs enable compact and noise-free actuation by exploiting reversible
phase transformations between the martensitic and austenitic phases. These properties are
particularly advantageous in off-road or rugged environments, where the active control of
ride dynamics is critical.

Sellitto et al. [34] demonstrated a numerically simulated SMA-based active suspension
system for off-road vehicles, employing thermally activated NiTi elements integrated into
a suspension linkage. The system allowed for the real-time tuning of the suspension
stiffness and damping by adjusting the SMA state through Joule heating. The simulation
results indicated a reduction in vertical displacement and improved vibration attenuation,
supporting SMAs’ suitability for terrain-adaptive suspension designs. Figure 3 illustrates
the conceptual architecture of such a suspension system, showing how SMA elements
are embedded within the vehicle’s suspension arms to achieve vertical compliance and a
terrain-adaptive performance.

Supporting this automotive application, Colorado et al. [35] developed a morphing
wing for a bat-inspired robot using SMA-driven skeletal mechanisms. The design permitted
the in-flight adjustment of the wing geometry, improving the aerodynamic efficiency
in a variable airflow. These concepts extend to vehicle suspension by illustrating how
compliant structures and localized actuation can produce performance-optimized responses
to dynamic environments. Similarly, Lazos [36] explored bio-inspired wing configurations
based on bird and insect morphology, underscoring the value of flexible structures in
distributing and adapting to external loads—an approach that can inform next-generation
chassis or suspension systems designed to adapt geometry in real time.

The fast response rates and compact nature of IPMCs also make them potential candi-
dates to support adaptive suspension. Yang et al. [37] provided a comprehensive review
of theoretical and computational models that describe IPMC dynamics, with particular
attention to data-driven control strategies that improve the actuation accuracy in adaptive
systems. Hao et al. [36] further emphasized the multifunctionality of IPMCs, highlighting
their ability to act as both actuators and sensors. This dual capability enables real-time
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feedback and closed-loop control, which are particularly advantageous in soft robotics and
human-machine interfaces.

Haptic
button
Alaptic button Q

Adaptive seats

Seat
Adaptive Height
steering weell (D)

Figure 3. Adaptive interior components incorporating SPAs in human-machine interfaces. SPAs
enable dynamic adjustments for steering wheels, tactile feedback for haptic buttons, and an adaptable
seat height.

In adaptive suspension systems, SPAs have also been utilized for vibration control
and ergonomic enhancement. Pan et al. [38] and Li and Lee [39] developed SPA-based
suspension architectures capable of tuning the stiffness in real time in response to road
conditions. Maciejewski et al. [40] showed that pneumatic muscles embedded in seating
systems reduce vibration exposure, thereby improving driver comfort and reducing fatigue
over long durations.

3.2. Active Steering and Braking Systems

Bio-inspired actuators also show promise in steering and braking systems, where a
rapid responsiveness and fine control are essential. Unlike conventional actuators that
rely on centralized servomechanisms, soft robotic principles enable distributed, compliant
actuation that can enhance the safety, redundancy, and control precision under nonlinear
loading conditions.

SMAs are particularly prominent in adaptive aerodynamic systems that support
steering and braking. Battaglia et al. [5] demonstrated a skid plate mechanism that uses
SMA springs to reconfigure airflow paths around the vehicle, thereby reducing drag. Riccio
et al. [41] further developed a bistable morphing spoiler utilizing antagonistic SMA wires
to toggle between aerodynamic states without requiring a continuous energy input. As
illustrated in Figure 4, these compact designs achieve large deformations and maintain
shape stability, even under varying thermal loads. The use of bistable mechanisms leverages
SMA’s intrinsic hysteresis, allowing stable transitions between states without feedback-
intensive control schemes.

Figure 4. Isometric view (left) and lateral view (right) of a bistable morphing spoiler actuated
by antagonistic SMA wires, allowing for a shape change between the aerodynamic configurations
without a continuous power input [41].

SMA applications have also been extended to aerospace-inspired morphing compo-
nents such as smart flaps and adaptive airfoils. Kim et al. [42] integrated SMA wires into a
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hybrid composite flap actuator capable of retaining the shape without sustained power,
improving the energy efficiency. Hajarian et al. [43] experimentally validated a morphing
airfoil using SMA wires for real-time aerodynamic control. Costanza and Tata [11] pro-
vided a broader review of similar aerospace applications and emphasized the potential
for the cross-sector transfer of SMA-based morphing technologies into automotive and
robotic systems.

In the robotics domain, bio-inspired actuators continue to evolve, with several devel-
opments directly relevant to vehicle control. Plum et al. [44] introduced a soft autonomous
underwater vehicle powered by electroactive actuators embedded in fin structures, enabling
smooth and controllable propulsion with a low mechanical complexity. Though aquatic
in design, the principle of compliant actuation translates well to terrestrial systems—for
instance, in adaptive brake pads that conform to rotor surfaces or steering mechanisms
that accommodate terrain-induced forces. Chu et al. [45] surveyed various biomimetic
underwater robots driven by smart actuators, including SMAs and dielectric elastomers,
highlighting their advantages in high-cycle operation and responsive deformation—key
traits for robust, adaptive steering systems.

DEAs have similarly demonstrated strong potential in propulsion and wearable
robotics. Berlinger et al. [46] showed that DEA-driven flapping fins can achieve efficient,
quiet propulsion in modular underwater vehicles. Hines et al. [19] emphasized the suitabil-
ity of DEAs in untethered micro-robots, where a low weight and a compact form factor are
essential. Jung et al. [47] advanced this line of research by integrating electronics directly
into DEA modules, enabling autonomous function without bulky external controllers—an
important consideration for future vehicle-integrated components.

IPMCs have proven useful in confined or aquatic environments due to their com-
pactness and responsiveness. Zhou and Low [48] employed IPMC-driven fins in a small
biomimetic underwater vehicle, achieving agile maneuverability in tight operational chan-
nels. Jung et al. [49] characterized IPMC behavior across varying humidity and frequency
conditions, highlighting the role of environmental tuning in maximizing the performance.
Shahinpoor et al. [22] noted that further advances in material encapsulation, ionomer
chemistry, and hybrid architectures are expected to expand IPMC applicability in adaptive
vehicle systems and beyond.

These actuator technologies are further supported by broader studies of morphing
structures. Barbarino et al. [50], in their review of morphing aircraft, described how
embedded actuators can dynamically reshape structural profiles. These techniques can
be adapted for terrestrial vehicles to modulate the brake caliper spacing and tire contact
patches, or even make real-time adjustments to the toe and camber angles—offering an
improved handling and braking efficiency through adaptive structural control.

3.3. Autonomous Vehicle Interfaces

Human-machine interaction (HMI) in autonomous vehicles is transitioning from static
interfaces to adaptive, context-aware systems. Bio-inspired soft actuators are central to
this evolution, enabling reconfigurable and tactile surfaces that respond to both user input
and the vehicle context. These actuators can be embedded throughout the cabin, within
steering wheels, seats, and dashboard surfaces, to deliver physical cues, adjust the form
factor, and modulate surface compliance to enhance comfort and safety.

DEAs have been actively investigated for morphing haptic interfaces and adaptive
cabin components. Depari et al. [51] and Boys et al. [52] demonstrated DEA-based tactile
displays and feedback rotors that offer promising concepts for future touch interfaces
and dynamic control panels. However, Zhang et al. [53] and Bernat et al. [54] identified
key limitations of DEAs, including their high driving voltage requirements, mechanical
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fragility, and low blocking force. To address these issues, solutions such as multilayer
stacking, a bistable design, and stretchable encapsulants have been proposed to improve
their durability and functionality [55,56].

IPMCs have also been explored for a range of compact, low-voltage applications
such as smart air vents, active tactile controls, and miniature valve actuators. Their ability
to function as both actuators and sensors enables closed-loop control within soft robotic
interfaces, as demonstrated by Hao et al. [37]. Yang et al. [23] further emphasized the role of
data-driven control strategies in mitigating nonlinear behavior and improving the real-time
actuation accuracy in adaptive systems.

SPAs also show strong promise for HMI applications involving safety and adaptability.
Xavier et al. [57] cataloged material developments and fabrication techniques supporting
SPA use in morphing surfaces and safe human interaction. Li et al. [32] demonstrated
customizable, 3D-printed SPA architectures with embedded sensing, which are well suited
to adaptive dashboards, seat structures, and tactile user interfaces. Polygerinos et al. [58]
extended this concept through a wearable pneumatic glove with precise deformation
control, pointing to future driver-assist haptics or vehicle-mounted robotic aids.

Additional inspiration comes from biologically derived systems. Laschi et al. [59]
introduced an octopus-inspired robotic arm with embedded soft actuators capable of
continuous deformation across multiple degrees of freedom. This architecture informs the
design of reconfigurable seating, tactile dashboards, and surface morphing systems that
adjust in response to user presence, posture, or environmental context. Such adaptability
enhances the comfort and passive safety, particularly in Level 3 and 4 autonomous driving,
where systems must dynamically respond to real-time conditions.

Finally, bio-inspired proprioceptive systems further enrich HMI design. Plum et al. [44]
highlighted soft underwater fins capable of adjusting their actuation based on external
stimuli, an approach transferable to steering wheels or seats that respond to driver en-
gagement, alertness, or collision conditions. Chu et al. [45] reinforced the importance of
actuator—sensor hybrids and resilient control architectures, especially in systems requiring
fault tolerance under variable stimuli. These features align closely with the demands of
autonomous HMI systems, which must offer fail-safe tactile alerts and adaptive ergonomics
under both routine and emergency scenarios.

4. Discussion

Each of the bio-inspired actuators discussed in the previous sections have a series of
advantages as well as challenges. The characteristics and limitations of each mechanism
are described in Table 2 and discussed in the subsequent sections.

Table 2. Table outlining limitations, challenges, and important characteristics of the five actuator
technologies discussed in this paper.

Technology Key Limitations/Challenges Characteristics
e  Thermal hysteresis and slow cooling, which limit I(;Iflﬂp(;;p to hundreds
cyclespeed . o 3-8% two-way (or 2-4%
Shape Memory e  Fatigue under high-cycle loading one-way)
Alloys (SMAs) e  Modest two-way (bidirectional) stroke without Slow (0.5-25)

complex designs
Need for better heat management, alloy tuning,
and embedded sensing

Low-moderate
High (if thermally managed)
e =1(T, 0)
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Table 2. Cont.
Technology Key Limitations/Challenges Characteristics
Very high driving voltage (kV range) e  Moderate (tens of kPa)
. . e  Electrode and elastomer degradation, e 10-300%
Dielectric Elastomer moisture/ozone sensitivity e  Fast (10-100ms)
Actuators (DEAs) e  Limited blocking force unless multilayered or e High
mechanically amplified e  Variable (dielectric fatigue)
e Packaging and long-term encapsulation hurdles e & =¢pe_rE?
e Ionic e  Low output force and displacement vs. other : ;jgome range)
soft actuators °
Polymer.—Metal e  Dehydration leads to performance drift; requires *  Moderate (100 ms-1s)
Composites . . e  Moderate
humid or encapsulated environment o
(IPMCs) SR, e  Moderate (sensitive to water
e  Electrode delamination; variability over long oss)
duty cycles o t~aV
Limited strain saturation at high field intensities |, "0 . (10-100 mN)
e  PVDF-Based . Rqulres polarization conditioning for e 0.1-03%
L maximum performance
Electrostrictive s . e  Fast (sub-ms to ms)
e  Susceptibility to thermal aging and long-term .
Actuators . . e  Moderate-high
fatigue under cyclic loads e  Moderate
e  Hybrid integration needed for S—0V _ap2
high-force applications ¢ =QVore=§
. Ez;ei:)i epumps /compressors add bulk e High (pressure-dependent)
. . . e Up to 100%
e  Soft Pneumatic e  Relatively slow dynamics vs.
. . e  Slow (100 ms-several s)
Actuators (SPAs) electroactive options e  Low
e  Air leakage and compliance make precise .
. . e  Good (if well sealed)
positioning harder Integration needs compact e F-DPxA

pressure sources and faster control schemes

4.1. Advantages of Bio-Inspired Actuators for Vehicle Control

Bio-inspired actuators present numerous advantages over traditional rigid systems,
particularly in adaptive and human-centered vehicle applications. Their compliant nature,
multifunctionality, and ability to mimic muscle-like behavior position them as transfor-
mative components in the evolution of intelligent mobility systems. However, real-world
deployment requires a clear understanding of the trade-offs between performance, integra-
tion complexity, and durability. These factors still limit widespread automotive adoption.

A core strength of soft and bio-inspired actuators is their mechanical compliance
and morphological adaptability. Unlike traditional motor-driven linkages, actuators such
as DEAs, IPMCs, and hydrogels exhibit continuous deformation in response to external
stimuli, allowing them to emulate biological muscle function. This enables distributed
actuation, where multiple small actuators embedded within surfaces or interfaces coordi-
nate localized shape changes. Applications benefiting from this capability include dynamic
aerodynamic skins, reconfigurable seats, and haptic touch panels [60-62].

Energy efficiency and a reduced mechanical complexity are additional advantages.
Many bio-inspired actuators operate without gears, belts, or rigid frames, allowing for
lighter subsystems and reduced energy demands. As Sitti and Pefia-Francesch [60] empha-
size, these actuators often exhibit favorable strain energy densities. For example, IPMCs
operate at low voltages (<5 V), offering smooth, analog-like motion ideal for distributed ap-
plications such as active vents, adaptive tactile controls, or low-power haptic feedback [63].
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Another critical dimension is safety and enhanced HMI. Soft actuators inherently
minimize injury risks due to their low mechanical impedance, a crucial feature in driver-
assist exosystems, wearable feedback loops, and occupant safety structures [64]. Their
silent, analog behavior also enables intuitive control interfaces, in contrast to traditional
ON/OFF rigid-state mechanisms—an asset in autonomous or semi-autonomous vehicles,
where human input is increasingly multimodal [61,62].

Despite these advantages, several challenges hinder large-scale deployment across
automotive and mobility platforms. First, material and environmental limitations—such as
elastomer degradation in DEAs, water loss in IPMCs, or fatigue in SMAs—affect the long-
term durability, especially under thermal cycling, humidity, or continuous strain. These
issues raise concerns about the reliability and maintenance overhead in mission-critical
automotive systems, such as adaptive suspension or braking.

Second, many soft actuators, particularly DEAs, require high activation voltages (often
in the kilovolt range), demanding robust encapsulation, safety insulation, and voltage
step-up systems that complicate integration and raise the cost. Conversely, SPAs and SMAs,
while low-voltage or thermally driven, exhibit slower response times, posing limits on the
actuation bandwidth in real-time applications.

Moreover, control complexity and modeling challenges persist. Many soft actuators
have nonlinear, time-dependent responses requiring sophisticated feedback loops, adaptive
control algorithms, and real-time sensor fusion. The difficulty of achieving high-precision,
repeatable control has limited their transition from lab prototypes to robust in-vehicle
systems. This issue is compounded by a lack of standardized modeling frameworks
across actuator types. Looking forward, several emerging trends point to more feasible
implementation:

Hybrid actuation architectures, which combine the strengths of multiple actuator
types (e.g., SMA-DEAs for a high force and a fast response), are being explored to en-
able multimodal motion control, particularly in dynamic vehicle body panels or robotic
control arms.

Functional integration with embedded sensors, especially MEMS-compatible materials
like PVDF-based copolymers, promises real-time self-sensing and closed-loop control
without added hardware.

Advances in materials science, such as an improved elastomer stability, novel nanocom-
posite electrodes, and ionogel matrices for IPMCs, are pushing the envelope of the actuator
lifespan and environmental robustness.

The miniaturization and 3D printing of SPAs and DEAs have made custom geometries
and conformal surfaces more practical, opening the doors for interior morphing structures
and personalized control layouts.

The path to real-world automotive implementation lies in combining material innova-
tion, modular hybrid designs, and embedded intelligence. Future work should prioritize
scalable actuator platforms with a validated performance across thermal, mechanical, and
electrical domains relevant to vehicular conditions. Furthermore, collaboration between
materials scientists, control engineers, and automotive OEMs will be essential to translating
laboratory successes into road-ready systems. These directions will be elaborated upon in
Section 5, focusing on design frameworks that leverage hybridization and real-time control
for multifunctional adaptive components.

4.2. Challenges and Limitations

Despite their advantages, bio-inspired actuators face significant technical and system-
level barriers that limit their integration into advanced vehicle control systems. These
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challenges span material performance, actuation dynamics, reliability, control strategies,
and interfacing with existing automotive infrastructure.

Material degradation and operational consistency remain major obstacles. Many soft
actuators degrade under cyclic loading due to mechanical fatigue, dielectric breakdown,
or dehydration. For instance, dielectric elastomers often suffer from dielectric fatigue,
pre-strain loss, and electrical aging [60], while IPMCs are prone to water loss, electrode
delamination, and inconsistent actuation in low-humidity environments [63,65]. Achieving
the durability standards required for automotive deployment, where the components are
exposed to temperature swings, vibration, and a long service cycle, remains a key issue.
Techniques such as encapsulation, hybrid electrode layering, and ionomer surface treatment
have improved the performance [65,66], but long-term aging under field conditions remains
insufficiently validated.

The response time and control latency of certain actuators further restrict their appli-
cation in high-speed or safety-critical subsystems. Thermal actuators, particularly SMAs,
rely on heat transfer for actuation, resulting in inherently slow cycling and thermal hystere-
sis [60,67]. While effective in morphing structures or idle-positioning systems, they struggle
with tasks requiring a millisecond responsiveness. Turabimana et al. [68] demonstrated
a successful SMA-based idle air control actuator in a commercial vehicle, but acknowl-
edged response speed limitations that constrained broader drivetrain integration. Similarly,
IPMCs and hydrogel-based actuators operate via electrochemical diffusion, introducing
nonlinearity and actuation lag [65,67]. This limits their use in fast feedback loops such as
emergency braking or steering correction, unless paired with faster hybrid components [69].

Nonlinear control dynamics also present a formidable challenge. Soft actuators often
exhibit hysteresis, creep, and time-dependent behavior that is difficult to model using linear
or classical control theory. Although machine learning-based strategies such as deep neural
networks and reinforcement learning have shown promise [66], their deployment in auto-
motive environments is constrained by the need for extensive validation, safety certification,
and explainability. Bio-inspired adaptive control frameworks, such as those proposed by
Riazi et al. [70] and Garcia-Cérdova et al. [71], offer robust solutions through distributed
sensing and fault-tolerant architectures, but full-scale integration into automotive electronic
control units (ECUs) remains in the early research stages.

Electrical and mechanical interfacing with existing vehicle systems is another limi-
tation. Many bio-inspired actuators require nonstandard voltage or power conditioning
hardware. For instance, dielectric elastomers often demand kilovolt-scale driving voltages
that pose insulation, safety, and EMI challenges [60,72]. HASEL actuators, a subclass of
electrohydraulic devices, have improved voltage requirements, as shown by Lodh and
Le [72], who developed an ultrahigh-gain converter enabling compact, low-voltage oper-
ation. Nonetheless, integrating such devices alongside conventional 12V or 48V vehicle
electrical systems requires novel isolation, shielding, and energy management solutions.

Mechanically, soft actuators may demand compliant anchoring, strain isolation, or
hybrid linkage mechanisms to transmit force without compromising their deformation
profiles. Lai et al. [69] highlighted the difficulty of reconciling soft actuator flexibility with
the mechanical demands of bidirectional motion and force output in their glove-based
hybrid system. This illustrates the broader challenge of embedding soft components within
rigid, load-bearing automotive subsystems.

Collectively, these challenges demonstrate the need for actuator-specific durability
studies, faster hybrid designs, improved control theory, and dedicated hardware-software
integration platforms. Continued interdisciplinary efforts will be essential to transition
bio-inspired actuators from proof-of-concept to road-ready technologies.
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5. Future Research Directions

The future development of bio-inspired actuators for vehicle control will likely advance
along three major axes: hybrid actuator architectures, intelligent control frameworks, and
next-generation multifunctional materials and interfaces. These directions reflect a shift
from single-function proof-of-concept devices to highly integrated, adaptive subsystems
suitable for real-world deployment in intelligent transportation systems.

Hybrid actuator systems continue to gain momentum as a strategy for overcoming the
limitations of individual actuator technologies. Combining materials with complementary
mechanical and electromechanical properties allows for the design of actuators that can
deliver both a high force and a fast response across a wide frequency spectrum. Cheng
et al. [73] demonstrated this principle in the context of a smart SMA actuator for UAV tail
wings, where the integration of thermally-driven SMA wires yielded the controlled morph-
ing of aerodynamic surfaces—a paradigm that can readily extend to adaptive spoilers or
cooling flaps in ground vehicles. Kashef Tabrizian et al. [74] proposed hybrid actuators that
embed SMA wire helices into pneumatic rubber matrices, enabling multimodal deforma-
tion such as twisting, bending, and axial extension. These complex motions are especially
relevant for bio-inspired surfaces that must adapt spatially to a shifting airflow or load
conditions. A conceptual example of such integration, combining DEAs for fine control
with SMA coils for gross deformation, is presented in Figure 5, illustrating how hybrid
material strategies can enable real-time shape morphing across multiple scales.
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Figure 5. Example of a hybrid actuation architecture combining SMA-based gross deformation with
DEA-based fine control to enable real-time shape changes across multiple spatial and temporal scales.

Resonant designs also offer promising energy-efficient actuation. Du et al. [75] re-
ported a high-speed rotary motor powered by resonant dielectric elastomer actuators,
delivering rapid bidirectional motion suitable for compact vehicular subsystems such as
camera gimbals or airflow redirectors. Hybridizing these soft dielectric components with
shape-memory or electrohydraulic elements could provide both agility and holding force,
especially where sustained position locking is needed.

Advances in control systems and autonomy are essential for managing the nonlinear
and time-varying behavior of soft materials. Machine learning tools, especially deep rein-
forcement learning and adaptive observers, have already demonstrated effectiveness in
navigating soft actuator hysteresis and environmental coupling [67]. However, integration
with real-time vehicular control units requires further progress in algorithm robustness
and energy efficiency. Liu et al. [76] introduced a light-controlled IPMC actuator driven
via PLZT ceramics, demonstrating a novel control pathway that reduces electromagnetic
interference—a significant consideration in automotive sensor-dense environments. Simi-
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larly, Wang et al. [77] utilized a bionic muscle configuration to actuate a soft robotic fish,
achieving the efficient control of a complex, rhythmic motion. These experimental plat-
forms show promise for developing distributed actuator systems that autonomously adapt
to terrain or load conditions in real-time, leveraging both embedded sensing and intelligent
feedback architectures.

Control fusion also remains a major research priority. Soft robotic interfaces will
require the seamless integration of sensory input, actuator responses, and high-level
control logic. Projects like those of Garcia-Cérdova et al. [71] and Riazi et al. [70] pro-
pose frameworks with hierarchical bio-inspired control layers for fault tolerance and
resilience—ideally suited for vehicle safety applications such as seatbelt tensioners, adap-
tive headrests, or active suspension arms.

Material and interface innovations are equally critical to expanding application do-
mains. Transparent and flexible materials allow actuators to be co-integrated with user-
facing surfaces. Ege and Balikci [78] developed PVDEF-film-based actuators that provide
localized haptic feedback on transparent touchscreens, which could directly enhance in-
vehicle infotainment systems with tactile cues. As vehicles grow increasingly reliant on
screen-based controls, haptic feedback could enhance their usability and safety by minimiz-
ing driver distraction.

Meanwhile, soft actuator arrays embedded in surfaces could enable whole-body ges-
ture recognition, postural adjustments, or distributed thermal management. The actuation
systems described in Wang et al. [77] and Jafferis et al. [79] suggest paths toward fully
untethered, modular designs, features that are desirable in vehicle interiors that must
reconfigure dynamically. Future research could explore integration with automotive-grade
flexible electronics and conformal sensors [62], enabling multi-sensory feedback and user-
aware adaptation.

The trajectory of bio-inspired actuator research points toward modular, intelligent,
and human-centered vehicle systems. Progress in hybrid materials, robust control, and
tactile interfacing will enable actuation technologies to evolve from niche applications to
embedded infrastructure within next-generation mobility platforms. Actuators will no
longer serve only as force generators, but as cognitively integrated components that respond
to both the environment and the user, forming the muscle of truly adaptive vehicles.

6. Conclusions

Bio-inspired actuators offer a promising avenue for advancing adaptive vehicle con-
trol by mimicking natural mechanisms such as muscle contractions, ion transport, and
fluid-driven deformation to enable compliant, efficient, and responsive actuation. This
review examined key actuator types, including shape memory alloys, dielectric elastomers,
ionic polymer-metal composites, polyvinylidene fluoride-based electrostrictive actuators,
and soft pneumatic actuators. The review highlighted their operating principles, material
characteristics, and suitability for adaptive systems. Case studies in suspension modulation,
active steering and braking, and autonomous vehicle interfaces demonstrate a growing
feasibility, though challenges in material durability, actuation speed, and system integra-
tion persist. Emerging research into hybrid actuation systems, machine learning-based
control strategies, and multifunctional material development shows strong potential to
overcome these limitations. Ultimately, continued interdisciplinary innovation will be nec-
essary to improve actuator reliability, streamline integration into automotive architectures,
and support the scalable implementation of bio-inspired technologies across intelligent
mobility platforms.
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