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Abstract

:

Research in the field of underwater (UW) robotic applications is rapidly developing. The emergence of coupling the newest technologies on submersibles, different types of telecommunication devices, sensors, and soft robots is transforming the rigid approach to robotic design by providing solutions that bridge the gap between accuracy and adaptability in an environment where there is so much fluctuation in object targeting and environmental conditions. In this paper, we represent a review of the history, development, recent research endeavors, and projected outlook for the area of soft robotics technology pertaining to its use with tactile sensing in the UW environment.
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1. Introduction


As robotic platforms and drone technologies have become more refined through the mid-20th century, there has been a major shift toward UW exploration in the form of human hands-off approach [1,2]. The use of remotely operated vehicles (ROVs), unmanned underwater vehicles (UUVs), autonomous underwater vehicles (AUVs), and top-side controlled systems have become more regularly employed to deliver safer and more practical solutions in accessing environments with extreme conditions [3,4,5,6,7]. For example, an automated solution to the visual inspection problem of hydroelectric dams has been proposed by employing a small AUV which can be controlled by four degrees of freedom [6], recovery missions have been carried out by maneuvering a Semi-Autonomous Underwater Vehicle for Intervention Mission (SAUVIM) which could also be manipulated fully autonomously [7], a European research and development project has focused on developing underwater mobile robot-modules which are not be connected physically rather via communication links [5], and so on. However, due to the rigid-mechanics hosted by more conventional robotic systems, there exists a disconnect between theoretical robot capabilities and adaptability to uncontrolled environments with varying degrees of geometric and environmental conditions. This disconnect usually translates to restriction in a machine’s degrees of freedom (DOF) and its inability to interact with foreign objects of complex nature without imposing damage. To bridge the gap, the fusion of soft robotics with UW technologies has become a highly regarded solution to mitigate damage control and enhance the capabilities of interactions imposed by robotics systems on complex and foreign conditional situations [8,9,10]. Soft robots prove to be effective in infiltrating, climbing, and holding delicate materials or living creatures [11]. This delicacy employed toward manipulation is incredibly important when interacting with the organic natural environment of the UW oceanic territory. Therefore, in order to handle the research amid a diverse marine ecosystem, it is quite pragmatic to fuse the technologies of soft robotics and UW robotic platforms. For instance, Serchi et al. showed that changing the body shape of a soft-bodied vehicle can benefit the propulsive forces required in the UW environment [12], Galloway et al. presented a benchmark work-study recently where they designed the principles for soft robotic end effectors, and they had also manipulated their own soft robotic end effectors for the non-destructive sampling of benthic fauna in deep-sea environments [13]. More extensively, today’s conventional UW robots are primarily contingent upon camera sensing capabilities. However, there exist many situations of low visibility in the larger part of the UW atmosphere. As an alternative or merged solution, tactile sensors provide a key role in sensing, controlling, and manipulation in opaque UW environments. Therefore, in recent years, there has been a combined research effort around the world toward fabricating industry-level tactile sensors that can be functionally integrated with soft robotic systems hosted by UW technologies [14,15].



The domain of UW soft robotics has the potential to pioneer the ways in which we as humans interact with the ocean through robotic control. It provides enhanced physical awareness and acute-capability for engaging with nature’s organic systems as well as for interacting with human-imposed mechanical systems. In this manner, soft robotics tailors toward a more sustainable and efficient practice of robot interaction with the UW world while contributing to an increased state of well-being of planet Earth through preservative means of human exploration and interaction. In this article, a brief history of soft robots will be provided followed by a presentation of recent innovations pertaining to tactile-sensor fusion with soft robots. In such a manner, case-study examples will highlight the implications that soft robot and tactile sensor fusion face in a UW regime. Such a review will help researchers spanning interdisciplinary fields develop an objective understanding of the dynamics of current UW soft robotics research and its prospects.




2. A Brief History of Soft Robotics


2.1. Emergence of Soft Robotics


In terms of mechanics, nature is perhaps the greatest teacher for functional design. There are many examples of living creatures that out-perform machines, where physique or behavioral patterns inspire researchers to adopt biological concepts into design. In such a manner, bio-mimicry is a sought-after approach for modeling machine design and structural mechanics that must comply with organic or complex environments. More specifically, biological physics that benefits from the flexibility and deformable behavior of animals has influenced researchers to develop a relatively new field of robotic design, soft robotics. Traditional solid-mechanics robots, also known as hard robots, are widely employed by large-scale operations where the conditions of an environment are pre-defined, motion is prescribed and the precision of movement is consistent. Two examples are the use of hard robots in modern-vehicle assembly and packaging industries. The accuracy of these machines benefits from coupled linkages that allow rotary or linear motion with each added DOF in motion. Although increasing the complexity of the linkages and utilizing shape memory alloys (SMAs) in solid-mechanics contributes to an increased range of motion, these principles of design remain unfavorable for environments that fluctuate in conditions, require fragile operations, or are integrated with humans [16]. This largely imparts due to high-magnitude force application, rapid movement, and heavy-set structural mechanics of traditional hard robots [17]. On the contrary, soft robots resolve this extensive set of challenges due to their adaptable nature of the flexible and soft composition. Distributed and multi-axial deformation in soft robots not only possesses a nearly infinite number of DOF but also allows soft robots to achieve nearly any shape and configuration in three-dimensional space. Furthermore, soft robots inflict minimal gripping impact to compressive loads and can deform to a much higher percent of elongation without harboring dangerous strains. In this way, soft robots exhibit precedence over their hard counterpart by providing adaptability to soft and fragile entities, safe interactions with humans, and increased fluctuations in movement. The difference in the dexterous capability of soft robots compared to conventional hard robots is depicted in Figure 1.



The fruition of soft robotics was conceived from discussion in the 1990s with efforts to bio-mimic the motion of creatures lacking endoskeletons. Typical creatures of this early focus included worms, jellyfish, and starfish. A materials science research group by the name of Defense Science Research Council (DSRC) carried out the early stages of soft robotic development funded by Defense Advanced Research Projects Agency (DARPA). ’ChemBot’ was a soft robot that was proposed to replicate the appearance of a soft-drink can [18,19]. Upon autonomous command, ChemBot would deform its shape to exhibit worm-like movement, detect the presence of a door, crawl under the door, and re-form its can shape on the other side. Although the project outcome was not completely successful in its performance, it did inspire new considerations for component technologies. In fact, it was the nucleation for soft robots from a technical point of view.




2.2. Recent Technologies


This section provides a glimpse of the sensing capability, actuation methods, and materials used in the field of soft robotics developed in recent years. Readers may find more detailed information about the recent trends and technologies related to soft robotics in [10,21,22].



The earliest example of a pragmatic soft device was developed as a gripper in the shape of a pentagonal star [18,23]. Since its early-stage fabrication, there have been numerous design offshoots that mimic the concepts of tentacles and soft-walking mechanisms. For instance, Wang et al. demonstrated a 3D-printed plant-tendrils-inspired soft gripper that includes bending, spiral, and helical distortions for grasping [24], Shephered et al. presented a multigait soft robot that could mimic crawling and undulation gait motion to navigate difficult obstacles utilizing five actuators without having any sensor [25], and so on. However, there still exists a lack of competence for sensing capabilities and controlled motion when comparing these devices to nature’s least most capable cephalopods. Many typical sensors utilized in hard robots become obsolete in the case of compliance and morphology to soft robotics due to their specialized function in an application. Thus, there is currently a large research effort dedicated world-wide toward developing stretchable electronics such as electronic skin [26], screen-printed curvature sensors [27] that realize multiple degrees of curvature, as well as chemical and biological-based sensors [21].



To this point in time, soft robot prosthetic hands and grippers are primarily developed based on pneumatic actuated pressure vessels that cause deformation and elongation of a control surface, sometimes making use of embedded fibers and tendons to limit or inhibit aspects of a motion [28]. These pressurized actuators can range from uni-directional bend to omni-directional bend depending on the complexity of airflow channels, embedded fiber composition, and material composition. The most basic form of this idea is a uni-directional pneumatic actuator which deforms due to a uniformly pressurized chamber [23]. A fiber-reinforced material for soft actuators has shown its shape memory effect that inhibits deformation in unfavorable directions [29]. A McKibben muscle, as another example, uses a network of pressurized fiber-reinforced actuators that operate in unison to govern a motion range based upon the pressure applied to each vessel in the network. Similarly, twist-and-coil actuators cause twisting and coiling deformation as a bi-product of fiber re-reinforcement prescribed pressure [30]. Hydraulically amplified self-healing electrostatic (HASEL) actuators with muscle-like performance are also under experimental consideration [31]. HASEL actuators can perform all three basic modes of actuation (expansion, contraction, and rotation). They can incredibly withstand linear strains >100%, and almost 20% strain at frequencies above 100 Hz, and possesses a specific power greater than 150 W/kg. Furthermore, innovative technologies such as the peripheral neural mechanism for precise control of point-to-point movements [32], actuation based on the chemical to mechanical energy conversion [33], edible pneumatic actuators based on gelatin-glycerol material [34], etc. have also been demonstrated by various researchers around the world. Descriptions about some other actuation approaches such as joint torque-controlled actuation, series elastic actuation, parallel-distributed actuation, etc. can be found in [35].



Light-driven actuation is another noteworthy example of recent technologies. A detailed review on light-driven actuation can be found in [36]. In this actuation method, Liquid Crystalline Polymers (LCPs) are programmed to experience three-dimensional shape changes in response to light. Employing this technology toward animals’ emulation of movement like caterpillars [37,38], snails [39], and inchworm [40] have already been carried out. In most cases, photothermal dyes are used for actuators. They absorb light in order to heat the polymer network above the nematic to isotropic transition temperature, provoking fast and local contraction which is then exploited to power locomotion. Other examples make use of local alignment patterns to incite area selective motion without needing localized illumination.



Very recently, Di-electric Elastomer (DE) actuators have also been employed in an untethered soft robot inspired by snail-fish for deep-sea exploration [41]. Two pre-stretched DE membranes are used to sandwich a compliant electrode (carbon grease) for each DE muscle. The soft robot has onboard power (2500 mAh Li-ion battery) and its control and actuation are protected from pressure consolidating electronics in a silicone matrix. The robot has been tested successfully in the Mariana Trench down to a depth of 10,900 m. Implementing magnetic composite elastomer lappets, external oscillating magnetic field actuated jellyfish-like soft-bodied multi-functional millirobots have been reported [42]. The robot can swim in five different modes and trap objects from outside to the inside comparably to the predation behavior of an ephyra.



In terms of materials, silicone was adapted as the earliest medium used for soft robotics due to its simple fabrication process and overall quality control in design. Electro-conjugate fluid finger by Nagaoka et al. [43], design of soft pneumatic actuators by Elsayed et al. [44], and pneumatic curling rubber actuator by Wakimoto et al. [45] are some examples of silicone made actuators. However, more recent material developments have contributed toward a wider range of employable materials and fabrication methods, which is translating to more sustainable design and enhanced capabilities of soft robots. For example, environmentally friendly options like polydimethylsiloxane (PDMS) [46], shape memory alloys [47], self-healing materials [48], and other biodegradable polymers such as poly-glycerol sebacate itaconate (PGSI) [49] are becoming more prominent material choices in the developing field. These materials provide superior properties in terms of micro-scale usage, and self-healing, which translates to reduced maintenance and cost. Eventually, these types of materials will likely replace traditional silicone and create new capabilities in soft robotics. In other news, experimentation with thermoplastics has been conducted for the development of variable stiffness structures (VSS), which allow soft robotic designs to vary in stiffness due to thermally activated mechanical properties. A case study example is the design of a helical manipulator that is able to vary the properties of its bending with controlled variability in its thermal properties. The benefits of this thermoplastic design allow the gripper to grasp objects that weigh up to 220 times of its own mass [50]. Newer design methods for material structures such as shape deposition manufacturing (SDM) [51,52], smart composite microstructure (SCM) design [53,54,55,56], 3D-printed actuators [57,58,59,60], and multi-actuation pneumatic networks are translating to increased strength capabilities for soft robotics over the more traditional approach to basic single-motion actuators [61]. The SDM method is quite handy in free form of fabrication of solid complex geometries [51]. It is capable of generating geometrically accurate, dense, and metallurgically bonded functional metal shapes with good surface appearance. It can even mimic the way biological structures are composed. Cham et al. reported a functional biomimetic design of hexapedal robots which showed robust performance close to those present in nature [52]. SCM is another manufacturing process that allows a rigid link made of carbon fiber composites to be integrated with flexible joints made of polymer film [53]. This method involves cutting a flat composite and polymer film into the appropriate shape with micro laser machining and then laminating the various materials to produce an integrated structure. Some examples for SCM based manufacturing in recent times are buckling pneumatic linear actuators by Yang et al. [54], biomimetic inchworm robot: Omegabot by Koh et al. [56], programmable sheets which can change their shapes autonomously by folding by Hawkes et al. [55], and so on. 3D-printing is one of the newest forms of technology that has been manipulated for fabricating different parts of the soft robotics system. Some prominent examples of 3D-printing technology are the 3D-printing technique of soft pneumatic actuators relying upon fused deposition modeling (FDM) [57], the 3D-printing method for printing linear bellows actuators, gear pumps, soft grippers, and a hexapod robot, employing a commercially available 3D-printer [58], embedded 3D-printing for soft somatosensitive actuators [59], and printing stretchable UV-curable (SUV) elastomers (can be stretched up to 1110%) utilizing digital-light-processing (DLP)-based 3D-printing technology [60], etc. Thus, it can be said without any confusion that the manufacturing methodologies for soft robotics are evolving constantly.



Motion capabilities are of specific interest in the development of soft robot systems. Considering the variability in movement mechanics hosted by different species of animals suited for the specific habitat needs, research endeavors of soft robot movement aim to simulate more unique and wider-range motions. Current motion capabilities inherent to soft robot systems include complex movements of grabbing, rolling, jumping, crawling, and even forward-projected motion through a tube. One specific example of crawling exists in a multi-gait soft robot that is capable of moving linearly [25]. Another type of motion is exhibited by the GoQBot that can replicate caterpillar-like movement [62]. Additionally, there exists both a mesh-worm soft robot and an inchworm soft robot that exhibit peristaltic locomotion and abdominal contractions, respectively.



In the mesh-worm, peristaltic locomotion is achieved due to the antagonistic arrangement of circular and longitudinal artificial muscle groups. The artificial muscle groups are composed of flexible braided mesh-tube coil actuators wrapped in a spiral pattern through the body of the mesh-worm [63]. The inchworm robot is capable of two-way linear and turning movement due to its compartmentalized three-tier body. It is separated into three groups: the body, the back foot, and the front foot. Shape memory alloy wire is embedded longitudinally in a soft polymer to imitate the longitudinal muscle fibers that control the abdominal body contractions of the inchworm during locomotion. The robot performs gait movement by modifying the friction coefficient in each of its feet controlled by a looping gait actuation pattern [64]. Further movement studies in soft robotics include a quadrupedal soft robot design for navigating through rough terrain [65], while other researchers have also developed systems to replicate the movement of sea-creatures like a fish which are capable of silent organic transitions of diving and lateral movement [66], as well as a cephalopod exhibiting more organic forms of silent forward propelled motion [67]. As motion studies continue to unfold the advancements in simulated movements will allow soft robots to more closely mimic biological movement translating to a more adaptable exploration of extreme environments.




2.3. Challenges


The development of such a robust field of robotics comes with inherent challenges that needs to be solved before soft robots are frontally available for commercial and personal use in our daily lives [68]. One of these challenges is attaining stretchable multi-modal sensing capabilities [69]. Current research efforts worldwide are focused on developing sensor technologies that are adaptable to multi-point sensing and stretchable in nature. Along this line, there are needs for developing highly stretchable (>200%) and conductive materials that can minimize noise and power consumption. Although research developments of liquid metals possess good conductivity [70], the sophisticated fabrication process and the possibility of leakage lessen the appeal for applications in which they must be contained within a stretchable medium. Researchers are working on efforts to simplify their fabrication along with developing technologies of nano-composites [71], conductive polymer/hydrogel [72], bulking/wrinkling structures [73], and stretchable textiles [74]. In conjunction with research efforts to develop flexible and conductive material solutions is a technological push toward more advanced stretchable electronics that can be embedded into flexible elastomers. Wearable electronics remain relatively 2D due to engineering constraints and electronics performance limitations. However, 3D architectures for open-mesh interconnected electronics are the preferred method for compliant and accurate wearable electronic networks despite their complexity to design and fabricate [73]. Additionally, high-fidelity signal skin-like electronics that can adhere to human skin are desirable for applications of health monitoring and care. These advanced electronics networks, however, require sophisticated fabrication techniques that usually suffer from a reduced density of electronics devices in an array [75]. A corresponding need is the ability to interpret real-time data which helps to realize complex shapes and motion detection during an operation, as opposed to post-processed data [76,77].



A major challenge imposed on the general field of electronics, and to soft robotics more specifically, is an adaptation to an extreme or remote environment. Two remote frontiers that remain relatively unexplored by soft robots are outer-space and the deeper depths of the ocean. In these challenging frontiers, radiation tolerance, heat dissipation, system performance with respect to size, as well as power limitations, are major drawbacks [78]. Additionally, more conventional robots lack the mechanical aptitude to comply and grapple with remote and rough terrain. Recent mechanical developments such as the Dexhand [78], Spinyhand climbing robot [79], and surface-gripping climbing robot are providing new insights into the mechanical design of rough terrain [80]. These design solutions, though, are still relatively rigid in their mechanics and may not suit well to soft organic environmental adaptation. In addition, excess power consumption and lack of real-time data feedback remain inherent hurdles with these exploratory robots. The reader should also consider that, while these three robot solutions feature more hard-mechanics composition, the comparable pneumatic actuated soft robot with similar capabilities would likely feature cumbersome secondary features to account for its fluid power.



Regarding ocean exploration, challenges inherent to the environment include compression forces imposed on chambers filled with compressible-gas at deep depth and the difficulty to communicate data through varying salinity of the water. While communications can be maintained with drones during areal and space transit, communications with UW robots must be regulated via tether connection or acoustic communications in conjunction with physics-based calculation systems that are prone to energy consumption and approximation drift. Soft robot solutions such as the Octobot are leading the way for soft undersea exploration; however, there is still major progress needed before soft robot systems prove effective in undersea applications [81]. Compounding on exploration, implemented solutions for UW manipulation include soft end-effectors that mimic cephalopod movements [13], but these movements remain quite simple and relatively ineffective for calculated and well-informed undersea manipulation.





3. Soft Robotic Hands in UW Applications


Since the development of manipulator systems in the 1950s, the oil and gas industry has relied heavily on manipulator technologies for operations in severe oceanic environments. These typical systems operate via hydraulic power and are designed for heavy-duty systems [1]. However, due to the delicate scope of oceanographic and biological marine missions, the cumbersome hydraulic systems are overpowered in motion when tasked with preserving fragile organisms and samples.



Biological Sampling in the Deep Sea represents the first comprehensive compilation of deep-sea sampling methodologies for a range of habitats where soft robotics can assist with adaptive and preservative biological sampling [82]. Soft robotics has the potential to transform the emergence of research trends that will achieve large-scale environmental monitoring via the adaptation of compliant robot and wireless sensor network interactions, adaptive sampling, and model-aided path planning [83]. Even the defense sector benefits from maneuverable operation to ensure delicate handling of dangerous objects that are not within the scope of conventional manipulator systems. The emerging ability for soft robotic systems to operate autonomously, equipped with multi-modal sensing, makes them a favorable choice for exploration of these extreme environments [84].



Soft robots present a promising outlook for these situations by ensuring preservative handling of biological organisms and damage prevention of high-risk objects. In the following paragraphs of this section, we provide a few specific design developments of soft robotic end-effectors that have proved influential to UW soft robotics and relevant to the following section of tactile sensing technologies. A table (Table 1) has also been provided depicting some of the examples of existing soft robotic hands and their key characteristics.



Phillips et al. designed a dexterous, tele-operable soft robotic arm that can be used for sensitive deep-sea biological exploration [85]. It utilizes seawater as hydraulic-fluid, whereas its hydraulic engine (consisting of 250 mL/min deep-sea pump and hydraulic accumulator) consumes less than 50 W of power which ensures its capability to be battery-driven. It has been field-tested to depths of 2300 m which significantly outperforms the depth of scuba diving capacity (150 m). The gripping actuator designed by Phillips et al. was inspired by the work of Galloway et al. [13], whereas rotation and bending of the Phillips control arm were inspired from technologies developed by Kurumaya et al. [86].



Galloway et al. demonstrated two types of grippers which were composed of commonly known boa-type fiber-reinforced actuators and bellow-type soft actuators, respectively [13]. The boa-type actuator utilizes a mono-pressurized fluid input contained within a molded elastomer chamber re-enforced by a spring along its length to minimize radial strain. This molded chamber is then adhered to a linear-strain limiting layer to limit unfavorable change in length along a control surface. Therefore, when the unit is pressurized, the boa-design deforms around the control surface and adapts to intricate motions such as simultaneous bend and twist [87]. When the boa’s internal fluid pressure rises, the half-round diameter actuator is able to wrap around an object of 12 mm diameter and effectively distribute forces over its surface area contact. The bellow-type actuator is similarly fabricated from a molded elastomer material, though it features a slight difference in its strain characteristics. The bellows unfolding mechanism produces less strain in the elastomer material which translates to lower operating pressure, therefore increasing the lifetime of the actuator relative to the boa. Maximum operating pressure can be enhanced in the bellow actuator by employing reinforced fibers to its construction similar to the boa [88]. One favorable characteristic to a boa-type actuator is its ability to inflate at rates as little as 50 ms. Additionally, the bellow-type actuator is able to achieve a quasi-circular shape with minimal change to volume and pressure. It is this favorable comparison to the boa-type actuator that allows the bellow-type actuator to perform over a greater lifespan with a reduced amount of fatigue and failure [88]. Similar to the boa-type and bellow-type actuator is a more traditionally recognized pleated actuator. The pleated actuator can be fabricated as both unidirectional and bi-directional. The favorable characteristic of a unidirectional pleated actuator is that it can bend to higher amounts of curvature over bellow-type or boa-type actuators. This is due to the overall displacement of fluid in the chambers. In addition, in comparison to boa-type and bellow-type actuators, a bi-directional pleated actuator can exert higher maximum force on an object due to its ability to accommodate a larger input energy [89]. It should be understood that each of these actuators are employable to undersea applications given their ease of implementation; however, the electrical power and fluid power constraints of a robot system will contribute to the output capability of the actuators.



Two more similar soft-actuator modules were developed by Kurumaya et al. The first of Kurumaya’s modules is 70 mm long and is molded from a 50 A shore hardness elastomer material, which is re-enforced with 12 outer fibers that rotate down the cross-sectional profile at a 30° increment. When actuated, this module features torsional deformation and is capable of achieving an overall angle of twist of 77° under 172 kPa of pressure. The second module is 100 mm long and is molded from a 30 A shore hardness elastomer. It is re-enforced with circular-profile fibers that are offset by 6.7 mm along the actuator’s length and when actuated can achieve bends of over 90° [86]. These two design solutions achieved by Kurumaya provide advanced capabilities for the movement of a controlled arm, whereas boa-type and bellow-type concepts developed by Galloway are favorable to end-effector’s performance and handling of an object. Figure 2 portrays the control arm and the end-effector developed by Phillips at al. with a demonstration of its UW application as well as visuals for both Galloway’s and Kurumaya’s design concepts.



Gong et al. [90,91] designed a soft robotic arm correlated with an accompanying mathematical model capable of angle correction via open-loop model-based motion control that can predict the 3D motion and location of the robotic arm with an error margin of 5.7 mm. The soft robotic arm can be operated in both air and water. The arm is based upon the concept of 3D-printed channels spatially distributed at the interface of two different silicone elastomer materials which allows for intricate 3D motions. In developing the mathematical model, Gong optimized the mechanical properties of the arm based upon a 30 A shore hardness elastomer for simulation purposes [92]. Fabrication of the soft robotic arm employed a traditional soft lithography method to compose a general cylinder shape capable of measuring changes of hydrodynamic resistance during actuation. The cylinder-shaped actuator featured a corrugated surface texture with embedded rubber tendons in order to lessen radial strain, also known as ballooning [93]. In investigating the practicality for measuring hydrodynamic resistance of the control arm, the system was tested at different depths under a range of measured amplitudes and frequencies in the open-loop model-based motion control. The Gong research team was able to conclude that small hydrodynamic forces (less than 1 N) and small torques (less than 0.08 N·m) inherent to the operation of the system translated to minor inertial effects to an accompanying underwater vehicle system as opposed to the inertial effects imposed by a rigid underwater manipulator. In calculating the inertial effects, the Gong research team employed an inverse kinematics method for three-dimensional locomotion simulation [94].



On a separate occasion, the Hao research team developed a four-fingered robotic gripper with the ability to tune, or adjust, effective finger length. Made purely of elastomer materials, the actuator hosts two working modes: (1) It can deflate soft fingers for bending one direction or opening its grip; (2) It can inflate the fingers by compressing air into its chambers. Gripper tests were performed with various finger-lengths ranging from 30 mm to 100 mm in length. In the range of tests, pull-off forces were measured for spheres and cylinders ranging from 30 mm to 90 mm diameter. The major take-away from this study was the tunable finger length design. Essentially, by modifying finger length, the actuators could perform a better grasp on certain objects [95]. The Hao research team also presented optimized parameters for bi-directional soft actuation of wedge-shaped chambers. Utilizing a simulation approach, the team performed deformation analysis on wedge shapes of different widths. Interestingly, they found that increasing the width of a chamber translated to more deformation. The research team utilized a mathematical model to reveal the deformation of the actuator as a function of geometric parameters pertaining to the internal chamber construction and material properties. Of critical findings, the team reported that incremental chamber deformation of 15° is preferable when designing larger pneumatic actuators [96].



Another soft-robotic design solution for underwater manipulation was reported by Bemfica et al. [99]. This system integrates a traditional gear-design with elastomer-based protective skin. The UW system featured a dexterous three-fingered gripper equipped with tactile sensing capabilities used to gain hold of objects of various shapes. It is reported that the three-fingered gripper is capable of securing complex objects ranging from 5 to 350 mm in diameter, whereas the palm of the manipulator has a diameter of 132 mm. The gripper, attached to a traditional robotic arm with multiple DOF, was designed to integrate with autonomous systems for submarine intervention activities [104]. Each of the three fingers individually contains two DOF and are mounted 120° apart from one another on the palm. Rotational mechanics of the fingers utilize six Faulhaber motors coupled to worm gears that are able to regulate a relationship between motor output and sampling of each tactile sensor. While this approach to manipulation is purely based on traditional robotics, the system is enclosed inside of a deformable silicone skin that protects each finger from water damage. Experimental studies of the system show prominence of its functionality but some limitations too (A simulation study of similar types of work can be found in [105]). For instance, due to material fatigue and physical interaction with hard objects, the silicon skin can be prone to cracks as well as punctures. Additionally, o-rings are required for use where the system boundaries must be maintained between different con-joining materials. Therefore, proper use of lubrication for aluminum and specific materials for o-rings is of major importance [106].



Mura et al. developed and tested a tendon-driven UW end-effector based upon the Pisa/IIT SoftHand [100,107], considering the SoftHand’s demonstrated reliability for UW use [108,109]. The Pisa/IIT SoftHand is designed as an underactuated, adaptive soft robotic hand [107]. It includes multiple flexible joints (19 joints in total). However, its specialty is that it can actuate all of those joints with just only one actuator. The hand can grasp objects having different shapes such as bottles, pens, cups, hammers, books, coins, and so on, and the design has already been proven robust in underwater use. In [108], Stuart et al. demonstrated a compliant, underactuated, tendon-driven hand (similar to Pisa/IIT Softhand). The hand is equipped with a finger-tip suction method for underwater mobile manipulation. It consists of four fingers (each driven by a single actuator) in order to perform both wrap and pinch grasp steadily. In another work of Stuart et al. [109], they reported ‘Ocean One hand’ which also uses elastic finger joints and a spring transmission to carry out various pinch and wrap grasps. A geometrically constrained torsional-spring tendon winch system is employed to switch motor actuation direction to select between two transmission stiffnesses. The two transmission stiffnesses are utilized to firmly grip an arbitrarily shaped object and execute a wide variety of tasks. The hand was employed for the field test at the La Lune shipwreck site at 91 m depth in the Mediterranean Sea and acquired a vase from that wreck. The Mura end-effector features a watertight chamber that holds its electronics and motor, as well as a set of two soft terminal devices that carry out variable grasping operations. A cast-acrylic tube and an O-ring-sealed flange are used to enclose the components inside of the watertight chamber. Magnetic coupling is used to transmit the motor torque from inside the sealed chamber to the outer underwater environment. Dust-proof, fluid-proof, and rust-proof magnetic coupling was chosen to avoid performance issues due to momentary passage of fluid over the couplings and to ensure reliability in harsh operating environments [110]. Experimental results showed that the end-effector was capable of withstanding pressures of up to 50-bar before there was any deterioration in performance or damage imposed to the system.



Recently, a 3D-printed soft robotic manipulator has been developed by Vogt et al. [101]. The soft actuator referenced here is of bellow-type and fabricated via 3D-printing utilizing thermoplastic polyurethane material, and polylactic acid (PLA) plastic material for flexible and rigid parts accordingly. Similar to how other bellow actuators work, there is a controlled bending motion. However, thin squares of rigid-flexing material are employed in an origami-like fashion to the inner control surface of the actuator. Therefore, when the bellows are pressurized, the overall bending of the actuator causes the squares of rigid material to deform in a U-like fashion and impose compression forces interior to the actuator’s grasp. Experimental data shows that this actuator is capable of pulling a maximum of 16.6 N force. The end-effector developed by Vogt et al. can be seen composed of three digits and also composed of two digits and is therefore capable of pinching and power grasps. It has been tested down to 2224 m depth and proved to effectively grasp fragile deep-sea creatures such as goniasterids and holothurians.



Sinatra et al. demonstrated an improved version of ultra-gentle soft robotic actuators that can handle sensitive samples of marine life without any imposed damage. Field tests were conducted where this actuator was able to hold species of coral and sea cucumbers without imposing damage, while it was also able to hold a jellyfish without severing its body [102]. In the Sinatra design, an actuator is built from higher shore hardness elastomer material and re-enforced with a polymer nano-fiber network for preventative means of induced strain [111], similar to the Kurumaya et al. strain-control mechanism. The Sinatra design features six actuators attached to a 3D-printed palm fabricated from a PolyJet-based printer (Objet Connex500, Stratasys). Each finger is removable from the palm and can be utilized according to its need-based case. Field tests confirm that the Sinatra’s six-finger grasp possesses a better grip and restrain of jellyfish as opposed to a four-finger grasp in a diamond shape or rectangular palm. Tests also suggest that each finger can be pressurized and depressurized up to 100 times before a failure may occur. Due to rapid pressurization or applying an input pressure above 55 kPa, a ∼1 cm inoperable tear may cause replacement of a finger. The total weight of the gripper is an impressive 123 g. The Sinatra gripper can be actuated by means of very low hydraulic pressure, ranging from 6.9 to 41.4 kPa with respect to ambient pressure.



Takeuchi et al. developed a multi-joint gripper for UW manipulation based on concepts of a differential gear chain to control the joint angle and the stiffness of a finger [112]. There are no electronics embedded in each finger and therefore the end-effector can be utilized in a variety of severe environments. Although the gripper is designed from hard materials, its differential tendon concept can be adapted to soft robotic manipulators in the future. In such a manner, the Takeuchi manipulator is a cross-breed between solid mechanics and flexible solutions which bridges a gap between force capability and flexibility.




4. Tactile Sensing Technologies


Traditional robotic use in industrial applications is based upon pre-defined and repeatable mechanical operations of the end-effectors. The tasks of robots in industry tend to be less compatible with unexpected work-frames such as UW environments. With many other challenges that define its exploration, ocean exploration is usually associated with a lack of vision leading to unclear dimensional recognition of objects. This is due to low levels of ambient light and particle-dust present to the environment but is also linked to the dimensional recognition of camera vision underwater. Thus, while soft robotic end-effectors enable manipulators to bridge the gap between expected and unknown shapes, there is still the inherent challenge of controlling these systems remotely with precision. In these situations, the use of tactile sensors leads to increased dimensional awareness that is required for acute robot control. Generally, tactile sensors can provide real-time data feedback about estimations of contact forces which lend to an analysis of structural properties. One method is based upon close-proximity force recognition utilizing an array of sensors arranged in a matrix that enables characterizing near proximal object interaction [113]. Additionally, point feature histograms (PFH) are performed in tactile sensing as a way of describing local geometry fixed about a point p for 3D point cloud data analysis. Although PFH is computation-heavy, continuous optimization of the mathematical modeling is providing enhanced object awareness known as Fast Point Feature Histograms (FPFH) [114]. Furthermore, control architecture based upon a perception-action cycle can be integrated with tactile sensing such as to allow a fingertip-like sensor to react to tactile contact whilst regulating applied contact force. By interpreting the local force data, the fingertip can be repositioned to achieve optimal manipulation [115]. Moreover, tactile sensors are able to detect the characteristics of a surface from evaluation of its texture, hardness, and even temperature to provide a more informed picture of what is happening relative to sensor data [116]. This information learned via real-time data feedback can be utilized to control fingertip contact force [117], and even to detect orthogonal surfaces or organic curvatures [118]. A more advanced topic of tactile sensing is the measurement and recognition of grasp stability. In situations of pose uncertainty, it is important to characterize object interaction both statically and dynamically. Therefore, one particular mathematical model can estimate the initial grasp stability and further re-adjust its positioning for optimal grasp. This algorithm synthesizes an adjustment based upon the estimated stability of the initial grasp [119]. A secondary method for stable grasping utilizes a break-away friction ratio (BF-ratio) which calculates the relationship between friction force and normal force during slipping. Based upon data recognition of the phenomena, a manipulator is able to re-position its grip to achieve optimal grasp. It has been experimentally proven that the performance of the BF-ratio method can moderate computational efficiency [120].



To date, an extensive range of tactile sensor technology is available that ranges depending on different types of hardware utilized to build the sensor package. For example, Teshigawara et al. developed a slip detection system built from pressure-sensitive, conductive rubber for a multi-fingered robot [121]. The slip detection system not only provides normal force recognition but also information about shear forces and slipping acting during gripping situations. Drimus et al. introduced a flexible tactile sensor package mounted to the fingers of a robotic gripper that is able to decipher between rigid and deformable materials [122]. More typical tactile sensors perform measurements by readings of capacitance and resistance but are not limited to readings of optical distribution or electric charge throughout a mechanical system [123]. Effective methods of tactile sensing can range in stretchable nature, self-healing capability, high data resolution, and sometimes possess autonomous power capability [124]. The following paragraphs will highlight a range of research-proven methods for tactile sensing and therefore support a more complete picture for the wide range of implementations seen in cutting-edge tactile sensor research today. A table (Table 2) is provided demonstrating different sensing methodologies utilized in tactile sensing and mentioning their year of reporting, material usage, functionality, sensing range, and applications.



4.1. Piezo-Electric and Piezo-Resistive Tactile Sensors


Büscher et al. demonstrated a fabric-based flexible and stretchable tactile sensor package that is capable of sensing pressure ranges between 1 kPa to 500 kPa. The system is based on piezo-resistive effects and can be employed on the surface of human-like soft skin [125]. Similar to Büscher’s piezo-resistive modeling, Seminara et al. proposed polyvinylidene fluoride (PVDF) polymer films capable of electro-mechanical characterization of piezoelectric effects in the PVDF material [126].



This method of piezoelectric modeling has shown its effectiveness in tactile sensor applications and has been further experimentally investigated by many researchers. For example, Göger et al. [127] and Chuang et al. [128] separately demonstrated the capabilities of PVDF polymer film tactile sensors based on piezoelectric and piezoresistive principles. Both Göger and Chuang incorporated dynamic and static information for an anthropomorphic robot hand. Chuang et al. also developed a piezoelectric tactile sensor for regular endoscopy to identify submucosal tumors [129]. Chuang concluded that tactile sensors modeled from piezoelectric and piezoresistive properties are generally robust but also experience some drawbacks. While the nature of piezoelectrics offers promising mechanical properties in regard to flexibility and performance under tensile strain, as well as cost-effective and repeatable manufacturing, materials used for piezoelectrics are prone to acute hysteresis. In other words, piezoelectric properties in materials tend to decrease in sensitivity over time due to wearing and tearing. Furthermore, piezoelectric properties are subject to change with ranging temperature and environmental conditions [130]. Therefore, in an underwater environment where fluctuation of temperature and pressure vary based on geographic location and depth, the piezoelectric properties of materials are subject to change. This can induce modified data reading for sensors; however, it is common for more complex underwater systems to sample the environmental conditions and adjust sensor data as a product of localized conditions. An illustration of some piezoelectric and piezoresistive tactile sensors is presented in Figure 3.
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Table 2. Example of tactile sensors with different sensing methodologies.
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	Sensing

Method
	References,

Year
	Materials

Used
	Functionality/

Measurement
	Sensing

Range
	Applications





	Piezo-

electric & Piezo-

resistive
	[127], 2009
	Poly-

vinylidene Fluoride (PVDF) polymer films
	Normal

force
	-
	Anthro-

pomorphic robot hand



	
	[128], 2013
	PVDF

polymer films
	Normal force
	(0.1–20) N
	Anthro-

pomorphic robot hand



	
	[125], 2015
	Piezo-

resistive fabric
	Normal force
	(1–500) kPa
	Surface of human-like soft skin



	
	[129], 2016
	PVDF-

Sensing material, Cu-

Electrode
	Normal force
	-
	Endoscopy to identify submucosal tumor



	Capacitive
	[131], 2008
	PDMS-

Structural material, Cu-

Electrode
	Normal, and shear force
	(0–131) kPa
	Artificial, or Robot hand



	
	[132], 2011
	Silicone
	Normal force
	-
	iCub Robot hand



	
	[133], 2012
	Silicone
	Slip detection
	-
	Robotic adaptive gripper



	
	[134], 2016
	PDMS-

Structural material,

Au-

Electrode

Polystyrene-

Dielectric

layer
	Contact, bending, and stretching forces
	(0–50)

N
	Electronic skins, wearable robotics, and biomedical devices



	
	[135], 2018
	PDMS-

Structural

material,

Polyamide-

Dielectric

layer,

Ag

Nanowire-

Electrode
	Detecting gas flow, and bending motion
	-
	Motion detection, health monitoring, and intelligent robots



	Optical Imaging
	[136], 2013
	Silicone
	Contact

force
	-
	Magnetic Resonance Imaging (MRI), Minimally Invasive Surgery (MIS)



	
	[137], 2018
	Silicone
	Contact

force
	-
	M2 gripper, Identifying sub-mucosal tumor



	
	[138], 2019
	PDMS
	Contact force, Frequency of vibration
	-
	-



	Magnetic
	[139], 2016
	Magnetic

Nano-

composite

(Highly elastic poly-

dimethyl siloxane + iron nanowires)
	Vertical, and shear force
	-
	Braille reading



	Organic Field Effect Transistor (OFET)
	[140], 2018
	Charge modulated OFET+ PVDF
	Pressure and temperature
	Pressure (40–200) kPa and temperature (8–50) °C
	Robotics and wearable electronics









4.2. Capacitive Tactile Sensors


Similar to the idea of utilizing electric differential values for measurement, but different from sampling the piezoelectric resistance of materials is the idea of using capacitance readings as a means of force measurement. Lee et al. revealed a flexible tactile capacitive array based on PDMS which proved successful as an effective soft material for measuring normal and shear force distribution [131]. The PDMS elastomer serves as a useful material for flexible applications due to its high flex characteristics and low Young’s modulus. In addition, the capacitive type of sensing mechanism allows compactness of a tactile pressure sensor. While most tactile systems make use of wires, this system utilizes a serial bus for data transfer to reduce the amount of hard wiring. It was successfully tested with the humanoid robot iCub for grasping fragile objects [132]; however, the use of serial buses could impose communication issues in the underwater environment. On topic with measuring frictional and slipping forces, research reported by Heyneman addressed the concern of slippage with effective use of capacitance sensing [133]. Moreover, Li et al. [134] and Wan et al. [135] revealed a sensor package that features an impressive level of measuring precision. Reports showed that this capacitive sensor boasts pressure responsiveness of 0.815–1.2 kPa and a speedy system response time of only 36–38 ms. In this sensor package, the electrodes were positioned according to the micro-pattern of a lotus leave, while polystyrene microspheres and colorless polyimides were utilized in a dielectric layer. Applications of the emerging technology reported by Li and Wan are not limited to wearable technology, electronic skin, and soft robotics. The studies infer that capacitive tactile sensors display superior responsiveness over piezoelectric tactile sensors and consume less power when used for sensing over larger surface areas [141]. As it goes with any technology, capacitive sensing features a drawback, whereas it is vulnerable to electromagnetic noise and sensor degradation at higher temperatures.




4.3. Optical Imaging Based Tactile Sensors


Unlike the piezoelectric and capacitive solutions proposed thus far, optical imaging solutions combined with machine learning algorithms present very accurate inspection for tactile sensing. Xie et al. demonstrated the effectiveness of a vision-based optical tactile sensor used for magnetic resonance imaging (MRI) [136]. In this demonstrated technology, detailed surface texture was captured with the so-called ’Gelsight’ tactile sensor. The ’Gelsight’ is composed of an elastomer surface covered by a reflective membrane which sits above an optical camera. When forces are induced to the elastomer surface, the reflective membrane imprints with detailed geometry and reflects back to the optical camera. This high-resolution dataset is interpreted as an image, converted to a local binary pattern, and processed with a visual texture analysis tool [142]. Additionally, Johnson and Adelson have presented an optical method for capturing microscopic surface geometry. Building upon the Johnson and Adelson retrographic sensor, recent advancements to this optical sensor allow it to characterize texture regardless of surface finish whether it is matte, glossy, or transparent [143]. Of similar nature is optical sensing research reported by Cherrier et al. which merges the open-source optical sensor known as ’TacTic’ with a gripper platform named ’GR2’ in order to transduce images of deformation in the presence of manipulation [137]. The optical-sensing gripper measures forces at the fingertips by imaging a circular control surface. The control surface, containing an array of dots, deforms to certain patterns due to different types of forces. Therefore, the camera vision system captures an image of the pattern while a Bayesian algorithm processes the image for force recognition [137]. Of similar optical nature in research, Zhu et al. successfully designed a method for optical tactile sensing which bio-mimics the micro-structure of a butterfly wing which can act as a color-filter by reflecting frequencies of light based on its micro-surface pattern. Similar to the butterfly wing, Zhu et al. fabricated a grate-like frequency filter onto PDMS films [138]. When exposed to normal and shear forces, the PDMS film would slightly deform and therefore cause a change in diffracted light reflected by the frequency filter. Video magnification and optical analysis were utilized to monitor these changes whereas a machine learning algorithm was employed to predict the position and the magnitude of forces applied on the PDMS strips. Therefore, based upon the pattern present to the PDMS strips, the machine learning algorithm is able to compute information about tactile sensing [138]. In conjunction with the optical solutions proposed so far, there are fundamental advantages to using optical sensing versus piezoelectric or capacitive sensing for tactile sensing systems. Optical solutions provide very detailed spatial resolution, increased sensitivity, and high repeatability, while they are immune to electromagnetic interference [144]. Nevertheless, optical tactile sensing possesses challenging barriers to be overcome such as large power consumption and high computational requirements [145].




4.4. Other Interesting Methods for Tactile Sensing and Fusions


To this point, tactile sensing solutions provided have been purely based upon piezoelectric resistive properties, capacitive measurements, and optical imaging capabilities. These are three research areas that have been largely developed and employed in tactile sensing systems and therefore encompass a majority of research-proven solutions in the world today. As the field of material science expands and scientific understanding for materials becomes more advanced, these avenues of research will merge toward new developments and fine-tuned solutions accordingly. This is the case for quantum tunneling capabilities of a soft-material pill-shaped composite known as the QTC pill. In the piezoelectric characterization of the QTC pill, it performs as a perfect insulator but yet is able to act as an extremely good conductor [146]. Therefore, as researchers learn more about this soft material’s electro-mechanical characteristics, it possesses strong possibilities for more accurate and lower power consuming piezoelectric materials for the future. Moreover, beyond the scope of these three research avenues are tactile sensing solutions that implement the fundamentals of practical physics in novel and exciting new ways. This is the case for tunable magnetic nano-wires to express different magnetic-field properties based upon a variety of shell thickness of an iron oxide coating surrounding an iron core [139]. This magnetic tactile sensor based on magnetic nanocomposites (highly elastic polydimethylsiloxane + iron nanowires) has been used for ’Braille characters’ reading. Another example is the development of two-layer flexible artificial skin that can map a differential of surface pressure between the bottom and top layers of its construction. In such a way, force recognition is able to be monitored and processed with an associated computer algorithm [147]. These two examples for novel tactile sensing should provide a wider scope of curiosity to the reader as to what is physically and scientifically possible for future developments of tactile sensing systems.



In developing a robust tactile sensor package, it is often advantageous to merge technologies in the form of sensor fusion. In this manner, multi-modal tactile sensor packages are designed to achieve a variety of capabilities not limited to combinations of thermal, pressure, proximity and vision recognition. An example is the low-cost multi-modal tactile sensor reported by Viola et al. This very small tactile sensor functions by coupling an organic field-effect transistor (OCMFET) with a piezoelectric element fabricated from polyvinylidene difluoride (PVDF) film. It can sense variation of temperature and pressure simultaneously [140]. On a separate occasion, Hasegawa et al. has merged proximity sensors with camera vision for use as a fingertip multi-modal sensor which enabled more informed autonomous grasping [148]. Another example of a multi-modal sensor presented by Jacob Segil combines an elastomer-embedded barometric pressure sensor with an infrared proximity sensor. The combined sensor fusion is able to recognize five impact locations at three different angles of incidence. This multi-modal sensor bio-mimics somatosensory perception and is used in conjunction with peripheral nerve interfaces for prosthesis use [149]. Additionally, Kampmann et al. presented a three-fingered robot gripper equipped with a multi-modal tactile sensor integrated with optical sensors, strain gauge sensors, and piezoelectric sensors. While most optical systems tend to have a cumbersome interface, this particular sensor package boasts a minimalist design [150]. More specific to soft-robotic application, Din et al. demonstrated a photolithographic fabrication process for developing a stretchable multi-modal tactile sensor made from stretchable EcoFlex and PDMS silicon rubber encapsulation. It is capable of measuring pressure as well as measurements of uniaxial stress and strain [151].




4.5. Tactile Sensors for UW Environment


Although the use of tactile sensors for electronics and robotic systems has been extensively investigated, there is a limited number of successful implementation of tactile sensors for UW robotic applications. Table (Table 3) demonstrates some of the reported tactile sensors till now for UW environment. Previously, Brien et al. demonstrated a fingertip sensing subsystem set up for use in a dexterous underwater gripper [152]. The system consisted of a force sensor which was designed based on strain gauge technology, and a slip sensor made of a PVDF-based device. The sensing system had been successfully integrated onto a fingertip and employed underwater. The system was one of the major breakthroughs for tactile sensing in the UW environment at that time. Dennerlein et al. presented a prototype of a vibrotactile sensor that could be fabricated with minimal cost and complexity [153]. The sensor used four strips of piezo-electric film placed in a hard silicone rubber layer just beneath the jaw surface to sense the vibration. The system could effectively identify three different material blocks: wood, aluminum, and machine wax in the UW environment.



In recent years, Palli et al. developed a low-cost tactile sensor capable of measuring force and torque in the wrist unit of a 3 fingered hand-like end-effector. Encapsulated within the constraint of a cube, the multi-modal sensor can measure changes of optical reflection on the cube faces and is easily implemented into the wrist unit of an end-effector [154]. Due to its simplistic design, the opto-electronic sensor offers a reliable implementation to submersible systems where sensor fusion must remain minimal yet effective [159]. While the multi-modal sensor demonstrated effectiveness for manipulating objects like solid pipes, it is still nowhere near dexterous enough to handle soft objects like jellyfish. However, due to the sensor’s adoption of optoelectronic components, it is not subject to the effects of electromagnetic noise. Similarly, Bemfica et al. used this approach to sensing with optoelectronics in their design of a three-finger gripper for UW use [106]. Each finger digit in Bemfica’s end-effector contains three optical sensors that are contained within individual deformable pouches, all embedded in silicone. Aggarwal et al. revealed a tactile sensor capable of high spatial and force resolution which was tested in a deep-sea environment reaching ambient pressures of 600 bar [155]. The tactile sensor was mounted to an undersea end-effector named SeeGrip and proved to be effective for haptic object recognition. Due to its high spatial and force recognition capability, the SeeGrip was able to estimate more exact positions of contact forces, while contact forces were considered as point clouds which allowed for surface contact to be analyzed in terms of an object’s localized geometry [155]. Zhang et al.’s presentation of a multi-modal UW tactile sensor proved its effectiveness in localized force perception during grasping motions of a three- fingered end-effector [156]. The unit was built in the shape of an oil-filled capsule, whereas internal normally-open electrical contacts were separated by a silicone diaphragm. If either end of the capsule, which are oil-filled and deformable by nature, is subject to an outside force, the pressure is transferred internally to the capsule and displaces the silicone diaphragm. In this manner, one of the internal normally-open contacts is closed and force sensing is achieved relative to bipolar recognition. When these tactile sensors are employed to a manipulator in the form of an array, an understanding for shape recognition and localized impact forces can be realized more expansively [156]. Muscolo et al. reported an electrostatic capacitive tactile sensor potentially effective for underwater use [157]. In this sensing mechanism, a semi-cylindrical surface of flexible conductive artificial skin is separated from an array of capacitive transducers using a high dielectric oil. When outside forces are imposed on an outer soft-membrane, the conductive skin deforms closer to the transducers and creates a capacitive differential at that location. Therefore, both position and magnitude of the force can be realized from this interaction. Nadeau et al. proposed a new modality for tactile sensing: fingertip suction flow [158]. They utilized the data from monitoring orifice occlusion to sense the contact of an object and employed a recurrent neural network to predict external force trends making use of the suction signals only. The study possesses the potential for autonomous robotic behaviors and provides additional input to operators to remotely operate vehicles robustly in the UW environment. As it should be understood by the provided case studies, functional application of tactile sensing for underwater application is much harder to achieve versus above-water tactile sensing. Though some of the provided examples have not yet been tested specifically with UW soft robots, they provide influence over tactile sensing concepts that will lead to more sophisticated and robust design solutions for UW soft tactile sensing systems.





5. Prospects of UW Soft Robotics


In recent years, the field of marine robotics has undergone continuous growth as a bi-product of the increased needs for more preservative marine biological sampling, more advanced methods of ocean surveying, as well as for implementation and maintenance of ocean-based mechanical systems. First of all, sampling of marine biology and natural resources in remote undersea environments has influenced unmanned vehicles to adapt toward more acute manipulation of non-rigid and delicate objects. Second, the use-case for multi-modal sensor packages, especially those equipped with tactile sensing capabilities, allows for more accurate depictions of the UW organic environment. Lastly, delicate interactions between robot systems and undersea mechanical systems must be maintained in order to prevent damage that may otherwise be imposed by rigid robot interactions. In the case of these physical interactions, soft robot technologies particularly excel over traditional rigid-mechanics technologies due to their adaptive and preservative nature for manipulation. Thus, there is a wide scope of advantage that soft robots can exhibit in their role of more adaptive ocean exploration. The following are the state of the art of soft robotic technologies for UW applications that point toward advancements for the future of soft robotic systems in ocean exploration.



Katzschmann et al. introduced an acoustically controlled soft robotic fish [160]. The robot is equipped with cameras, which are controlled by a remote human operator, and can perform more organic swimming maneuvers. The scope of this soft-robot is to provide opportunities for marine researchers to investigate the interactions of aquatic life more closely while imposing less of a visual threat to marine animals as opposed to traditional remotely operated undersea vehicles. Picardi et al. developed a legged robot named SILVER-2 that is inspired by benthic animals like crabs and lobsters [161]. The robot consists of both soft and rigid parts and is currently able to explore sea bed constraints between 0.5–12 m depth. Enhancing the SILVER-2’s depth capabilities would be a huge step forward in seabed exploration as well as the implementation of soft tactile sensing to its design.



Of additional pertinence to emerging UW soft robotic technology is experimentation with different types of SMAs as artificial muscles to mimic jellyfish locomotion. Particularly, hydrogen and oxygen-powered SMAs are composed of nano-platinum catalyst-coated multi-wall carbon nanotube (MWCNT) sheets that are wrapped around the surface of Nickel-Titanium (NiTi). When a mixture of naturally occurring hydrogen and oxygen contact the NiTi surface, an exothermic reaction causes specific heat transfer to result in mechanical deformation. This type of SMA is favorable because the hydrogen–oxygen fuel source could potentially provide higher power density than electrical sources [162]. Additionally, bi-directional SMAs are presenting the capability for artificial muscles to return to their original position without any induced strain. Typical unidirectional SMAs are only able to actuate in one direction upon heating; however, the influence of bi-directional SMAs will allow for artificial muscle systems to exhibit repeatable cyclic motion, further mimicking jellyfish locomotion [163]. On a related note, new studies based upon pulse and recovery deformation of ionic polymer metal composites are under investigation. Similar to the NiTi SMA previously referenced, excitation of the material composition causes favorable deformation; however, the power source in this scenario is an electrical signal pulse [164]. Of a similar type of application, controlled motion of magnetic composite elastomer material in the presence of an external oscillating magnetic field can induce fluidic flow that translates to organic movement throughout the soft robot materials [42].



The bio-mimicry of jellyfish locomotion is especially relevant to advancements of underwater robots due to the principle of propulsion relevant to external environmental stimulus. There are, however, inherent challenges to designing functional jelly-like systems. These challenges usually present themselves in the form of encapsulation of electrodes in ultra-soft materials. As seen in research thus far, it has been difficult to implement compliant electrode materials that conform to pre-strained dielectric layers as well as to insulate actuator electrodes from surrounding fluids. One recent design advancement to dielectric elastomer actuators (DEA) is providing a positive outlook to submersible DEA technology. This development features an internal fluid-filled chamber, where the internal fluid acts as one electrode while the liquid of the surrounding environment acts as the second electrode. By implementing this strategy the interactions between electrodes are simplified [165]. Additionally, advancements in polyrotaxane actuator technology are providing insight into molecular-sized machine elements acting as piston–cylinders, valves, and pumps. These types of molecular machines operate via idiosyncratic classes of molecular structure joined via non-covalent mechanical interactions. The interactions between the molecules are unlocking various techniques for implementing supramolecular structures into new hybrid materials that are able to achieve mechanical stimuli-responses without separation [166]. In applications where encapsulating electrode networks is crucial, this type of interlinked molecular architecture possesses tremendous outlook for future development. In addition, impressive behavior featured by advancements to DEA actuators is the ability to facilitate movement via a silent mode of operation. Traditional undersea robots rely upon propeller actuation which requires cumbersome mechanics and creates a great deal of noise and disturbance [167]. Emerging designs for DEAs have encapsulated un-tethered power sources such as batteries which can provide ample power for di-electric induced methods of movement [168]. In these types of systems, the flexible DEAs are able to produce locomotive movements without causing any sound disturbance or creating much unwanted turbulence. Based upon this type of DEA design, a fish robot was able to swim silently at a speed of 8 mm/s with a 3 kV drive voltage, whereas a jellyfish robot was able to silently move at a rate of 1.5 mm/s [169].



Continuous progress on developing novel methodologies and tuning prior conventional systems to conform with silent, low-power, jelly-like systems remain under great concentration [103], especially lending itself to emerging swarm capabilities. The idea for multi-robot control is becoming more prevalant in UW applications, whereas it is more efficient to make use of multiple robots working together to perform a common task or different tasks simultaneously rather than relying on one robot to handle all responsibilities incrementally [170]. Furthermore, in the advent of more practical and creative manufacturing solutions for advanced materials and sensing technologies, soft robotic solutions will continue to adapt to challenging environmental conditions in the UW world.




6. Conclusions


Soft robotics has brought a quantum leap in the field of robotics and manifests its prospects to revolutionizing society and industries that require compliant robot interfacing. Beginning with a discussion of the history of soft robots that emerged from the need for more adaptive systems, this review outlines the field of soft robotics that has emerged to reveal more distinct robotic solutions that are both compliant and acute in the nature of control. With any technology, however, some challenges remain inherent to its very nature, whereas continued development in the field of soft robotics is crucial to realize more intellectual and pragmatic systems, especially with respect to the UW environment. To this degree, several applications of soft robotic UW end-effectors were provided and analyzed in terms of functionality and limitations. Additional critical focuses of this review were concepts of tactile sensing and their integration as multi-modal sensing packages for enhanced awareness of manipulation. In formulating this development, prospects of tactile sensing were fused with soft-based underwater end-effectors to reveal early research stages of soft undersea tactile sensing systems. As a final note of current research, the novel applications of bio-mimicry based on complex UW soft-physique creatures were presented. In addition, this review is expected to play a role of bridging new cutting-edge manufacturing solutions and influences of emerging material science methods that have the potential to make the field of soft robotics more accessible and more advanced in its domain. While there are inherent challenges of soft robotics that include stretchable material restrictions to conform with di-electrics as one example, continued advancements in technologies and materials will likely resolve these hurdles leading to more advanced soft robots. This is especially true for the UW environment. Therefore, future advancements to soft robotic systems possess tremendous potential to transform the field of ocean exploration, with a special emphasis on preservative interactions with foreign objects of complex nature without imposing damage upon them. As a fusion between mechanics and software modeling, soft robot mechanical systems will continue to be conjoined with deterministic artificial intelligence that will allow for autonomous vehicle exploration to approach refined levels of countermeasure.
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Figure 1. Representation of the motions of the hard and soft robots: (a) dexterity, (b) position sensing, (c) manipulation, and (d) loading, adopted from [20]. 
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Figure 2. Illustration of (a) dexterous hand for underwater application by Phillips et al. (reprinted with permission from [85]) in which soft grippers are inspired from (b) boa-type, (c) bellow-type by Galloway et al. [13], (d) demonstration of bellow- (upper), and boa-type (lower) soft grippers under oceanic environment (reprinted with permission from [13]), and (e) modulators form: rotary (bottom left) and bending (bottom right) modulators developed by Kurumaya et al. (reprinted with permission from [86]). 
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Figure 3. Example of some piezoelectric and piezoresistive tactile sensors (a) basic structure of the slip sensor for multi-fingered robot hand by Teshigawra et al. (reprinted with permission from [121]), (b) fabric-based tactile sensor designed by Büscher et al. (reprinted with permission from [125]) (i) construction of the sensor with four fabric layers, (ii) schematic illustration of the assembly, (iii) grasp, and (iv) graphical sensor output, (c) piezoresistive sensor structure developed by Drimus et al. (reprinted with permission from [122]), and (d) fabrication procedures and an image of the miniaturized tactile sensor developed by Chuang et al. integrated with an endoscope (reprinted with permission from [129]). 
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Table 1. Example of soft robotic arms/hands and their characteristics.
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	Name
	References,

Year
	Actuation
	Materials
	Gripping

Force
	Diving

Depth





	OCTARM
	[97], 2005
	Air
	Elastomers
	-
	-



	Octopus

Robot
	[98], 2011
	Motor

Driven
	Silicone
	-
	-



	Three-fingered

Gripper
	[99], 2013
	

Motor

Driven
	Silicon

Skin
	-
	100 m



	Boa and Bellow

Soft Grippers
	[13], 2016
	Pressurized

Fluid
	Fiber-

reinforced

Elastomers
	∼2.2 kN
	800 m



	Glove-Based

Tele-operable

Soft Hand
	[85], 2018
	Hydraulics
	Fiber-

reinforced

Elastomers
	-
	2300 m



	Bio-inspired

Soft Arm
	[90], 2018
	Air
	Dragon

Skin 30
	-
	-



	Soft Modular

End-effector
	[100], 2018
	Motor

Driven
	-
	150 N
	∼500 m



	3D-Printed

Soft

Manipulators
	[101], 2018
	Hydraulics
	Elastomers
	∼4 kN
	2224 m



	Ultragentle

Manipulator
	[102], 2019
	Hydraulics
	Nano-fiber

Reinforced

Silicone

Matrix
	∼1 N
	-



	Octopus

Arm Inspired

Suckers
	[103], 2020
	Air
	Silicone

Elastomer
	∼26.14 N
	-
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Table 3. Example of tactile sensors for UW environment.
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	Sensing

Technology
	References,

Year
	Materials

Used
	Functionality
	Applications





	Employing

strain gauge
	[152], 1998
	PVDF
	Force,

and

slip

sensing
	Artificial

fingertip

in UW

environment



	Piezo-

electricity
	[153], 2000
	Silicone

rubber
	Identifying

hardness

of

different

objects
	Successfully

recognized

wood,

machine

wax,

and

aluminum

in UW

environment



	Optical
	[154], 2014
	Silicone

rubber
	Force,

and

torque

sensing
	Three

fingered

hand- like

end- effector



	Fiber-

optic
	[155], 2015
	-
	Contact

force,

and

haptic

object

recognition
	Hydraulic

gripper:

SeaGrip



	Piezo-

resistance
	[156], 2018
	Silicon,

silicon

cup,

silicone

oil, etc
	Force

sensing
	Dexterous

robotic

hand

in UW

environment



	Capacitance
	[157], 2019
	Polyvinyl

chloride,

Silicone,

etc
	Force

sensing

(magnitude,

and

position)
	AUV



	Finger

tip

suction

flow
	[158], 2020
	-
	Contact

information
	AUV
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