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Abstract

Bio-inspired and soft robotics represent a paradigm shift in 

robotic design, transitioning from rigid, metallic frameworks 

to adaptive, compliant, and lifelike machines. Inspired by 

nature's evolutionary solutions, soft robots utilize flexible 

materials and distributed actuation to enable safe and 

adaptive interaction with humans and unstructured 

environments. This comprehensive review explores the key 

elements of soft robotics—material innovations, actuation 

mechanisms, bio-inspired design strategies, and application 

domains. The integration of stretchable electronics, smart 

polymers, and artificial muscles has accelerated progress, 

allowing for biomimetic locomotion, variable stiffness 

manipulation, and enhanced safety. Furthermore, this paper 

identifies pressing challenges, including durability, energy 

autonomy, and control complexity, and outlines future 

trends such as AI integration, self-healing capabilities, and 

sustainable fabrication. Bio-inspired and soft robots are 

poised to revolutionize medicine, environmental 

exploration, and personal assistance, transcending the 

limitations of traditional robotic systems. 
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1. Introduction 

Conventional robots, typically constructed from hard metals and powered by electric motors or hydraulic actuators, perform 

effectively in structured industrial environments. However, their rigidity poses limitations when operating in dynamic, 

unstructured settings or when interacting with humans. The emergence of soft robotics aims to overcome these limitations by 

emulating biological systems that possess superior adaptability, flexibility, and compliance  [1]. Soft robotics involves the use of 

soft, deformable materials such as elastomers, hydrogels, and shape-morphing polymers to build machines capable of delicate 

manipulation, adaptive locomotion, and safe physical interaction [2]. 

This review dissects the core aspects of soft robotics: (1) materials and fabrication techniques; (2) actuation mechanisms 

inspired by biological systems; (3) biomimetic locomotion and structural design; (4) diverse applications from healthcare to 

environmental sensing; and (5) key challenges and future directions. The goal is to provide a structured overview of the field's 

current status while highlighting avenues for innovation and application. 

 

2. Materials and Fabrication 

2.1 Silicones and Elastomers 

Silicone elastomers such as Ecoflex and PDMS are the most commonly used materials in soft robotics. These materials offer 

exceptional stretchability (up to 900% strain), thermal stability, and biocompatibility, making them ideal for wearable and 

implantable devices [3]. Molding and casting methods dominate fabrication due to their accessibility and cost-effectiveness, 

while emerging 3D and 4D printing technologies offer geometric complexity and functional integration  [4]. Silicone-based 

robots have been deployed in gripping, crawling, and wearable exosuits. 

 

2.2 Hydrogels and Self-Healing Polymers 

Hydrogels are water-rich polymers that mimic the mechanical properties of biological tissues. Their tunable stiffness, ionic 

conductivity, and potential for self-healing make them promising in biomedical soft robotics [5]. Recent developments in 

double-network hydrogels have improved toughness, but their tendency to dry out and degrade in air environments remains a 
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challenge [6]. Self-healing polymers, incorporating reversible 

covalent or supramolecular bonds, promise longer lifespan 

and autonomous repair capabilities for soft robotic skins and 

joints [7]. 

 

2.3 Liquid Crystal Elastomers (LCEs) 

Liquid crystal elastomers (LCEs) can undergo shape 

transformation when stimulated by heat, light, or electric 

fields due to their anisotropic alignment of mesogens. LCEs 

are employed in building programmable actuators capable of 

morphing into complex shapes, enabling novel locomotion 

and gripping strategies [8]. However, precise control over the 

alignment and actuation of LCEs remains a fabrication 

challenge. 

 

3. Actuation Mechanisms 

3.1 Pneumatic and Hydraulic Actuators 

Pneumatic actuators, especially Pneunet actuators, generate 

movement by inflating chambers in silicone matrices. Their 

advantages include high force-to-weight ratios and the 

ability to produce bending and twisting motions [9]. 

However, their dependence on bulky air compressors and 

limited portability hinders field deployment. Hydraulic 

variants using incompressible fluids can produce smoother 

motion but introduce challenges in leak management. As 

shown in Fig 1, soft actuators vary in their deformation 

strategies depending on the material and input energy 

source. 

 

3.2 Tendon-Driven and Cable Actuators 

Tendon-driven actuators mimic biological tendons by 

pulling on soft structures to induce motion. These actuators 

offer precise control and are commonly used in robotic 

hands and wearable exoskeletons [10]. Cable actuators 

embedded within soft matrices allow for lightweight and 

compact robotic limbs. Their modular nature simplifies 

maintenance and scalability, although tension losses and 

friction can affect performance. 

 

3.3 Electroactive Polymers (EAPs) 

Electroactive polymers (EAPs) deform in response to 

electrical stimuli. Dielectric elastomer actuators (DEAs), 

ionic polymer-metal composites (IPMCs), and piezoelectric 

materials are prominent EAP types [11]. DEAs, for instance, 

can bend or expand under high voltage, enabling artificial 

muscles. While EAPs allow rapid, silent actuation, their 

practical adoption is limited by high voltage requirements 

and mechanical fatigue. 

 

 
 

Fig 1: Types of Soft Actuators used in Bio-Inspired Robotics 

This figure illustrates common actuation mechanisms in soft 

robotics, including pneumatic networks, tendon-driven 

systems, and electroactive polymers, highlighting their 

deformation modes and functional differences. 

 

4. Bio-Inspired Design and Locomotion 

4.1 Octopus-Inspired Continuum Manipulators 

Marine invertebrates like octopuses inspire soft robotic arms 

capable of continuum deformation, variable stiffness, and 

dexterous manipulation. These arms can navigate complex 

environments without rigid joints, using embedded sensors 

and fiber-reinforced actuators for control [12]. Their 

applications range from underwater manipulation to surgical 

endoscopy. 

 

4.2 Insect-Inspired Crawlers and Climbers 

Insects offer inspiration for crawling and climbing robots. 

Gecko-inspired microstructures provide adhesive pads that 

allow robots to scale vertical and rough surfaces [13]. These 

bio-inspired designs enhance mobility in search-and-rescue 

operations and inspection of infrastructure in confined 

environments. Lightweight and low-power actuators are 

crucial for mimicking insect gaits and responsiveness. 

 

4.3 Fish-Inspired Soft Swimmers 

Aquatic locomotion in fish and jellyfish has informed the 

development of soft swimmers utilizing undulating fins, 

oscillatory tails, or bell contractions. Such systems improve 

propulsion efficiency and reduce environmental disturbance 

[14]. Biohybrid swimmers integrating muscle cells with 

hydrogel scaffolds demonstrate living actuation potential for 

environmental sensing and drug delivery. 

The use of biomimetic features (see Fig 2) enables 

navigation in unstructured environments. 

 

5. Applications 

5.1 Medical and Surgical Robotics 

Soft robots offer significant potential in minimally invasive 

surgery and patient care. Flexible catheters, robotic 

endoscopes, and steerable needles reduce tissue trauma 

during operations [15]. Soft robots also aid in prosthetics and 

orthotics, adapting to patient-specific anatomies and 

improving rehabilitation outcomes through compliant 

motion.  

 

 
 

Fig 2: Examples of Biomimetic Designs in Soft Robotics 
 

This figure shows bio-inspired structures such as octopus-

inspired manipulators, gecko-inspired climbers, and fish-
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inspired swimmers, showcasing how natural locomotion 

principles guide robotic design. 

 

5.2 Wearable and Assistive Technologies 

Exosuits and wearable soft robots assist patients with motor 

impairments by providing joint support, gait correction, and 

muscle actuation. They are lightweight and unobtrusive 

compared to rigid exoskeletons [16]. These devices are 

gaining traction in elder care, rehabilitation, and industrial 

ergonomics. 

 

5.3 Search-and-Rescue and Hazardous Environment 

Exploration 

Soft robots can deform, squeeze through narrow gaps, and 

adapt to debris-laden environments, making them ideal for 

search-and-rescue operations [17]. Firefighting, mine 

inspection, and planetary exploration are potential 

application domains. Their compliance reduces the risk of 

damaging surroundings or being damaged during operation. 

Application areas (Fig 3) continue to grow, especially in 

healthcare and exploration. 

 

 
 

Fig 3: Application Domains of Soft Robotics 
 

This figure outlines diverse application areas including 

medical tools, wearable assistive devices, and search-and-

rescue robots, emphasizing their adaptability in human-

centric and unstructured environments. 

 

6. Challenges and Future Directions 

6.1 Durability and Material Fatigue 

Repeated deformation of soft materials under operational 

loads can lead to mechanical fatigue and failure. Innovations 

in toughened elastomers, hybrid composites, and 

encapsulated fluids are addressing these concerns [18]. 

Accelerated aging tests and computational models are being 

developed to predict and extend the lifespan of soft robots. 

 

6.2 Energy Autonomy and Miniaturization 

Soft robots often rely on tethered power supplies. Future 

designs need lightweight batteries, wireless charging, or 

energy harvesting solutions like biofuel cells and 

triboelectric generators [19]. Integration of microfluidic 

pumps and miniature control circuits is key to achieving 

untethered autonomy. 

 

6.3 AI Integration and Control Complexity 

The nonlinear behavior of soft bodies complicates 

traditional control strategies. AI and machine learning 

approaches are now used to train soft robots for specific 

tasks through trial-and-error, reinforcement learning, and 

predictive modeling [20]. AI also enables sensor fusion, fault 

diagnosis, and adaptive control for dynamic environments. 

 

6.4 Sustainable Fabrication and Biodegradability 

The ecological impact of polymer-based robots is 

increasingly under scrutiny. Efforts are being made to utilize 

biodegradable, bio-derived materials and eco-friendly 

manufacturing techniques [21]. Life cycle assessments are 

recommended to quantify environmental footprints of soft 

robotic systems. Fig 4 illustrates the remaining technical and 

environmental challenges facing soft robotics. 

 

7. Conclusion 

Soft and bio-inspired robotics represent a transformative 

leap in robotic capabilities, pushing boundaries in 

adaptability, safety, and human integration. While 

challenges in durability, energy efficiency, and control 

remain, advances in smart materials, AI, and sustainable 

design are rapidly addressing these issues. The fusion of 

biology and engineering heralds a new era of robotics that 

mirrors the elegance and complexity of life, with immense 

potential across healthcare, exploration, and daily living. 

Continued interdisciplinary collaboration will be pivotal in 

realizing the full potential of these innovative systems. 

 

 
 

Fig 4: Challenges and Future Directions in Soft Robotics. 
 

This figure summarizes major limitations such as energy 

autonomy, durability, and control complexity, alongside 

future trends like biodegradable materials, AI integration, 

and self-healing capabilities. 
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