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ABSTRACT

The new challenge of soft robotics is changing the arena of adaptive and smart systems
with compliant materials by focusing on nonconventional actuation approaches to achieve
their functioning characteristics to biological systems. Herein, the most recent advances
in soft robotics are described focusing on three major areas: (i) incorporation of new smart
materials-like hydrogel-based tissue-mimicking compliances, liquid crystal elastomers-
based anisotropic responsiveness, and shape-memory polymers-based programmable
actuation; (ii) novel types of actuation like pneumatic inflation, electroactive polymers-
based electrically driven deformation, and magnetic field-responsive actuation; and (iii)
real-life applications in biomedical engineering (examples including soft prosthet The
review is a summary of the existing methodologies, experimental standards, and design
code, with their mechanical efficiency, biocompatibility, and energy requirements being
assessed. Such critical challenges as reaching the ideal of real-time closed-loop control,
enhancing actuator robustness, the miniaturization of devices and effective electrical
energy transduypion are examined. The paper ends with future research directions
such as combinations of soft robotics with artificial intelligence, embedded sensing
and multifunctional materials in order to facilitate intelligence based and autonomous
systems of soft robots. All these are to applicable to scholars who are trying to develop
and implement the next generation robotic systems both in clinical and in industrial
sectors.
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INTRODUCTION

Soft robotics is a paradigm change in the design of
robotic systems providing a shift towards compliant,
flexible platforms that can work safely around humans
and be creative in unstructured environments out
of the traditional boxes of rigid robot systems. They
have it in their nature that they are bio-inspired,
and, hence, they allow activities that include shape-
changing, soft motions, and fine maneuvering that
is difficult to be performed by a conventional robot.
" 21 This study will be significant as it is very likely
to transform such areas of interest in which safety,
adaptability, and compatibility between humans come
first. Soft robots are providing solutions to transform

minimally invasive surgery, devices used in undergoing
prosthetics, wearable assistive technology in biomedical
applications.! In automation used in industry, they
provide new ways to deal with adaptive gripping,
collaborative manipulation and inspection of complex
environments.

Notwithstanding the exciting trends, investigation in
the sphere of soft robotics is at a crucial point. These
consist of low values of actuator bandwidth, inability to
implement scalable manufacturing methods, inadequate
strength of soft materials toward cyclic deformations,
and difficulties in attaining real-time sensing and control.
Bl In addition, the integration of multifunctional sensing,
Al-controlled autonomy, and energy efficiency-based
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functionality of fully autonomous soft robotic systems
also has a gap.

This review will (i) summarize up-to-date progress on
materials and actuation technologies in soft robots,
(ii) review its use in biomedicine and industry, and
(iii) lay out some of the current challenges and future
research directions on making smart autonomous soft
robots.

RELATED WORK

Other important developments in the last ten years have
led to the evolution of soft robotics in the converged
application of smart materials, alternative actuation,
and system designs inspired by nature. The formulation
by Chen et al." provided a fundamental taxonomy
of soft robotic systems, which highlights the inter-
relationship between the material make up and the
functional structure of the implementations and this has
informed the application-based design of the compliant
structures. Rus and Tolley?? examined the application
of compliant mechanisms and soft morphologies
towards improved safety and adaptability especially in
unstructured settings and situations involving human-
robot interactions. The biomedical sector Wang et al.’!
surveyed the performance of soft actuators as prosthetics
or surgical tools, with special consideration to mechanical
compliance, biocompatibility, and ability to conform to
human tissue in contact. Della Santina et al.[ focused on
variable stiffness actuation and torque control strategies
and attempts to enhance the performance and safety
of an industrial robot manipulator. In a complementary
manner, Shintake et al.? established hybrid soft grippers
that use pneumatic-based and electroactive techniques
to pick delicate or irregularly shaped items, especially
through manufacturing and logistics.

Even though these advancements have been made,
currently available studies mostly focus on individual
components (actuation or material properties) without
taking into consideration system level integration.
Designing of the unison of smart materials and embedded
sensing, along with the real-time control algorithms
to generate adaptive behavior, autonomy, and energy
efficiency have a big gap. Also, possibilities of comparing
different soft robotic actuators and control strategies
are impeded by the lack of standardized performance
criteria against benchmarks.

The review will therefore seek to fill these gaps by
providing a unified overview of recent advances in soft
robotics, including the materials, actuation schemes,
sensing/control methodologies and their resulting
biomedical and industrial realizations.

SMART MATERIALS IN SOFT ROBOTICS (CONDENSED
VERSION)

Soft robotics is all about smart materials whose properties
of compliance, adaptability and ability to respond to
stimuli cannot be realized using rigid materials. They
allow actuation, sensing and environmental response,
and are very useful in biomedical and industrial
applications. Working of major smart materials as shown
in figure 1.

Hydrogels

Hydrogels are soft and biocompatible water-filled
polymeric networks. They respond to pH, temperature,
and ions and are emulated in artificial muscles, scaffolds
and drug delivery. Recent developments, electrically,
and thermally responsive systems were developed
to be used in biomimetic actuation and controlled
release.!

Liquid Crystal Elastomers (LCEs)

When combined with a liquid crystal area with anisotropic
orientation, LCEs achieve the same, programmable,
response to heat or light, but the added stretch of
an elastomer. Examples are adaptive optics, and
microrobots. There are still difficulties in the actuation
acceleration and wear ability.™

Shape-Memory Polymers (SMPs)

SMPs revert to a predefined form when stimulated
thermally, electrically or optically. They consist in
deployable actuators and bio-medical stents where
they allow sequential movements but are limited due
to the slow recovery and muscular fatigue with each
transition .5

Conductive Elastomers

These stretchable composite materials incorporate
both conductivity and stretchability, which makes it
applicable in soft sensors, artificial skin, energy systems.
Their structures are filled with CNTs, silver nanowires, or
graphene, and can keep signal integrity when strained.
To provide greater reliability it is under development in
self-healing versions.™

In short, smart materials could not only enable the
power source of the actuation but also partake in
multifunction integrating: integrating sensing, control,
and adaptability. Future advances in hybrid design,
scalable fabrication technologies will be important
in bringing further next-generation soft robotic
platforms.
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Fig. 1: Mechanisms of Smart Materials Used
in Soft Robotics

ACTUATION MECHANISMS IN SOFT ROBOTICS
(CONDENSED VERSION)

The soft robotics revolves around actuation, or the
transformation of material behavior into movement.
In contrast to rigid actuators (e.g., motors or servos),
soft actuators exploit deformations in their structure
to produce motion (possibly by a combination of
actuation and structure customization); this admits
safe interaction, adaptability, and operation in
dynamically changing or unstructured environments. In
this section, the authors sample four major actuation
approaches with distinct pros and con related to forces,
velocity, scalability, and energy consumption. Figure 2:
Actuation Mechanisms in Soft Robotics represents their
working principles.

Pneumatic and Hydraulic Actuation

Hydraulic actuators and SPAs are still one of the most
popular types due to the possibility of high deformation
and force generation based on pressurized fluid. They
have rectangular shapes and are simple in structure
hence can easily be bent, twisted, or stretched.
Portability is hampered by the necessity to use external
compressors or pumps, though. New developments look
at miniaturized pumps and built-in pressure sources, and
soft fluidic valves to help enable compact, autonomous
systems.!"]

Electroactive Polymers (EAPs)

Presenting compliance, cost-effective production, and
light actuation with no noise, EAPs respond to electric
fields, but provide actuation that is commercially
available in lighter and more miniaturized items such
as artificial muscles and haptic systems. lonic EAPs are
low voltage and need moisture whilst electronic EAPs
are operated at a higher voltage and are operated in a
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dry condition. They have disadvantages power-to-weight
which are counterbalanced by their low output force
and difficulty in their manufacture.®

Dielectric Elastomer Actuators (DEAs)

Given that DEAs are a high-strain subcategory of
EAPs, they are composed of elastomer films discretely
separated by flexible electrodes. They can fast actuate
and have a large energy density under high voltage, being
electrostatically compressed and expanded laterally.
Applications DEAs are used in soft grippers and wearable
technology where they experience difficulty with high
voltages, dielectric breakdown and fatigue caused by
repetitive use.l’

Magnetic and Light-Responsive Actuators

It is due to the fact that MAEs and photoresponsive
polymers enable remote control without wires through
providing outer magnetic fields or light. These intelligent
materials have the ability to program the materials to
deform and this is suitable to untethered microbots
and also in the case of morphing structures. They need,
however, stronger external stimuli, have slower synaptic
delays, and can perform only crude, coarse-grained
spatiotemporal control.™

In further development of actuators, more emphasis
should be in the energy efficiency, miniaturization,
reliability, and integration of components including
sensing and controls. There may be synergetic
performance in diversified environments and duties
using the hybrid actuation methods that integrate
pneumatic approaches or magnetic action or the EAP
action methods.

Actuation Mechanisms in
Soft Robotics
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Fig. 2: Actuation Mechanisms in Soft Robotics
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CONTROL STRATEGIES AND INTEGRATION

Functional success of SRS is not limited to innovations
in materials, actuators, but also the intertwining of
sensing, modeling, and control algorithms so as to
maintain nonlinear, compliant control of the system. In
contrast to other rigid-body systems, soft robot systems
are of high degree-of-freedom, have a continuum
deformed shape, and are viscoelastic in nature, in which
conventional control paradigms are difficult to apply.
The comprehensive control strategy should thus include
embedded sensing in proprioception, proper modeling in
dynamic prediction, and real-time closed loop control
in adaptability of consistent restructuring in uncertain
settings.

Embedded Sensing

The soft robotic systems also need internal feedback,
which emulates biological proprioception to arrive at
autonomous behavior. Embedded soft sensors (capacitive,
piezoresistive, optical fiber-based and liquid-metal
channels) are under fabrication to provide strain,
pressure, curvature and contact force measurements.
Sometimes these sensors are incorporated directly in the
actuatorstructuresor areisolated on flexible substratesin
order to minimize the effect of any change in mechanical
compliance. Capacitive and resistant sensors have a high
sensitivity along with flexibility although they might be
associated with hysteresis and drift. Optical fiber-based
sensors (e.g., fiber Bragg gratings) are of high accuracy
and vulnerable to electromagnetic interference thus
making these sensors applicable to medical and harsh
environment uses [1]. Method by which multifunctional
materials can be developed to serve concurrently as
both actuators and sensors is a very essential research
direction.

Modeling and Simulation

Modeling of soft robots itself is incredibly complex
because of their nonlinear, time-varying and continuum
nature. The classical rigid-body dynamics is inadequate
and therefore investigators have taken Finite Element
Methods (FEM) approach in order to model large
deformations and material reactions. In one-dimensional
structures like soft manipulators and tentacles,
analytical models like the Cosserat rod theory model
the structure with high efficiency, computing bending,
torsion and axial loads with a single model.? More
recently, neural network and system identification-
based data-driven models have been developed to allow
approximation of high-dimensional dynamics without
the need to formulate these in exact physical detail.
A combination of both physics based and learning based

models in hybrid form is proving particularly useful
where real time applications are involved.

Closed-Loop Control

Soft robots are deformable and underactuated, which
means that the closed-loop control is necessary in order
to act to target and establish proper interaction with the
environment properly. More classical types of controller
e.g. ProportionallntegralDerivative (PID) continue to
be used in lower speed controlled systems or systems
with simplified linear response. MPC, however, offers
a solid framework that can expect the constraints and
system dynamics to occur in case of complex tasks that
are nonlinear. Besides, adaptive control methods and
Reinforcement Learning (RL) are gaining more and more
popularity to allow interaction learning, self-tuning, and
operation in unstructured or changing conditions.! Such
algorithms are mostly bound by hardware limits and
latency on real-time implementation, as well as high-
fidelity sensing requirements.

In sum, the combination of embedded sensing, complex
modeling and adaptive control is considered the nervous
system of soft robots. The future work should be
targeted to create low-latency, energy efficient control
frameworks that would be capable of in-situ operation,
multi-modal feedback and the possibility of generic self-
adaptive behaviour under realistic conditions.

The control structure is shown in figure 3 and indicates
the role of the embedded sensing, dynamic modeling,
and signal processing towards the adaptive functionality
of soft robots.
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Fig. 3: Control Strategies and Integration in
Soft Robotic Systems

BIOMEDICAL APPLICATIONS

The incorporation of soft robotics as a component of bio-
medical systems has unlocked new vistas of revolution
in the fields of rehabilitation, minimal invasive surgery
as well as the implantable therapy. Soft robots are
eloquently positioned to interface with biological
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systems because of their innate compliances, tissue-like
mechanical responses, and potential harmlessness to
interact with humans. In this part, our team will discuss
several essential areas of the biomedical application of
soft robotics, which showed considerable developments,
as shown in Figure 4: Biomedical Applications of Soft
Robotic Systems.

Wearable Soft Exosuits

Wearable soft exosuits are a paradigm shift in the field
of assistive and rehabilitative technologies, through the
use of muscle-like actuation, and ergonomically-adaptive
interfaces. In comparison to rigid exoskeletons, the soft
exosuits are characterized by the use of pneumatic or
cable-driven actuators, built-into textiles, that takes
the shape of the anatomy of the user, resulting in
reduced bulk, mechanical impedance, and discomfort. [']
The systems facilitate joint mobility, improve gait
rehabilitation and decrease a locomotion cost. Designs
with sensors also enable adaptations to user intent in real
time, providing a personalized and improved recovery of
patients with neurological or musculoskeletal disorders.
In spite of the above advantages there are challenges
to having precise control under variable loads and
having long term durability and washability of wearable
components.

Minimally Invasive Surgical Tools

Soft continuum manipulators and inflatable robotic
catheters are getting more application in the minimally
invasive procedure because they have high dexterity and
compliance, and they are safe in constricted anatomical
settings. Such robots are patterned after the adaptability
of biological systems and will have access to any deep
or tortuous locations having a little tissue damage.
Some of its more prominent uses are in neurosurgery, in
endoscopic surgery, and in cardiac interventions where
shape memory alloys (SMAs), fluidic elastomer actuators
or magnetically-control soft robots have been looked
into to be used to navigate the path precisely with a tool
delivery.” Embedded sensors (e.g., force or pressure
sensors) are integrated to enable the real-time force or
pressure feedback though in MRI-compatible actuation
still constitutes an area of active research to enable
clinical compatibility.

Implantable Devices

Personalized medicine is being redefined by implantable
soft robotics, in the form of smart stents, neural
probes, artificial organs, and drug delivery systems.
Biocompatible materials that are tunable mechanically
such as hydrogels, elastomers, and biodegradable

Innovative Reviews in Engineering and Science | Jan-June 2026

polymers that can fuse well into the biological tissues
are exploited in these systems. The soft neural
interfaces provide conformal contact between the brain
or spinal cord and have a reduced foreign body response
and thus better long-term signal fidelity.! AS well, soft
artificial bladders and cardiac patches are compressible
to physiological dynamics, and wireless actuation
methods (e.g., magneto-responsive or optically
powered) facilitate the least invasive surgery. Major
areas of concern entail biofouling resistance, long-term
biostability as well as power autonomy to make long-
term deployments.

In sum, a new era of bio-integrated systems is coming
forward thanks to soft robotics that allows resolving the
mechanical and functional mismatch between inanimate
machines and living tissues. With the further development
of the material science and miniaturization markets as
well as the application of artificial intelligence in such
a way that it will effectively control the performance
of the soft robotic machines, the perspective of soft
robotic applications that will extend into the domains of
diagnosis, therapy as well as augmentation are likely to
increase dramatically.

Wearable Soft
Exosuit

Minimally Invasive
Surgical Tool Device

Implantable

Fig. 4: Biomedical Applications of
Soft Robotic Systems

INDUSTRIAL AND COMMERCIAL APPLICATIONS

Soft robotics of such special characteristics as
compliance, adaptability, and the safety of physical
contact has achieved an increasingly significant role
in the sphere of industrial automation, logistics, and
collaborative robots. Such systems find especially
favorable application in such environments where the
use of rigid robots is hazardous to people or when such
robots do not have the mechanical dexterity needed to
perform complex tasks. This section presents three major
sectors of industrial and commercial activities where
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soft robotic technologies are already implemented, or
are undergoing a rapid development.

Soft Grippers for Manufacturing

The effectiveness of the soft grippers has gained
popularity as an application aimed at replacing rigid
robotic end-effectors in manufacturing applications
due to its flexibility and adaptivity. They are designed
to be fabricated out of relatively compliant materials,
including silicone elastomers, and are actuated
pneumatically, tendon-driven, or electroactive in nature,
and are capable of adapting to a very broad array of
object geometries without the need of complex control
or meticulous alignment.l'! They are particularly useful
in such tasks as food handling, electronics assembly
and pharmaceutical packaging where the objects to be
gripped are initially fragile and irregular. An advanced
model has included built in tactile sensors to feature
force feedback and enhance reliability of grasps
under dynamic loads. Some of the current trends are
load capacity, latency reduction during actuation, and
modular industrial gripper standardization on multi-task
industrial lines.

Agile Inspection Robots

Soft-bodied inspection robots, crawling, rolling, or
inchworm-like, are already being used in non-destructive
evaluation (NDE) of constrained or otherwise hazardous
spaces, as in the internals of pipelines, underground
tunnels, and aerospace parts, and disaster areas. Such
robots normally rely on pneumatic systems, Magnetic
field sensitive components and SMA elements to specific
objectives of adaptivity of the morphology of the robot,
and thus to navigate in tight or uneven gaps.l? They
are easy to comply with and eliminate the likelihood of
damage in case of structural impacts during navigation,
thus they are suitably used in fragile infrastructures. Soft
inspection systems would also be capable of carrying
onboard cameras, ultrasonic, or chemical detectors.
Further research studies focus on self-driving mobility,
wireless connectivity, and machine learning-based
systematic fault-checking mechanisms to structure real-
time decisions.

Human-Robot Interaction (HRI)

The features of soft robotics are key to the development of
safe and intuitive human robot interface in environments
where the process can involve collaborative tasks like
smart factory, assembly line and customer service
robots. The delicate body parts and flexible components
reduce the chances of causing any injury when there is
actual contact of bodies and when robots can operate

o+

closely to each other or in direct interaction with
humans. Such systems are frequently coupled with soft
actuators; sometimes with vision-based control, gesture-
based control, or voice-based control, to enhance
responsiveness and flexibility. Examples are robotic arms
handling delicate parts, customer-interface devices at
stores, and assistive robots in medial environments and
senior homes.! Of principal interest are naturalness of
interactions, perception of emotions, and incorporation
of multi-modal senses.

Generally, soft robotics promises an effective solution to
decades-old automation, inspection, and collaborative
robotics. The commercialization of it is likely to pick up
pace once it benefits with reliability, standardization,
and integration with Al and loT systems.

Human-Robot
Interaction

Soft Grippers for
Manufacturing

Agile Inspection
Robots

Fig. 5: Industrial Applications of Soft
Robotic Systems

DiscussION

Soft robotics has been greatly promoted by the
combination of intelligent materials, various actuation
means and intelligent control mechanisms. Such
programming has been demonstrated in shape memory
polymers (SMPs) and liquid crystal elastomers (LCEs),
which, however, have had durability concerns in terms
of cyclic loading conditions and in environmental
degradation. The way forward is to formulate hybrid
composites, self healing materials and effective
encapsulation methods. Actuation technologies are
becoming increasingly varied: pneumatic actuators have
high force capability, but are hampered by the large
system size requirements, electroactive polymers (EAPS)
allow small form factors, but require high voltages and
poor durability. Low voltage, high-efficiency actuators
that can be packed with embedded systems are still in
critical demand.

The proprioceptive feedback has been enhanced with
embedded sensing capacitive-, resistive, and optical

Innovative Reviews in Engineering and Science| Jan-June 2026
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sensors but continue to face the challenges of non
linearities, hysteresis and signal latency. Real-time
closed-loop control will necessitate the development
of multimodal sensor fusion, soft sensor arrays, and low
power processing. At the control level, Al-based methods
such as reinforcement learning (RL), model-predictive
control (MPC), offer the potential of flexibility at the
expense of hardware limitations and training data.
Programmable architectures (such as a neuromorphic
engineering) and efficient, edge-compatible algorithms
are necessary to facilitate on-device learning and
control.

The discipline does not also have any benchmarking
standards against which various materials, actuators,
and controllers could be compared, which makes it less
scalable and reproducible.

The Highlights of Future Development Enablers:
Scalable multifunctional processes of fabrication

« Hybrid models: data-driven and physics based

« Compliance, efficiency and latency benchmarking
metrics

« Good interdisciplinary cooperation

Finally, the realization of soft robotics technology
into real-world applications will need a coordinated
advancement in the materials, actuation, sensing, and
smart control--within a systems design philosophy of
resiliency, autonomy, and multifunctionality.

CHALLENGES AND FUTURE DIRECTIONS (CONDENSED
VERSION)

There is no doubt that despite impressive developments,
soft robotics still has several fundamental issues that
restrict rolled implementations and commercialization.
The best way to win these is through innovation in
material and energy systems, control architectures and
standardization.

Power Autonomy

A power source that is tethered is still a major drawback
particularly in the case of pneumatic and high-
voltage systems. The untethered operation requires
incorporation of lightweight deformable energy storage
(e.g. stretchable batteries, supercapacitors or energy
harvesters) and energy awareness electronics of low
consumption and intermittent control.!"

Multifunctionality

The future systems need also to combine actuation,
sensing, energy, and communication systems in

Innovative Reviews in Engineering and Science | Jan-June 2026

multifunctional materials, e.g. conductive hydrogels and
self-sensing composites. This convergence decreases the
complexity and enhances autonomous and bioinspired
operation.?

Durability and Environmental Resilience

Existing soft actuators tend to fail in cyclic loading or
other harsh conditions. Priority in future designs should
be made with sufficient mechanical robustness, chemical
stability and self-healing as well as with broad aging
studies and protective encapsulation.?

Al Integration at the Edge

Adaptability is provided by Al framework (e.g.
reinforcement or imitation learning), yet is limited due
to lack of onboard processing and latency. It should focus
on edge-friendly, power-efficient Al models including
neuromorphic learning models facilitating situational
real-time decision making.™

Standardization and Benchmarking

There is the lack of reproducibility and scalability due to
the absence of standardized protocols. It is important to
develop harmonized benchmarks, open-source platforms
and quantitative parameters (strain, efficiency, fatigue
life) to achieve consistency in evaluation and industrial
acceptance.?

Outlook:

Deployment of these challenges needs a synergistic combination
of materials sciences, embedded Al and systems engineering.
This will motivate the shift towards intelligent, independent
soft robots that not only imitate biology, but surpasses it in
performing tasks in real life settings.

CONCLUSION

Soft robotics has grown into a revolutionary paradigm
between material science, mechanical engineering,
and smart systems, to provide previously impossible
movements in terms of flexibility, adherence, and
contact safety. The last ten years have seen impressive
advances taking place in the field of smart materials,
alternative actuation schemes and biomimetic designs,
which mimic the biology and in some instances can
outperform it. Repeated throughout this review are key
developments in soft robotics technologies, including
stimuli-responsive materials like hydrogels, LCEs and
SMPs; an expanded set of actuation strategies that
include pneumatics, electroactive and use of magnetic
fields, as well as; and control architectures that
incorporate embedded sensing and Al-based feedback.
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Technical biomedical applications, e.g. wearable exosuits,
surgical and implantable devices, and industrial robotics
e.g. soft grippers, inspection robots, prove the applicability
and effectiveness of such systems across fields.

Nevertheless, the major obstacles in power autonomy,
real-life survivability, system-scale integration, and
standard performance assessment still remained.
Besides, to use intelligent soft robots in a dynamically
changing setting, there is a need to develop more edge-
Al and self-sensing materials, as well as miniaturized
embedded systems. Going into the future, it can be
predicted that multifunctional materials, autonomous
control algorithms, and scalable fabrication processes
will combine and allow a new generation of soft robotic
platforms. Such systems will have very important roles
in personalized medicine, collaborative manufacturing,
assistive technologies, and environmental exploration
and open up new possibilities of human robot interaction
and changing the definition of robotics.

Owing to the maturity of the field, further standards-
based interdisciplinary work will be necessary to bridge
the gap between delicate laboratory demonstrations
and deployed systems of the form of robust, smart, and
deployable soft robots which can attract the rigors of
real-world use.
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