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    Soft Robotics is a subfield of robotics concerning manipulators designed to have increased compliance and dexterity by minimizing the number of rigid components and mechanisms involved. Soft robots are more akin to living organisms, such as larval stage Lepidoptera rather than the traditional industrial robots with rigid joints. Sometimes, the need to include rigid components leads to a form of hybrid, i.e., a flexible concatenation of rigid elements connected via compliant tendons.




    Many soft and flexible materials which may be controlled by means of an external stimulus belong to the family of so-called “smart materials”. It is possible to distinguish between “intelligent” materials, which implies a degree of thinking – i.e., integrated or embedded (soft) microelectronics and “smart” materials which are astute in that they require a simple input stimulus which results in a specific (but different) output without any form of computational interface between input and output.




    Soft robotics relies heavily on such smart materials and the necessary means of instrumentation and control. This is not always simple because actuation means vary considerably - Thermal, electrical, magnetic, etc. No robot is viable without closed-loop sensory feedback to enable precise control. This places demands on the integration of sensors for tasks, such as position and force measurement. Furthermore, a suitable forward and inverse kinematic must be devised and implemented to program the manipulator.




    One of the first “soft” areas of robotics included object prehension. The ability to acquire an object with either controlled force or controlled compliance is integral to soft robotics. In the meantime, such philosophies have migrated to other areas and now encompass complete robotic concepts.




    No single book can claim to be a comprehensive text covering all aspects of soft robotics – the discipline is too wide for such a work. Like most other volumes, this book is a cross-section of some of the more recent advances in soft robotics regarding much of the earlier work. Several chapters in this book are based on work carried out within the DFG special research program for Soft Robotics (SPP2100), whereas others come from a wider range of international authors.
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      Abstract




      The development of soft materials for various smart applications, such as in soft robotic devices derived from elastomers, naturally occurring rubbers and polymers, can be traced back to 1940s. Contrary to conventional robotics, soft robotic research was primarily dedicated to reproducing and mimicking the elasticity and compliance of biological substrates. In the last few decades, however, subsequent progress in soft robotic devices and manipulators has been witnessed within the subcategories of material & processing, sensor and actuators. In this chapter, a comprehensive introduction to soft robotics engineering is highlighted exclusively from the perspective of materials development. Soft material prototypes are eventually exploited towards designing biomimetic prosthetic devices with sensing capabilities and soft actuating bodies. We present an elaborate discussion on soft materials engineering, including elastomers, polymer composites containing fillers and associated processing methodologies. Despite high flexibility and inherent biocompatibility, conventional soft elastomer-based (silicone and polyurethane) matrices often suffer from either poor mechanical strength or reduced mechanical output at higher temperatures. This review briefly summarizes and critically discusses the different types of compliant materials, i.e. elastomers, fluids, gels and others, which are currently being employed in soft robotics. This chapter also highlights new opportunities and paves some potential avenues to address several challenges, particularly the ones concerning and soft robotic materials. Moreover, utilization of soft rubber for sensors and other applications could ameliorate the versatility of soft material applications. Therefore, challenges and future direction in soft robotics research have to be explicitly integrated within the subdomain of materials development and processing and, therefore, addressed in-depth in this chapter, with an emphasis on autonomous soft robotic arms capable of stimuli-responsive operations.
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      1. INTRODUCTION




      A robot is an automatically controlled, programmable machine having desired abilities to execute movement, perception, and cognition [1-4]. The field of rob-otics has emerged in an effort to create fully adaptable autonomous machines capable of independent movement and interaction with surrounding environments in response to changing conditions. Its ultimate goal is to enhance robotic capabilities in terms of precision movement, accurate motion control, and finally, the level of intelligence. Mainstream robots are mostly designed to be rigid, hard, and inflexible. In such robotic systems, commonly used robotics segments, such as, actuators and sensors are made of rigid electromagnetic components, steel, alloys or semirigid plastics [5-8]. These can bear and support high loading and sustain reliable electrical and mechanical properties under extreme conditions (see chapter 1, Zimmermann et al.). However, in order to create universal and customizable machines capable of performing a wide range of tasks inspired by nature, robots built from soft materials need to be engineered. Furthermore, there is no single machine versatile enough to adequately perform all possible tasks.




      Soft robotics is an advanced and sophisticated area of robotics dealing with building robots from easily deformable and highly compliant materials such as fluids, gels, and soft elastomers [1, 9-11]. Soft robots are capable of performing various actions such as squeezing, stretching, growing, and climbing that is not possible for conventional robots [12, 13]. Recently, exploratory research on compliant materials and their functioning mechanism has gained tremendous attention for the soft-matter technologist [13-18]. Development of functional compliant materials for robotic applications is one of the potential areas. Research on compliant materials has been conducted for several applications, e.g. to replace human skin, soft manipulation, development of soft sensors, actuators, etc [13, 19-21]. In the recent past, significant work has been carried out on anthropomorphic and multi-fingered robot hands to develop functional capabilities similar to human hands [22-29]. Most of them used metals and plastics for such application. The important parameters toward selecting a suitable material for the robotic hand are impact force attenuation, conformability and repetitive strain dissipation [30]. Unlike a rigid finger made of metal and semirigid plastics, the use of a compliant material for such applications will be advantageous for several reasons. During object manipulation, a finger made of soft matter will not leave marks on the objects, and its grasping stability will be enhanced. Finally, repetitive strain can be eliminated. However, development of electronic/mechanical skin-based materials mimicking human skin is very challenging.




      Considerable progress has been made in recent years in the field of soft robotics, with efforts focused on novel methods of actuation, sensing, design and fabrication [17, 31-41]. This new trend is moving towards soft robotic material systems driven by several objectives like refine potentialities, proprioception capacity, ability to assist very sophisticated tasks like surgery, and finally increased safety for human interaction. The transition from a hard-conventional robot to its soft counterpart mainly depends on its underlying materials. This transition goes along with several challenges on the material side. Materials for soft robotics have, in addition to their functionality, to fulfill several minimum requirements related to high stretchability, flexibility, durability, low power consumption, adaptability for accomplishing tasks and lightweight. Despite the recent progress, in order to advance further in the area of soft robotics and its related applications, new multifunctional compliant materials with a broader range of advanced functionalities must be explored, which are still challenging today. On the other hand, a much deeper understanding of the properties and dynamics of soft materials and deeper insight into their interaction behavior with control systems and the environment have to be explored. These are crucial to achieving the desired robotic behavior in real contexts. There have been some excellent review reports on soft materials for different smart applications [9, 11, 20]. However, these pioneering research works do not specifically discuss in depth the ‘soft and compliant materials’ for robotic system applications. Therefore, the aim of this review is to serve (as an essential background or state-of-the-art) as a guide to materials for the researchers who are working on soft robotics and the corresponding sub-research areas. This review briefly summarizes and critically discusses the different types of compliant materials, such as, elastomers, fluids, gels and others, which are currently being used in soft robotics. This review will also highlight new opportunities and pave some potential avenues to address the robotic material’s challenges. As the dynamic response of the soft materials are often very nonlinear in nature with many degrees of freedom, specific material modeling and development of the constitutive relations for the soft materials as well as their characterization are very crucial to the design of soft robotic components. Therefore, this review also includes a comprehensive survey on the various existing analytical modeling approaches (e.g., pseudo-rigid body model, reduced order model, etc.) used for small-scale deformations and relatively simple geometries as well as numerical modeling based on the finite element analysis (FEA) used for large-scale deformations and the design of relatively complex robotic components. Finally, current challenges and prospects of soft materials and their dynamics for robotic application are critically discussed.




      

        1.1. Classification of Compliant Materials for Soft Robotics




        The softness of a matter or device is generally measured according to its compliance value [42]. Therefore, compliance matching, i.e., similar mechanical rigidity, is one of the most important parameters in soft robotics technology [43-46]. The mechanical rigidity of a material can be evaluated by its modulus of elasticity or Young’s modulus (E) which is a measure of resistance to elastic deformation of material upon tensile loading. E is generally estimated in the small deformation (< 0.2% elongation for metals) region, where stress varies linearly with strain. In conventional engineering applications, applied strain is typically small and E is a useful parameter in such cases [47]. However, E has limited relevance in soft robotics and other soft-matter technologies where materials undergo large elastic and/or inelastic and irregular (non-prismatic) shape deformations, with a typically non-linear stress response. Nevertheless, E is a useful parameter for comparing the mechanical rigidity of materials that are applicable in soft robotics. The elastic behavior, yield point and plastic deformation behavior of various classes of materials is shown in Fig. (1A), where the gap between rigid and soft material is clearly highlighted. Fig. (1B) shows Young’s moduli of various materials [48]. Conventional robots are made of rigid and semi-rigid materials such as metals and hard plastics, which have a modulus value greater than 109 Pa [49]. In contrast, soft materials in natural organisms, such as human skin and cartilage, have a modulus in the order of 102–106 Pa [50, 51]. Therefore, the materials in conventional robots have higher rigidity (3–10 orders of magnitude higher) than the materials in natural organisms. This mismatch in mechanical compliance is one of the major factors for the incompatibility of conventional robots for intimate human interaction.
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Fig. (1))


        (a) Elastic properties, yield behavior, and plastic deformation of various materials, (b) Young’s modulus of various classes of materials (the transition from soft to rigid materials) [48].

      




      

        1.2. Elastomers




        An elastomer is a type of amorphous crosslinked polymer of low glass-transition temperature, which has a unique property of ‘elasticity’ along with low elastic modulus and high failure strain [52, 53]. A material is ideally elastic if it returns to its initial shape and size after it is stretched or compressed under an applied load. Elastomers are generally considered as an elastic material [54] since its stress-strain response is typically nonlinear and their elastic strain can completely recover over a period of time after removal of a transient load. Elastomers are also considered to be hyperelastic materials since they can respond elastically when subjected to very large strains.




        Elastomers are the most potentially promising materials for soft robotics due to their low elastic moduli, very high stretchability and high elastic resilience. The elastic modulus of elastomers is typically in the range of 0.1-10 MPa, although soft robots are normally composed of highly deformable and compliant materials which typically have moduli in the range 0.1-1.0 MPa [55-57]. In soft robotics, a wide range of elastomers, such as silicones, liquid metal-embedded elastomers, dielectric elastomers, etc. are being widely used for both academic prototypes and initial commercial products due to their compliance, stretchability, elastic resilience, electromechanical efficiency, etc. Poly(di-methylsiloxane) (PDMS) is a class of silicone elastomer that is one of the most popular elastomers in soft robotics due to their low modulus, high strain limit, and relatively low hysteresis between loading and unloading cycles. There are several reports where PDMS is being used as a soft robust material for various soft robotics applications [59, 60]. However, PDMS poses some serious drawbacks, such as contamination issues from the curing process, low tear strength, high air permeability, poor abrasion resistance and limited service-life. Therefore, long-term reliability and performance of robot segments made from PDMS will be poor. In addition, their potential use for practical purposes is also under debate, because of their inherent time and temperature dependent viscoelastic properties, which can lead to unpredicted changes in the performance of the material. Natural and synthetic rubbers can be potential alternatives to address and overcome such problems. However, commercially available rubbers are not suitable for soft robotics due to a lack of adequate softness and functionality. There is a significant challenge to develop soft functional elastomeric materials from commercially available rubbers. By in situ modification of mineral-based filler structures, functional and mechanically adaptive natural elastomeric materials have been recently demonstrated, as shown in Fig. (2) [55, 58]. When robot skin becomes wet, the adaptive rubber skin will adapt its modulus automatically. Super-tough and ultra-soft liquid metal embedded natural rubber based composite materials using industrially viable solid-state mixing and vulcanization methods have recently been developed [61]. It was found that, in addition to substantial boosts in mechanical and elastic performance, the fracture energy of the material was enhanced up to six times after incorporation of liquid metal compared to control vulcanizate without liquid metal, as illustrated in Fig. (3). The balance between high flexibility and enhanced fracture toughness in commercially available elastomers will eventually provoke practical implications for future innovative materials for soft robotics.
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Fig. (2))


        (a) Mechano-Adaptive crosslinked rubber composites comprised of epichlorohydrine (ECO) rubber and calcium sulphate. (b) The composite can be made either soft or hard by heat or water treatment. (c) Storage modulus as a function of CaSO4 content. (reproduced with permission from ACS Publications) [58].
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Fig. (3))


        (a) Fracture toughness properties of super tough and ultra-soft liquid metal embedded functional natural rubber. (b) Comparison of crack growth rate vs tearing energy between unfilled natural rubber (NR) vulcanizate and 50 phr Eutectic Gallium-Indium (EGaIn)-loaded NR vulcanizate (NR−LM50) (reproduced with permission from ACS Publications) [61].

      




      

        1.3. Dielectric Elastomers




        Dielectric elastomers (DEs) belong to the group of electroactive polymers (EAP) - a relatively new class of compliant active materials, which can change its size or shape in response to an electric field [62-64]. EAPs are generally classified into two major classes, dielectric elastomers and ionic EAPs. The later has limited application in soft robotics due to its slow electric response and poor coupling efficiency. On the other hand, dielectric elastomers can be used as soft actuators to be integrated into robotic systems due to their rapid electric response (few milliseconds) and high electromechanical efficiency. DEAs are made of incompressible soft dielectric elastomer membranes, typically silicones or acrylic tape with the thickness of several microns, covered with compliant electrode layers on their top and bottom side to form dynamic capacitors. When an electric field is applied across the electrodes, the elastomer layer becomes thinner in response to the Maxwell stress derived from the electrostatic attraction between the charges on the opposing electrodes. A large electric field-induced deformation is generally obtained from the elastomeric actuator compared to conventional capacitor materials due to the elastomer’s lower mechanical stiffness. As the elastomer is incompressible, in-plane expansion of the DEA can be observed, which leads to voltage-tunable mechanical actuation, i.e. electrical energy We is converted into mechanical energy in the form of electrostatic pressure across the electrodes.




        Dielectric elastomer actuators (DEAs) are one of the promising candidates for soft robotics due to their large voltage-induced deformation, fast response, high energy density, lightweight, compact structure and its physical nature like a human muscle [65, 66].




        DEAs are being used in various sophisticated soft robotic applications, such as soft robotic gripper structures, aerial robot and humanoid robot applications. Grippers typically comprise an actuator segment with painted electrodes (see chapter 4, Sindersberger & Monkman). Gripper functions are generally controlled by applying a voltage to the actuator. The gripper can be brought closer to the object for grasping when voltage is applied to the actuator. Similarly, the gripper will close and grasp the object for manipulation when the voltage is removed. DEAs are also used for terrestrial robotic applications; for example, it has already been used to develop multilegged robots. A robot consisting of six spring roll actuators was able to achieve a locomotion speed of 13.6 cm/s or two-thirds of its body length per second. Multi degree-of-freedom (DoF) experimental protocols are applied for characterizing soft actuator interaction forces by considering three critical aspects: anchoring conditions, displacement boundary conditions and actuation power. Multi-DoF locomotion can be achieved by programming the actuation sequence of the actuators by patterning the electrodes. Such multi-DoF DEAs are useful for a robotic structure to mimic the walking posture of legged animals [66].




        Many studies and significant efforts have been made on materials, design and fabrication in order to enable real-world applications of soft dielectric actuators for robotics applications [67]. In addition, several works have carried out attempts on operational voltages to improve reliability and impart new functionalities [68]. However, there are several challenges that are currently being explored that include the development of freestanding actuators, electronics for free actuators, solid and stretchable electrodes, miniaturization, a combination of synergistic actuation technologies to impart novel functionalities, etc. In addition, there are several challenges on the materials side. In dielectric elastomer technology, a wide variety of rubbers can be used as the dielectric layer [69]. Generally, rubbers are highly viscoelastic materials; therefore, there is a limitation in obtaining adequate thickness which affects the actuator response time. Development of highly elastic materials can help solve such problems. Low viscoelastic and highly elastic materials can be suitable candidates for very high-frequency operation. Furthermore, a rubber string under a predefined strain can be deformed by the application of heat. This principle, driven by the entropic contribution of the rubber chains, can be used for actuation purposes [70].


      




      

        1.4. Fluid Materials




        Fluid is one of the most important compliant and deformable materials and plays an important role in soft actuation, intelligent sensibility, biomimetic functionalities in soft robotics [10, 51]. Several types of fluid material, such as air, liquid metal, water, aqueous electrolytic solutions etc. have been employed in soft robotics. Electrically conductive fluids are the most important compliant materials for soft robotic skin, soft actuators, microfluidic machines, and electronics. Room temperature liquid metals (LMs), such as Galinstan (68.5 wt% gallium, 21.5 wt% indium, and 10 wt% tin) and eutectic gallium indium (EGaIn) (75.5 wt% gallium and 24.5 wt% indium) also represent one of the most promising conducting fluid materials for soft robotics [71]. LM droplets can be altered into a wide range of shapes and sizes under controlled electrochemical reaction conditions. Therefore, LMs can be used as shape-variable fluid elements in designing functional soft machines and smart robots. Recently, it was found that LM can control the shape and motion of LM-based soft robotic segments [72].




        Water is also one of the most important fluid materials for soft robotics technology [44]. Various soft actuators are driven by air pressure, temperature, pH, electric field, etc. are also very attractive. However, their response times are often slow. The displacement and response speed of water driven soft fluidic actuators are larger and faster when compared to the usual soft actuators. Water is generally considered as an incompressible fluid with respect to its surrounding elastomer matrix. Therefore, slight displacements to the boundaries of the fluid or surrounding elastomer can lead to rapid changes in fluidic pressure and actuator stiffness. Yuk et al. developed high speed and high force hydraulic-driven hydrogel actuators that allow water to flow out into the surrounding fluid matrix [73]. Such soft actuators are both optically and acoustically transparent due to the similar density and transparency of hydrogel in comparison to seawater. This technology can be promising in designing next-generation biomimetic underwater soft robots based on hydrogels rather than elastomeric and metallic ones in order to study their interactions with surrounding marine organisms. Christianson et al. developed a swimming robot composed of a frameless, transparent, bimorphic dielectric elastomer actuator with fluid electrodes [74]. They demonstrated that water, including the surrounding fluid in submerged devices, can be used as compliant fluid electrodes for dielectric elastomer actuators, giving rise to artificial muscles for engineering underwater soft robots for monitoring and unobtrusive research of marine life.


      




      

        1.5. Liquid Metal Embedded Elastomers




        In soft robotic technology, generally soft electronic materials are promising candidates because of their extraordinary sensing, actuating, and energy harvesting properties [75]. Elastomers are currently one of the most important materials for soft electronic systems. Conventionally, electronic properties of elastomers are tuned by the incorporation of various inorganic fillers such as conducting carbon black (CB), carbon nanotubes, graphene, BaTiO3, TiO2, Ag powder, Ag-coated Ni microspheres, or ceramic micro/nanoparticles, etc [76-80]. However, these fillers require very high loading to achieve significant electric property enhancement of the resulting materials, causing deterioration of mechanical elasticity and softness of the materials due to a dramatic compliance mismatch between soft base elastomer matrix and rigid fillers. One of the potential approaches is to use fluid fillers, such as ionic liquids to eliminate the compliance mismatch. However, the electrical properties of such materials are yet to be investigated. Recently, it has been revealed that liquid metal is a functional fluid material that implies huge potential in soft electronic and soft robotics due to its unique deformability and mobility along with high thermal and electrical conductivity [71, 81]. There are few soft functional elastomeric materials developed by incorporating liquid metal (LM) microdroplets into hyperelastic materials, such as rubbery polymers like silicones and polyurethanes with exceptional electro-elastic properties [82, 83]. In such composite materials, relative permittivity is enhanced by over 400% with a low dielectric dissipation factor, while retaining its original elasticity due to the elimination of the compliance mismatch between matrix and filler [82]. In addition, the thermal conductivity of soft elastomer can be enhanced manifold by incorporating liquid metal [84]. Thus, incorporation of liquid metal into a soft elastomer matrix is a promising method to develop a unique combination of low mechanical rigidity, high thermal conductivity and high relative permittivity. These liquid-metal embedded elastomeric (LMEE) composites can be designed in a manner to match their mechanical compliance with soft artificial skin and nervous tissue to enable signal transduction and rigidity tuning along with biocompatibility. Although the LM droplets can be suspended in a much wider range of elastomers, only silicone and polyurethane elastomers have typically been used as the matrix material for the development of such LMEE composites. However, there are few natural and synthetic elastomers, e.g. natural rubber, epoxidized natural rubber, styrene-butadiene rubber, polybutadiene rubber etc. that offer wide-ranging applications in the tire and other industrial sectors [85]. These commercially available rubbers cannot be directly used in soft robotics due to a lack of adequate softness and functionally. However, such rubbers can find application in soft robotic technology following the development of soft functional materials using liquid metal as a dispersing agent by utilizing the processability and elasticity of rubber. For example, liquid metal embedded natural rubber can offer crack-resistant properties with its increasing robustness [61]. Consequently, liquid metal embedded elastomers can make an excellent model system for soft robotics due to their robust mechanical properties and ease of fabrication.


      




      

        1.6. Hydrogels




        Hydrogels have emerged as an active primary material for bio-soft robotic systems, particularly actuators and sensors [86, 87]. By definition, the hydrogel is a three-dimensional crosslinked polymeric structure with high amounts of water, typically 80-90% in the bulk of the matrix [88]. The water molecules trapped in the matrix serve a dual purpose. Firstly, it responds to external stimuli, such as temperature, pressure, ionic strength, pH, light and magnetism. In addition, the water molecules swell the hydrogels making them mechanically compliant with excellent diffusive properties and stimulating safer interactions with surrounding biological environments.




        Currently, material scientists are facing challenges to develop soft, flexible, and resilient sensors and actuators due to a lack of adequate soft functional materials. Such types of material should be biocompatible, biodegradable, and environmentally friendly. Commonly used silicone elastomers in such applications pose several drawbacks that include biocompatibility, high viscosity, hydrophobicity and environmental toxicity. These disadvantages can be overcome by using biocompatible and biodegradable hydrogels. Various beneficial proper-ties such as high water content, flexibility, and the ability to fabricate different geometries and forms make hydrogels a potential choice for the development of actuators and sensors for bio-robotics applications. Currently, hydrogel is being used in a number of soft actuators for robotics applications, such as in thermal, electric, magnetic and biomimetic actuators, despite the limitation that they can work only in aqueous media [89]. Since hydrogel can trap water molecules in their matrices, it can be utilized to create various actuations and motions by tuning the swell and shrink capability which depends on the amount of water present in its matrix. In addition, when heated above the lower critical solution temperature (LCST), hydrogels can change their shape and volume due to the miscibility of all their components. This capacity can be useful in generating various physical motions for the development of soft actuator robotics systems. Poly(N-isopropylacrylamide) (pNIPAM), a thermo-sensitive has been recently employed in an inchworm-like robot by generating a difference in frictional force due to its hydrophilic and hydrophobic behavior when heated below and above the LCST, respectively [90]. Furthermore, thermal response time of actuation can be enhanced when pNIPAM is combined with single-walled carbon nanotubes (SWNTs). Due to the expansion and contraction of hydrogels upon thermal stimulation and their ability to flexibly integrate with other substrates, it is useful in the design of microvalve actuators and flow maintenance in microfluidic systems. However, there are still some limitations with such thermo-sensitive hydrogels, such as the requirement of an aqueous medium with low ionic strength and high polymer–solvent friction in micro-valve system due to the swelling of hydrogels in the presence of a fluid. In the case of electro-responsive hydrogel actuators, electrical energy from a power source is converted to mechanical energy through spontaneous deformation of their matrix [91, 92]. Such actuators are highly compatible with electronic systems and are applicable in biosensors, artificial muscles, etc. Other advantages of electro-responsive hydrogels include bending under electric fields and their shape-changing behavior. Hydroxyethyl methacrylate (HEMA) and poly(2-hydroxyethyl methacrylate) (pHEMA) are biocompatible electro-responsive hydrogels that are considered useful in biosensors [91]. However, the limitation of these hydrogels includes slow response time and high electrical energy induced stress in the gel, resulting in fatigue. Magneto-responsive hydrogel actuators generate actuation and motion driven by magnetic fields. The magnetic particles embedded in the actuators interact with applied magnetic fields, causing the system to deform or bend, depending on the particle content and its saturation magnetization [93]. Anisotropic or isotropic shape changes can be obtained in such hydrogels by applying an external magnetic field. Magnetically-driven hydrogels find applications in bio-robotics, cell design, drug delivery, etc. The limitation of such hydrogels involves high power consumption for larger experimental configurations and external magnetic field generation.




        Hydrogels are also promising compliant materials for robotic sensors due to their good mechanical flexibility, biocompatibility and biological tissue-like mechani-cal properties. Chen et. al developed wearable strain sensors with good sensitivity and a wide sensing range based on the dually synergistic network hydrogels containing soft poly(acrylic acid) and rigid conductive polyaniline networks to accurately monitor activities of the fingers [94]. In another work, a conductive strain-sensitive sensor with electrical self-healing and good self-recovery capability was fabricated using a hydrogel containing synergistic “soft and hard” hierarchical networks. However, due to lack of adhesiveness, such strain sensors need to be mechanically integrated within the applied object, like human skin, resulting in fabrication complications. Recently, Xia et. al developed a novel strain sensor based on a wearable, flexible, self-healing and self-adhesive hydrogel composed of a polyacrylamide (PAAm)/chitosan (CS) hybrid network structure. The PAAm network is crosslinked by hydrophobic associations, and the CS network is ionically crosslinked by carboxyl-functionalized multi-walled carbon nanotubes (c-MWCNTs). This hydrogel can be applied as soft human-motion sensors for real-time detection of both large-scale and small-scale human activities, such as joint motions and subtle blood pulsation [94].




        One of the most important challenges for soft robotics, in general, is to improve “touch” – tactile sensing capabilities of robots. The “touch” sense of humans is crucial for our interaction with the environment, movement control and in particular, for handling different objects and perceiving their mechanical properties. As future robotic systems will be used in increasingly more complex scenarios, where they have to cope with different objects and even interact directly with humans, realizing basic touch functionalities for robotic systems is highly demanding. Electroactive hydrogels can be used in tactile stress and strain sensing applications due to their swelling and volume-changing properties. Piezoresistive pressure sensors with perforated diaphragms are generally used to measure swelling pressures of hydrogels for various stimuli. In one study, a touch sensor using stretchable and ionically conductive hydrogel electrodes has been developed to generate an electric field and sense finger-bending motion. Conductive hydrogels have been investigated for touch and stress-sensitive features for soft robotics. Hydrogels based sensors undergoing mechanical deformations under external pressure is suitable for monitoring blood pressure and are used in smart skin and touch-sensing applications. In another study, a hydrogel optical fiber consisting of dye-doped hydrogel in fiber form was used to measure the axial strain and distributed large range strain sensing [95]. Here, the matrix consists of ionic and covalent polymer network hybrids, with the covalent parts giving rise to high stretchability and the ionic part reinforcing hydrogels strength by generating mechanical energy during bending. Furthermore, strain sensing capabilities can be enhanced after incorporating SWNTs within the hybrid matrix. Conductive hydrogels find applications in touch-sensitive and stress-locating features for soft robotics. Hence, it can be inferred that in the near future, hydrogels will make promising and potentially compliant materials for soft robotics due to their subsequent swelling and bending capability, hydrophilicity, biocompatibility, self-healing property, and stimuli-responsiveness to various environmental factors.
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