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Abstract

:

Traditional underwater rigid robots have some shortcomings that limit their applications in the ocean. In contrast, because of their inherent flexibility, soft robots, which have gained popularity recently, offer greater adaptability, efficiency, and safety than rigid robots. Among them, the soft actuator is the core component to power the soft robot. Here, we propose a class of soft electrohydraulic bending actuators suitable for underwater robots, which realize the bending motion of the actuator by squeezing the working liquid with an electric field. The actuator consists of a silicone rubber film, polydimethylsiloxane (PDMS) films, soft electrodes, silicone oils, an acrylic frame, and a soft flipper. When a square wave voltage is applied, the actuator can generate continuous flapping motions. By mimicking Haliclystus auricula, we designed an underwater robot based on six soft electrohydraulic bending actuators and constructed a mechanical model of the robot. Additionally, a high-voltage square wave circuit board was created to achieve the robot’s untethered motions and remote control using a smart phone via WiFi. The test results show that 1 Hz was the robot’s ideal driving frequency, and the maximum horizontal swimming speed of the robot was 7.3 mm/s.
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1. Introduction


The ocean is vast, covering about 70% of the earth’s surface area. It contains abundant natural resources, such as biomass, oil, and natural gas, which are all waiting to be developed by humans [1]. In addition, as marine pollution has become more and more serious in recent years, scientists have begun to pay attention to the topic of how to take targeted management of the deteriorating marine environment [2]. Against this background, scientists have set their sights on underwater robots that can perform reliable, safe, and efficient operations underwater. Underwater robots [3,4,5] that can meet the needs of underwater cable pipeline laying, oil and gas field drilling, underwater environment monitoring, and other tasks have become the focus of research. However, the underwater environment of the ocean is of great complexity, including changeable topography, undercurrents, temperature, and other factors, which puts forward high requirements for the research and development of underwater robots.



In recent years, with the continuous development of bionic technology, the research on underwater robots has exploded, and various bionic underwater robots [6,7,8] have been developed. Many marine creatures are used as bionic objects, including tuna, jellyfish, turtles, dolphins, rays, and so on. However, most traditional underwater robots are driven by motors [9,10,11,12], which makes their rigid drive components bulky and lack safety. At the same time, the rigid body can easily harm creatures in the ocean. Additionally, the noise produced by motor-driven underwater robots not only exposes their position but also presents an “unwelcome guest” to species that are already a part of the natural marine environment, potentially contaminating it. In summary, traditional rigid robots have some shortcomings, limiting their underwater applications.



With the rapid development of soft materials and smart materials [13,14,15,16,17], underwater soft robots [18,19,20,21,22] have attracted widespread attention. Soft robots [23,24,25,26] have inherent softness and can produce larger deformations, so they are more adaptable, efficient, and safe. Compared with traditional rigid robots, soft robots are more flexible, effective, and safe because they are inherently soft and capable of producing great deformations. Normally, soft robots are driven by soft actuators [27,28,29,30,31,32], so a series of driving mechanisms has been developed to manufacture soft actuators. Soft fluidic actuators [33,34,35,36] are the most widely used type of actuators in soft robots, including the pneumatic and hydraulic drive methods. The benefits of this kind of actuator include large deformation, great output force, and simple manufacturing. However, it requires an external, bulky, and high-noise rigid pump, which puts a limit on its further development. The method of driving the movement of the actuator by generating gas through a chemical reaction [37,38] has the advantages of small size and high integration. However, its shortcomings of slow actuation frequency and low efficiency lead to the slow swimming speed of the underwater robot. Shape memory alloy [39,40,41] is a kind of smart material that can deform through electrical heating and has a large output force. However, it has a slow actuation frequency, and the temperature is difficult to control accurately, which results in poor swimming performance of underwater robots and difficult-to-manipulate swimming. Ionic polymer-metal composite (IPMC) [42,43,44] is an electroactive polymer material with the advantages of low driving voltage, large deformation, and light weight. However, IPMC is prone to hydrolysis and has slow actuation frequency and low thrust, which leads to slow swimming speed of underwater robots. The dielectric elastomer actuator (DEA) [45,46,47] realizes the deformation of the actuator by squeezing the elastomer through electrostatic force and has the advantages of fast response, high energy density, and light weight. However, it often shows smaller deformations when applied to underwater robots. Light actuation [48,49] can achieve remote control. Light-responsive soft actuators can be made by embedding photosensitive materials in soft bodies or using the photosensitive materials themselves as soft bodies. However, the light it uses for actuation cannot be blocked, so it has limitations. In recent years, a type of actuator called hydraulically amplified self-healing electrostatic (HASEL) actuator [50,51,52,53] has been developed, which combines the advantages of DEA and soft fluidic actuators to achieve high-frequency response, large deformation, and light weight.



Here, we present a class of soft electrohydraulic bending actuators whose fundamental ideas are derived from HASEL actuators. They are made of silicone rubber film, polydimethylsiloxane (PDMS) film, soft electrodes, silicone oil, soft flippers, and acrylic frames. Soft electrodes are used to apply a positive charge, and the surrounding water acts as ground electrodes. Under the action of voltage, the silicone oil in the actuator is pushed into the chamber without electric field and stretches the silicone rubber film and PDMS film of different stiffnesses to achieve the bending of the actuator. Combining the performance requirements of underwater robots and through experiments and simulations, the parameters of the actuator are determined, in which the maximum bending angle can reach 16.7°. Inspired by the swimming method of Haliclystus auricula, we designed an underwater robot based on six soft electrohydraulic bending actuators. We established a mechanical model of the underwater robot, studied and analyzed its force state when it was suspended and swimming in the water, and obtained the mechanical equation that drives the underwater robot to swim, which provides a theory for the swimming tests of the robot. To achieve the untethered movements of the underwater robot, we created a high-voltage square wave circuit board that could actuate soft electrohydraulic bending actuators, which could be remotely controlled through WiFi from smart phone. Powered by a 7.4 V lithium battery, the underwater robot could achieve its untethered motions.




2. Soft Electrohydraulic Bending Actuator


2.1. Actuator Design and Operating Principle


The actuator serves as the propulsion part of the underwater robot and is the core component of the robot. We constructed an actuator model that was appropriate for swimming underwater. The design was essentially composed of two rectangular execution modules that were coupled and measured 50 mm by 32 mm in length and breadth. Figure 1A shows the conceptual model of the actuator. The gray part represents the soft body, which acted as a motion joint that provided the driving force. The white part represents the motion amplification module, which acted as a soft flipper for drainage propulsion. The actuator as a whole constituted the propulsion device of the underwater robot. Figure 1B shows the exploded rendering of the actuator, which mainly included a five-layer structure. The first layer of structure was a 1.1 mm-thick silicone film made by casting, with a hardness of 5 A. The second layer was the black area, which was 36 mm long and 8 mm wide, representing the soft electrodes of the actuator. This area was connected to the drive circuit through wires to form an electric field. For the third layer, there was a 150 μm-thick PDMS film that completely sealed and wrapped the soft electrodes, preventing the liquid in the external environment of the actuator from coming into contact with soft electrodes and avoiding breakdown. In the fourth layer, there was a closed chamber filled with dimethyl silicone oil, with a length of 40 mm and a width of 20 mm. Silicone oil played an important role in the actuator because it was the working fluid that achieves bending during the driving process of the actuator, and it also served as an insulating medium to protect the silicone film at the edge of the electrode from being broken down by the electric field. The last layer of structure was a PDMS film with a thickness of 300 μm, which completely wrapped the silicone oil and prevented the silicone oil from coming into contact with external environmental liquids.



Figure 2 illustrates the main working principle of the actuator, where the soft electrodes acted as the positive electrodes and the surrounding water acted as the ground electrodes. The soft electrodes can rapidly accumulate positive charges when a voltage is provided, creating an electric field with the negatively charged water. The charges at both ends of the positive and negative electrodes are attracted to each other by the electric field force, squeezing the closed chamber filled with silicone oil between them. The silicone oil moves toward the non-electric field chamber under the action of extrusion force due to the incompressible nature of silicone oil, causing the internal pressure in this area to continuously increase and forcing the surface of the chamber to undergo tensile deformation. The upper surface of the electric field free chamber was a 300 μm-thick PDMS film with a hardness of 40 A, and the lower surface was a 1.1 mm-thick silicone rubber film with a hardness of 5 A. Due to the different hardness, the silicone rubber film deforms to a greater extent than the PDMS film under the same tensile force. Therefore, when the actuator is powered on, a deformation will generate from the silicone rubber film to the PDMS film (Figure 2), thereby realizing the bending motion of the actuator. When a direct current voltage is applied, the actuator will remain in the bending deformation. When the voltage is removed, the actuator returns to its original state. In this case, soft electrohydraulic bending actuators can produce continuous flapping motions when a square wave voltage is applied.



In order to improve the motion performance of underwater robots, we need to maximize the benefits brought by the actuator’s bending angle, that is, by adding a drainage structure similar to a fish fin to increase the overall displacement of the actuator. For this purpose, the 300 μm-thick PDMS film on the upper surface needs to be laterally lengthened and extended to a sufficient length. Half of the film participated in forming the sealed chamber of silicone oil, while the other half of the extended film completely fit an acrylic frame with a width of 5 mm on each side and a thickness of 1 mm after being exerted a certain pre-tension force. The overall structure constituted a soft flipper, as shown in Figure 1A. The PDMS film, acting as a soft flipper, was always in a tensioned state under the pre-tension force and has had dynamic response performance, thereby ensuring that the driving force generated by the actuator could act effectively and promptly. The soft flipper swept a certain area at a given actuator bending angle. Without exceeding the load resistance capacity of the propulsion device, the longer the soft flipper is, the greater the displacement of the actuator during the motion cycle is. This study shows that when the length of the extended PDMS film was half of its total length, the propulsion device had better motion performance and could meet the swimming requirements of the underwater robot.



When the control circuit starts to work, the actuator in the water can be regarded as a capacitive element C, and the water body can be regarded as a resistive element R with a very large resistance value. Therefore, the entire experimental device is equivalent to an RC series circuit. The working condition of the actuator is that the two plates of the capacitor C have a certain potential difference, which generates an electrostatic field and drives the positive and negative charges to attract each other. Hence, as long as the liquid in contact with the underwater robot is not completely insulated and the output voltage of the control circuit reaches the drive threshold, the actuator can work smoothly and realize the underwater propulsion function [19]. It can be proved that tap water, river water, and seawater can all meet the driving conditions.




2.2. Simulations of the Actuator


In order to verify the feasibility of the actuator’s operation, we used Comsol Multiphysics 5.3a to simulate the internal electric field of the actuator and optimized the actuator structure based on the simulation results. The structure of the actuator was simplified to facilitate the establishment of the electric field. We used Comsol to build a simplified model of the corresponding structure and correctly set the materials of each model, including the silicone rubber, PDMS, silicone oil, and electrodes. After applying an electrostatic voltage load of 16 kV to both ends of the model’s electrodes, the grid diagram of the actuator model could be obtained. We used physics-controlled mesh and a finer size to mesh the actuator model. The boundary conditions were that the voltage in the electrode area inside the actuator was set to 16 kV and the outside of the actuator was set to grounding. Figure 3 shows the distribution curves of electric field lines and potential lines obtained after electric field simulation using grid diagrams.



Figure 3C shows that the electric field generated by the actuator model under the action of 16 kV voltage was relatively uniform and concentrated, and the direction of the electric field lines was perpendicular to the surface of soft electrodes and the outer surface of the model. Due to these properties, the silicone oil can flow transversely with good longitudinal extrusion force, which directs the forced deformation of the electric field-free chamber. The simulation results preliminarily verify the feasibility of the actuator design.



From the ring-shaped equipotential lines shown in Figure 3B, it can be seen that the distribution of the electric field lines will have a certain edge effect, and the range of the electric field will be larger than the set width of the ideal soft electrodes. Therefore, in order to prevent other parts from being broken down by high voltage, we considered retracting the overall size of the soft electrodes by 2 mm inward so that the chamber filled with silicone oil can completely cover the soft electrodes. Consequently, silicone oil can insulate and shield the soft electrodes from all directions, preventing damage from electric fields. During the production of the actuator, it should be ensured that the surface of soft electrodes and the outer surface of the actuator are as smooth and flat as possible to avoid charge accumulation at the tip and causing breakdown.




2.3. Materials of the Actuator


When designing an actuator, the materials in different parts, especially the soft materials that participate in deformation, often affect the motion performance of the actuator. Therefore, in order for the underwater robot to swim well, the materials that make up each part of the actuator should be reasonably selected. Section 2.1 introduces the working principle of the actuator, which required us to first take the material’s capacity for elastic deformation into account. Silicone rubber and PDMS are often used in the fabrication of soft robots. Silicone rubber has different Shore hardness, while PDMS typically has a Shore hardness of 40 A. In order to match the deformation of the actuator, we chose silicone rubber with a hardness of 5 A (PS6650-5du and translucency, China Shenzhen Yipin Trading Co. Ltd., Shenzhen, China) and PDMS (BD Film KYN-300, China Hangzhou Bald Advanced Materials Co. Ltd., Hangzhou, China) as the main body material of the actuator. For the selection of working fluid, it is enough to have good insulation ability. Thus, the widely used silicone oil (Dimethylsilicone oil, Aladdin, Shanghai, China) was selected since it is clear, safe, and non-toxic. Conductive hydrogel and black carbon paste are often used to make soft electrodes for soft robots. Compared to conductive hydrogel, which can be used right away, black carbon paste is easier to apply and has the benefit of being lightweight, even if it needs to be sealed due to its fluid qualities. Since soft electrodes of the actuator have been sealed in the chamber, black carbon paste (846-80G, Grease carbon elec conduct 2.8OZ, MG Chemicals, Burlington, Canada) was ultimately selected as the material of them.




2.4. Research and Testing of Parameters


Section 2.1 determines the main dimensional parameters of the actuator, with a total length of 50 mm and a total width of 64 mm. Section 2.3 determines the hardness of the silicone rubber film as Shore 5A. The bending performance of the actuator was affected to varying degrees by many factors, such as the shape of the silicone oil chamber, the amount of silicone oil, the pressure inside the chamber, and the thickness of the silicone rubber film. This section analyzes the two most crucial factors—the silicone rubber film and the amount of silicone oil—and tests the impact of each factor on the bending performance of the actuator under different parameters through experiments, finally obtaining the optimal design parameters of the actuator.



2.4.1. Effect of Silicone Rubber Film Thickness on Actuator Bending Performance


Prior to testing, some molds needed to be made by cutting acrylic sheets, and these molds were used to make five sets of silicone rubber films with thicknesses of 0.8 mm, 0.9 mm, 1.0 mm, 1.1 mm, and 1.2 mm. These silicone rubber films were mounted on the corresponding parts of the actuator in sequence, and the bending deformation test could be carried out after the actuator was connected to an external control circuit. The experiment used LabVIEW2016 to control the circuit and input a continuous step signal (the signal amplitude starts from 0, and the signal amplitude increased by 1 kV every 8 s) into the control circuit to drive it to work. The experimental setup is shown in Figure 4A, in which the actuator was fixed on a special fixture equipped with a protractor in order to obtain its bending angle. After configuring the test environment, we turned on the power switch and ran the control program to test the bending conditions of these five groups of silicone rubber films under different driving voltages. Table 1 shows the test results.



The data show that under the same input voltage, the silicone rubber film with a small thickness had a larger bending angle but was also more likely to be broken down. For the silicone rubber film with a thickness of 1.2 mm, the bending angle no longer increased when the input voltage value was greater than 15 kV. This was because the amount of silicone oil in the chamber was limited, and the bending angle had reached a saturated state. Therefore, considering that the selected material needs to have a bending angle as large as possible and a voltage carrying capacity as high as possible, the 1.1 mm-thick silicone rubber film was finally selected to make the actuator.




2.4.2. Effect of Silicone Oil Volume on Actuator Bending Performance


The preliminary test shows that the volume of silicone oil was between 0.7 mL and 0.9 mL when the actuator loaded with a 1.1 mm silicone rubber film reached the maximum bending angle. Similar to the experimental steps described above, this test measured the bending angle of the actuator under different input voltages when the silicone oil volume was 0.7 mL, 0.8 mL, and 0.9 mL. Figure 4B shows the test setup, in which the force-measuring device was an Edberg digital spring dynamometer, which was suspended in a fixed position above the water tank and connected to the point to be measured on the actuator through a fishing line. The fishing line should be kept taut during the test to accurately measure the pulling force generated by the actuator.



After the test was completed, a curve graph was drawn based on the experimental data of each group, as shown in Figure 5. It can be seen that when the volume of silicone oil was 0.8 mL, its bending angle and output force were both better than the other two sets of data. Therefore, in order to make the propulsion effect of the actuator more obvious, the volume of silicone oil was determined to be 0.8 mL.



Figure 6 and Video S1 show that when the control circuit input the highest voltage (16 kV) that the actuator could withstand, the actuator could reach its maximum bending angle (16.7°).





2.5. Determination of Parameters


Section 2.4 illustrates the optimal thickness of the silicone rubber film (1.1 mm) and the optimal volume of silicone oil (0.8 mL). After comprehensively considering factors such as production difficulty, test effectiveness, and overall performance of the underwater robot, the main structural parameters of the actuator were finally determined, as shown in Table 2.




2.6. Fabrication of the Actuator


Section 2.1 shows that the actuator contains a 5-layer structure, which is divided into three films and two closed chambers (soft electrodes chamber and silicone oil chamber). For the fabrication of these two chambers, two sets of special molds need to be designed for pressing. After the chamber is pressed out, a certain amount of silicone oil needs to be injected into the silicone oil chamber through the reserved injection hole. The main fabrication process of the actuator is shown as follows.



2.6.1. The Fabrication Process of 1.1 mm-Thick Silicone Rubber Film


To start with, some molds of silicone rubber film are cut out by a laser cutting machine. Next, fill a beaker with the liquid silicone rubber and curing agent, and use a glass rod to thoroughly whirl to ensure that the two are evenly mixed. Once the mixing is finished, the beaker is placed inside a vacuum box for vacuum extraction. This process uses vacuum to extract air bubbles from the mixture to enhances the quality of the silicone rubber film. After the above steps are completed, use a syringe to take out the mixed liquid and squeeze it along the edge of the mold until the mold groove is filled. After ~3 h at room temperature, a batch of silicone rubber films with smooth surfaces and no gas inside can be obtained.




2.6.2. The Fabrication Process of the Pressing Mold


The pressing molds are divided into soft electrodes chamber pressing molds and silicone oil chamber pressing molds (Figure 7). Each set of molds is divided into upper and lower parts. Their main materials are 3 mm-thick acrylic plates, which are cut into specific shapes by laser. After the cutting is completed, a 4 mm-wide hole needs to be drilled at a specific location in the pressing mold for injecting silicone oil and arranging wires. Each set of molds must accurately correspond to each other during pressing to ensure that the actuator can obtain a good sealing effect.




2.6.3. The Fabrication Process of the Soft Electrodes Chamber


Firstly, we cut the 1.1 mm-thick silicone rubber film and the 150 μm-thick PDMS film into a rectangular shape that matched the pressing mold, and then we laid the silicone rubber film flat on the lower part of the pressing mold. Then, we used a syringe to absorb an appropriate amount of black carbon paste, applied it to the center of the corresponding area on the silicone rubber film, and connected one end of the wire to it through the hole. A layer of Sil-Poxy adhesive was then applied to the pressing area on the upper surface of the silicone rubber film. After completing the above work, we covered the upper surface of the silicone rubber film with a 150 μm-thick PDMS film, and then we placed the upper part of the pressing mold at the top. The pressing work could then be carried out. In the first step, we applied appropriate vertical pressure to the whole structure by hand for preliminary pressing. During this process, the black carbon paste should be kept filled in the chamber and not overflow. After the pressing areas were completely bonded, we used a needle to scratch off the extruded adhesive, then pressed a piece of iron on top. After waiting for about 15 min, the fabrication of the soft electrodes chamber could be completed. The entire pressing process is shown in Figure 8. When pressing, attention should always be paid to keeping the upper part of the mold corresponding to the lower part. At the same time, we ensured that there was enough adhesive in the hole where the wire was arranged, and we exhausted the gas in the chamber to achieve a complete sealing effect.




2.6.4. The Fabrication Process of the Silicone Oil Chamber


Figure 9A shows the pressing steps of the silicone oil chamber. After applying the Sil-Poxy adhesive to the target area, we covered it with a 300 μm-thick PDMS layer, following the same steps as for the soft electrodes chamber. We continued to apply pressure until a well-sealed silicone oil chamber was formed. Then, 0.8 mL of silicone oil was injected into the chamber through the reserved hole. After the injection was completed, we made sure that the air in the chamber had been exhausted, and we used adhesive to seal the hole again. After a period of time, we used the adhesive to bond the acrylic frame to the extended part of the top PDMS film, and we continued to apply pressure until the adhesive was completely cured. The process is shown in Figure 9B. The actuator was finished after completing each of the aforementioned steps. The manufactured actuator needs to undergo a certain strength of sealing test and high-voltage test to ensure that the inner chambers of the actuator are fully sealed and can withstand 16 kV voltage before taking part in the underwater robot assembly. Figure 10 shows the photograph of the actuator.






3. Untethered Underwater Robot


3.1. Structural Design of the Underwater Robot


Figure 11 shows the model of the underwater robot, of which the main structure refers to the shape of Haliclystus auricula. It can be seen that six actuators were fixed on a regular hexagonal acrylic bracket, one end of which extended upward and was connected to a box containing circuits and a battery. Each part was connected with Sil-Poxy adhesive. For the purpose of reducing the resistance of the robot when it moves in the water, the regular hexagonal acrylic bracket was hollowed out in the middle. The battery box floated on the water while the rest of the robot was submerged, allowing the robot to move horizontally. When the robot is working, six actuators should be kept on a vertical plane to obtain maximum horizontal driving force.




3.2. Force Analysis


To better explore the physical factors that affected the robot’s motion performance, a force analysis was conducted on the robot model, and various parameters were substituted for numerical calculations to verify the feasibility of the model’s underwater motion. The following specifically analyze the force state of the underwater robot when it was suspended and swimming in the water.



3.2.1. Static Force Analysis


Under the static condition, the underwater robot was suspended in the water, and the system was only affected by its own gravity G and the buoyancy Fb generated by the water body, and the overall force was balanced, as shown in Figure 12A. The calculation equation of Fb is as follows:


    F   b   = ρ g V ,  



(1)




where ρ is the density of water (1.0 × 103 kg/m3), and V is the volume immersed in the water. The gravity calculation equation is as follows:


  G = m g ,  



(2)




where m is the total mass of the underwater robot, and g is the acceleration of gravity (9.8 m/s2). Gravity and buoyancy are equal in value, and the following results were obtained:


  m g = ρ g V ,  



(3)







To achieve force balance, it was necessary to minimize the overall mass of the underwater robot or increase its displacement during design. Therefore, acrylic with lower density (1.2 × 103 kg/m3) was selected as the bracket material, and a battery box of sufficient volume was designed to increase drainage. The battery box was 53 mm long, 80 mm wide, and 31 mm high. The maximum displacement was calculated to be 131.44 g, while the theoretical total mass of the underwater robot was ~123 g, so the robot could be suspended in the water when stationary. Actually, we could also install a foam board underneath the battery box for increasing buoyancy.




3.2.2. Dynamic Force Analysis


During the movement of the underwater robot, in addition to the longitudinal forces of gravity and buoyancy, it also received transversal forces perpendicular to the surface where actuators were located, mainly including driving force, water resistance, and additional mass force (Figure 12B). Gravity and buoyancy are always balanced, and the driving force needs to be greater than the water resistance and additional mass force to provide acceleration. We assumed that the resultant transversal force on the underwater robot was Fx, the driving force was Fd, the water resistance was Fr, and the additional mass force was Fa; then, the following equation could be obtained:


    F   x   =   F   d   −   F   r   −   F   a   .  



(4)







According to Newton’s second law, the following equation can be obtained:


    F   x   = m   d u   d t   ,  



(5)




where u is the instantaneous speed of the underwater robot. The water resistance Fr is determined by the following equation:


    F   r   = 0.5 ρ   C   d   S   u   2   ,  



(6)




where Cd is the drag coefficient, and S is the maximum approach stream area. According to the principle of fluid dynamics, when an underwater robot accelerates, it will generate a force on the fluid around it, causing the surrounding fluid to temporarily follow the robot. This fluid can be equivalent to the additional mass of the robot, and the reaction force it generates on the system is called the additional mass force. The calculation equation of Fa is as follows:


    F   a   = α ρ V   d u   d t   ,  



(7)







When calculating the driving force Fd, the turning moment generated by the deformation of the silicone oil chamber must be calculated first, and then relevant equations must be used to solve it. Figure 13 shows the simplified physical model of the actuator for ease of calculation. Similar to the movement joints of animals, this model equates the bending action of the actuator to the rotation of a light rod around a fixed fulcrum (regardless of the mass and moment of inertia of the rod). A single actuator is subjected to gravity, buoyancy, water resistance, and pulling force. The deformation of the silicone oil chamber of the actuator produces a pulling force Fc perpendicular to the rod outward, acting on the rod and at a distance s from the fulcrum. Since the maximum bending angle of the actuator is 16.7° (cos16.7° = 0.96), the bending angle has little effect on the value of Fc, which can be regarded as a constant force. Therefore, the actuator is always subjected to a constant turning moment T during the bending process, and its calculation equation is as follows:


  T = s   F   c   .  



(8)







The soft flipper of the actuator corresponds to the rod with length l in Figure 13A. When the underwater robot starts to move, the speed on the rotating rod at a distance x from the fulcrum conforms to the equation:


  u ( x ) = x   d θ   d t   ,  



(9)




where θ is the rotation angle. It can be seen from Equation (6) that the value of the water resistance     F   d   ′     is proportional to the square of the distance x, and its component force along the vertical direction in Figure 13 serves as the driving force of the underwater robot. The resulting equation is as follows:


    S   ′   = l d ,  



(10)






    F   d   ′   =   ∫  0   l    0.5 ρ   C   d     S   ′       ( x   d θ   d t   )   2   d x =   1   6   ρ   C   d   d   l   4     (   d θ   d t   )   2   ,  



(11)






    F   d   = 6   F   d   ′   c o s   16.5 ° ≈ 6   F   d   ′   = ρ   C   d   d   l   4         d θ   d t       2   ,  



(12)






  M =   ∫  0   l    0.5 ρ   C   d     S   ′   x     ( x   d θ   d t   )   2   d x = 0.125 ρ   C   d   d   l   5     (   d θ   d t   )   2   ,  



(13)




where S′ is the approach stream area of a single actuator, M is the turning moment generated by     F   d   ′    , and d is the width of the actuator. Maximal     F   d   ′     and maximal M are ~0.44 mN and ~4.4 mN·mm, respectively. According to Equation (12), when the angular velocity of the rotating rod is determined, the driving force Fd is proportional to the fourth power of the rod length. Therefore, increasing the length of the actuator (i.e., increasing the displacement) can effectively increase the driving force. When the angular velocity increases until M = T, the above physical model reaches an equilibrium state, and the maximum angular velocity equation of the actuator is obtained:


    d θ   d t   =   (   8 s   F   c     ρ   C   d   d   l   5     )   0.5   .  



(14)







It can be seen that the maximum angular velocity is negatively correlated with the rod length l. In order for the actuator to respond quickly, l should not be too long. Substituting the expressions of the above physical quantities into Equation (4), we can obtain:


    m + α ρ V     d u   d t   =   F   d   − 0.5 ρ   C   d   S   u   2   .  



(15)







When the underwater robot reaches its maximum speed, its acceleration value equals to zero, and the above equation is simplified as below:


  u =   (   2   F   d     ρ   C   d   S   )   0.5    



(16)







It can be seen that the greater the driving force is, the greater the maximum speed of the underwater robot is. Based on the analysis above, in order for the underwater robot to work well in motion, it is necessary to reasonably design the length of the actuator so that it can not only have sufficient displacement to provide driving force but also respond quickly according to the input signal of the control circuit.





3.3. Swimming Posture Design of the Underwater Robot


The action design of the underwater robot refers to the swimming posture of Haliclystus auricula. We can adjust the waveform (such as amplitude, period, and duty cycle) of the input voltage signal through the control circuit to change the action of the actuator. For being convenient to study, the swimming posture of the underwater robot was divided into the following four parts.



3.3.1. Static Suspension


Before starting, the underwater robot was in a stopped state, and the control circuit did not generate a signal. At this time, no electric field was generated in the silicone oil chamber, so the actuator maintained its original state and the robot remained suspended in the water.




3.3.2. Draining and Propelling


When the signal amplitude output by the control circuit increased from zero to 16 kV, the soft electrodes and the surrounding water generated an electric field. Under the action of the electric field force, the silicone oil was squeezed to the other end of its chamber, driving the actuator to deform and bend. Then, the six actuators distributed symmetrically in a ring began to push away water together, generating driving force to accelerate the underwater robot forward.




3.3.3. Decelerating and Drifting


The input signal amplitude during this process remains 16 kV. When the actuator bended to its maximum angle, the bending degree of the actuator reached a saturated state, and no driving force was generated at this time. Therefore, the underwater robot drifted unpowered under the influence of water resistance, and its speed gradually slowed down during the drift.




3.3.4. Action Recovery


The drifting effect was gone after a period of time. Then, the input signal amplitude was reduced to zero to restore each actuator of the underwater robot to its initial state so that it could perform the next cycle of actions. The speed of the underwater robot gradually dropped to zero under the action of water resistance and finally remained suspended in the water.





3.4. Design of Control Circuit


The control circuit of the underwater robot consisted of a power supply (7.4 V lithium battery), WiFi control circuit, inverter circuit, high-frequency transformer, and voltage-doubling rectifying circuit [18,19,23]. The circuit principle is shown in Figure 14A. The circuit board used a traditional topological flyback circuit structure to achieve voltage boosting. The inverter circuit produced a pulse with a certain pulse width to drive the MOSFET, which formed a flyback topology drive circuit to convert the front-end input DC pulse into a high-frequency square wave pulse. Then, the high-frequency transformer boosted this pulse into a high-voltage, high-frequency square wave pulse. After that, the high-voltage, high-frequency square wave pulse was further boosted through a voltage-doubling rectifying circuit, and this square wave was then rectified and converted into a DC high-voltage signal. Finally, the square wave output was achieved through the WiFi control circuit. The smart phone could adjust the output waveform frequency of the control circuit through WiFi. The adjustable frequency range was 0~8 Hz, and the voltage amplitude was about 16 kV. Figure 14B shows the physical diagram of the circuit that can generate the high-voltage square wave.



The circuit board of the control circuit and the battery were placed together into the battery box, which was 53 mm long, 80 mm wide, and 31 mm high (Section 3.2). The negative output terminal of the circuit board was directly connected to the water through wires, while its high-voltage output terminal was connected to wires in each actuator to provide 16 kV high voltage to soft electrodes. These wires were wrapped with insulating silicone tubes to prevent leakage.




3.5. Production of the Underwater Robot


We made six actuators according to the method in Section 2.6, and then we used a cutting machine to cut acrylic plates of appropriate thickness to make a regular hexagonal bracket and battery box and assembled them according to Section 3.1. Then, referring to Section 3.4, we made a control circuit and fixed it in the battery box. Its high-voltage output terminal was connected to the wires from the six actuators. The control circuit was connected to the mobile phone via WiFi for easy control. At this point, the assembly of the underwater robot was finally completed.



Figure 15 shows the assembled underwater robot. We placed the robot in the water tank to test its structural strength, sealing performance, insulation performance, and levitation ability. Then, we powered it on and observed whether breakdown occurred to determine whether the robot met the experimental standards.




3.6. Underwater Robot Test Device


Figure 16 shows the schematic diagram of the test device. One side of the water tank was transparent (called the observation side), the other three sides and the bottom were covered with a layer of black cloth for better photographic observation. In order to accurately calculate the swimming speed of the underwater robot at different times, a sufficiently long ruler was fixed on the outside of the observation side, and its scale was parallel to the movement trajectory of the robot. The camera [54] was placed facing the water tank through the observation side to photograph the underwater robot.




3.7. Swimming Test of the Underwater Robot


The swimming process of the underwater robot was captured by the camera at a fixed point, and the posture and position of the robot at different moments were obtained, as shown in Figure 17 and Video S1. It can be found that under the excitation of the 16 kV, 1 Hz square wave signal, the motion path of the underwater robot showed a certain deflection. This was due to some deviations in the performance of the six actuators, and the fluxion of the fluid in the environment also caused different forces on the left and right sides of the robot. Through testing, the underwater robot could move relatively stable in a fixed direction. In future versions of the robot, we can control the direction of the robot through a separate drive of the actuator. For example, we can divide the six actuators into two groups, with three on the right side grouped together and three on the left side grouped together in another group. In this way, direction control of the robot can be achieved by one group being powered on and the other group being powered off.



The square wave signal frequency in the experiment was 1 Hz, and the underwater robot could move well at this frequency. The smaller the bending amplitude of the actuator was, the slower the speed of the robot was. We used the maximum bending angle of the actuator to drive the robot here. We adjusted the position of circuits and battery and added foam to adjust the buoyancy so as to maintain the robot’s swimming posture. We tested the average swimming speed of the robot at different frequencies, and the results are shown in Figure 18. It can be seen that when the input signal frequency was 1 Hz, the average speed of the underwater robot reached the maximum value (7.3 mm/s). This is because the signal frequency of 1 Hz is closest to the natural frequency of the actuator when moving underwater, which can maximize the displacement of the actuator within a certain period of time. The maximum thrust generated by the robot was ~96 mN.





4. Conclusions


In this study, we have proposed a class of soft electrohydraulic bending actuators and presented an untethered underwater robot based on these soft actuators. The main contributions of our study are summarized as follows:




	(1)

	
We designed a type of soft electrohydraulic bending actuators, mostly consisting of five layers. A 5-A silicone rubber film made up the first layer. In the second layer, there were soft electrodes made of black carbon paste. The third layer fully enclosed the soft electrodes with a 150 μm-thick PDMS film. The fourth layer consisted of a closed chamber filled with dimethyl silicone oil, which was the working liquid that achieved bending during the actuation process. This silicone oil also acted as an insulating medium to protect the silicone film at the edge of the electrode from being broken down by the electric field. The final layer of the construction was a 300 μm-thick PDMS film. Furthermore, we used an acrylic frame and a soft flipper to amplify the actuator’s bending motion. In order to create an electrostatic field and squeeze the silicone oil into motion, which allowed the actuator to bend, the soft electrode served as a positive electrode and the surrounding water as a ground electrode. When a square wave voltage was applied, the soft electrohydraulic bending actuator could generate continuous flapping motions.




	(2)

	
Through electric field simulations and experiments, we determined the actuator’s basic parameters. We studied the effects of silicone rubber film thickness and silicone oil volume in the silicone oil chamber on the bending degree and output force of the actuator and obtained that the optimal silicone rubber film thickness was 1.1 mm and the optimal silicone oil volume was 0.8 mL. Combining the results of our research with the experimental data, we found that the highest input voltage for the actuator was 16 kV, and the maximum bending angle of the actuator was 16.7°. After that, we created a mold using a laser cutting machine and paired it with the mold pressing technique to produce an actuator prototype.




	(3)

	
We created the primary construction of the underwater robot based on the swimming ways of Haliclystus auricula. This structure consisted of a body frame, six soft electrohydraulic bending actuators, and a box that housed lithium batteries and a control circuit. We constructed a mechanical model of the underwater robot, examined its force state when it was suspended and swimming underwater, obtained the mechanical equation that propelled the robot to swim, and used theoretical deduction to infer the underwater robot’s properties. It was concluded that there existed a positive correlation between the driving force and the maximum speed. When the driving force was stronger, the underwater robot could reach a faster maximum speed. The conclusions drawn from the analytical mechanics model provide a theoretical basis for robot swimming tests.




	(4)

	
We designed the swimming action of the underwater robot based on the swimming posture of Haliclystus auricula, which mainly included four parts. In order to realize the untethered motions of the robot, we designed a high-voltage circuit board for driving and controlling the robot, with a built-in 7.4 V lithium battery for power supply. The circuit board could both receive control signals from smart phones to enable remote control and can output high-voltage square wave signals to drive the robot. For testing, we built an underwater robot prototype and fed it signals at various frequencies. The experiment results demonstrate that the horizontal movement speed of the underwater robot could reach its maximum value (7.3 mm/s) when the input signal frequency was 1 Hz. This is because the signal frequency of 1 Hz is closest to the natural frequency of the actuator when moving underwater, which can maximize the displacement of the actuator within a certain period of time.
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Figure 1. Soft electrohydraulic bending actuators: (A) structure of the actuator and (B) exploded view of the actuator. 
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Figure 2. Illustration of the working principle of the soft electrohydraulic bending actuators. V1, V2, and V3 represent different voltages, where V1 < V2 < V3. 
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Figure 3. Simulation of the soft electrohydraulic bending actuators: (A) electric potential of the model surface; (B) equipotential line; (C) electric field line; and (D) superposition of electric field lines and potential lines. 
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Figure 4. Schematic diagram of the experimental setup: (A) measuring device of actuator bending angle and (B) measurement device of actuator output force. 
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Figure 5. Graphs for each group (the volume of silicone oil corresponding to green, red, and blue are 0.7 mL, 0.8 mL and 0.9 mL, respectively): (A) relationship between actuator bending angle and actuation voltage and (B) relationship between actuator output force and actuation voltage. 
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Figure 6. Maximum bending angle of the soft electrohydraulic bending actuators. 
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Figure 7. Schematic diagrams and photographs of pressing molds. 
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Figure 8. Fabrication process of soft electrode chamber and soft electrode. 
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Figure 9. Fabrication process of silicone oil chamber: (A) pressing of silicone oil chamber; (B) injection of silicone oil. 
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Figure 10. Photograph of the soft electrohydraulic bending actuator. 
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Figure 11. The model of the underwater robot. 
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Figure 12. Force analysis of the underwater robot: (A) static force condition and (B) dynamic force condition. 
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Figure 13. Actuator physical model: (A) tensile strength of silicone oil chamber and (B) liquid propulsion. 
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Figure 14. The composition of the control circuit: (A) the principle of the control circuit and (B) high-voltage circuit board. 
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Figure 15. Photograph of the untethered underwater robot. 
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Figure 16. Swimming setup of the untethered underwater robot. 
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Figure 17. Swimming state of the underwater robot at different moments in time. T1-T9 represent time series. 
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Figure 18. Plot of input signal frequency versus average robot speed. 
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Table 1. Bending angle of silicone rubber films with different thicknesses under different voltages.






Table 1. Bending angle of silicone rubber films with different thicknesses under different voltages.





	
Voltage (kV)

	
Bending Angle (°) When the Film Thickness (mm) Is:




	
0.8

	
0.9

	
1.0

	
1.1

	
1.2






	
0~3

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
4

	
3.5

	
3.0

	
2.5

	
2.0

	
1.0




	
5

	
4.9

	
4.0

	
3.5

	
3.0

	
2.3




	
…

	
…

	
…

	
…

	
…

	
…




	
12

	
16.0

	
14.0

	
12.0

	
11.0

	
9.5




	
13

	
Breakdown

	
15.5

	
14.0

	
13.0

	
11.0




	
14

	
Breakdown

	
Breakdown

	
15.5

	
14.5

	
12.5




	
15

	
Breakdown

	
Breakdown

	
16.5

	
15.0

	
13.0




	
16

	
Breakdown

	
Breakdown

	
Breakdown

	
16.5

	
13.0




	
17

	
Breakdown

	
Breakdown

	
Breakdown

	
Breakdown

	
13.0




	
18

	
Breakdown

	
Breakdown

	
Breakdown

	
Breakdown

	
13.0











 





Table 2. Main structural parameters of the soft electrohydraulic bending actuator.






Table 2. Main structural parameters of the soft electrohydraulic bending actuator.





	Parameter
	Value
	Unit





	Shore hardness of silicone rubber film
	5
	A



	Length of the actuator
	64
	mm



	Layers of film structure
	3
	unit



	Number of chambers
	2
	unit



	Volume of silicone oil
	0.8
	mL



	Thickness of silicone rubber film
	1.1
	mm



	Soft electrode dimensional parameters
	36 × 8
	mm × mm



	Dimensional parameters of silicone oil chamber
	40 × 20
	mm × mm
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