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Abstract

:

Gaining direct tactile sensation is becoming increasingly important for humans in human–computer interaction fields such as space robot teleoperation and augmented reality (AR). In this study, a novel electro-hydraulic soft actuator was designed and manufactured. The proposed actuator is composed of polydimethylsiloxane (PDMS) films, flexible electrodes, and an insulating liquid dielectric. The influence of two different voltage loading methods on the output characteristics of the actuator was studied. The special voltage loading method (AC voltage) enables the actuator to respond rapidly (within 0.15 s), output a stable displacement in 3 s, and remain unchanged in the subsequent time. By adjusting the voltages and frequencies, a maximum output displacement of 1.1 mm and an output force of 1 N/cm2 can be rapidly achieved at a voltage of 12 kV (20 Hz). Finally, a haptic feedback system was built to control the robotic hand to perform gripping tasks in real time, and a more realistic tactile sensation could be realized, similar to that obtained when a human directly grabs objects. Therefore, the actuator has excellent portability, robustness, rapid response, and good compatibility with the human body for human–computer interaction.
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1. Introduction


As an important way for humans to perceive the outside world, tactile sensation is essential to perform many precision operations in daily life, and it is also increasingly applied in human–computer interaction devices [1] to enhance the sense of reality and immersion. For many teleoperation tasks, people often need to control a machine to perform precise operations, in which perfect coordination of visual, auditory, and especially tactile feelings is required. To improve significantly the effectiveness of remote operations and the safety of operators, a haptic feedback device capable of reproducing tactile sensations in real time while the controlled robotic hand touches a remote object is urgently needed.



Traditional haptic feedback devices are mainly composed of rigid structures [2,3], which provide force feedback to the operators through a steering gear [4,5]. These devices are usually bulky, not portable, and have poor compatibility with the human body. To overcome these shortcomings, an increasing number of haptic feedback actuators made of soft materials [6,7,8] have been created in recent years. They are small in size, friendly with humans, and provide convenient conditions for the emergence of wearable haptic feedback devices [9,10,11,12,13,14,15]. To create a good tactile sensation, the soft actuator should respond rapidly, output a large displacement and force, and be safe and flexible to be integrated with a glove.



Song et al. [16] designed an electro-pneumatic haptic feedback actuator placed at the end of a human finger for virtual reality (VR) systems. The gas in the actuator was squeezed by the Maxwell force between two electrodes, and correspondingly, a displacement was produced. However, the actuator only provided a maximum displacement of 0.125 mm. Sichao Hou et al. [17] proposed a photothermally driven refreshable micro-actuator based on graphene-oxide-doped paraffin. The output of the actuator was achieved by the volume change during the phase change of the material. The actuator output a displacement of 1.76 mm in a circular area with final diameter of 10 mm, but the process required approximately 150 s. Hyuk-Jun Kwon et al. [18] created a thermo-pneumatic actuator applied to a braille dot display module. The working fluid in the actuator was heated to vaporize, and the pressure in the sealed cavity was increased to achieve actuation. The actuator produced a maximum deflection of 1.37 mm at 100 s. Although very little power was required, the response time was still very long. Hyung Seok Lee et al. [19] proposed a liquid-coupled actuator based on a dielectric elastomer. The actuation was realized by applying voltages to one side of the dielectric elastomer, which produced the maximum displacement change (0.35 mm) on the other side. Chakrabortia et al. [20] provided an electroactive polymer actuator made of commercially available silicone tubing. The silicone tube became mechanically anisotropic by applying asymmetric pretension in the circumferential and axial directions, which caused the actuator to generate an axial strain under an electric field. However, it is difficult to avoid the use of rigid frames for the dielectric elastomer, which undergoes little deformation, thus limiting the application of the soft actuator.



In this paper, an electro-hydraulic actuator is proposed for haptic feedback. Compared with other dielectric elastomer (DE) actuators [21,22], this actuator is entirely soft without rigid frames. In addition, the actuator has a hydraulically amplified self-healing ability [23,24,25], and thus, it is more suitable to resist a high voltage. The actuator is very flexible and safe, and it is a good fit for wearable devices owing to its well-designed structure and advanced preparation technology.




2. Design of Electro-Hydraulic Haptic Feedback Actuator


As shown in Figure 1, the parts of the electro-hydraulic haptic feedback actuator, from top to bottom, are circular polydimethylsiloxane (PDMS) films, annular electrodes, insulating liquid dielectrics, annular PDMS films, circular dielectric films, annular electrodes, and circular PDMS films. Three layers of PDMS films form a piece of flat, thin, and hollow tablet filled with a type of insulating liquid dielectric. Inside the tablet, a pair of flexible but not stretchable annular electrodes are glued with the upper and lower PDMS films, respectively. Therefore, the two electrodes inside the actuator are insulated from each other by the liquid dielectric and the dielectric film.



Figure 2a–d show the action principle of the actuator. When the voltage is applied, the Maxwell force occurs between the two annular electrodes. Then, the internal insulating liquid dielectric in the annular area is squeezed into the center area. The underlying dielectric film restricts the downward flow of the insulating liquid dielectric, and the center part of the upper PDMS film bulges. The annular electrodes provide space for the internal insulating liquid dielectric to flow, and it realizes displacement and force output as a tactile feedback area. The in-situ structure of the electro-hydraulic actuator eliminates the long flow channels of traditional fluid actuators, and the resistance loss is reduced during the actuation process. In addition, the insulating liquid in the cavity can serve not only as a medium for pressure transmission but also as an insulating medium to isolate the two annular electrodes. Therefore, the liquid dielectric can increase the breakdown voltage threshold of the actuator.



To analyze the relationship between the Maxwell force and the output of the actuator qualitatively, some parameters were derived as follows. When the two electrodes are energized, the Maxwell electric field force between them can be expressed by the following formula:


   F e  =  1 2  ε A    (   V h   )   2   



(1)




where ε is the absolute permittivity of the actuator, A is the area of the annular electrode, V is the applied voltage, and h is the thickness of the inner chamber.



Considering the incompressibility of the liquid dielectric, the volume of the actuator should be invariable before and after applying a voltage. The thickness variation can be approximately calculated as


  Δ h =   π ·  H 3    6  D 0    +   π ·  D 2  · H   8  D 0     



(2)




where H is the arched height, D is the inner diameter of the annular electrode, and D0 is the diameter of the inner chamber, as shown in Figure 2.



The driving characteristics of the actuator are affected by the Maxwell force. Equation (1) indicates that the Maxwell force is related to the voltage applied on the two electrodes, distance, and relative area between the electrodes. To increase the Maxwell force, the two electrodes are placed inside the dielectric films to reduce the distance between them, as shown in Figure 1. In addition, the relative area between the electrodes should be enlarged as much as possible. However, this area contradicts a compact design. After several tests, the key structural parameters of the actuator were determined to gain a good haptic feedback effect, and the parameters are described in the Experimental section.




3. Materials and Methods


3.1. Fabrication


As shown in Figure 3, the PDMS and the cross-linker (Sylgard 184, Dow-Corning, Midland, MI, USA) were mixed at a ratio of 10:1. Then, the mixture was poured into a 3D-printed rectangular trough with a depth of 0.3 mm. It was placed in a vacuum desiccator for 10 min to discharge the gas. After heating at 70 °C for 30 min, the mixture was removed to obtain a PDMS film with a thickness of 0.3 mm. A laser cutting machine (VLS 3.50, Universal, USA) was used to cut the film to obtain two circular sheets with a diameter of 40 mm and one annular sheet with an outer diameter of 40 mm and an inner diameter of 23 mm. The electrode material(Conductive tape, Crystal silicon electronic thchnology, Suzhou, China), which is a commercial conductive tape, was also cut to obtain two uniform rings with an outer diameter of 20 mm and an inner diameter of 10 mm. PDMS was used to bond three layers of the PDMS films. The two electrodes were glued to the internal surfaces of the PDMS films, and a dielectric biaxially oriented polypropylene (BOPP) film(BOPP Film, Kaida new packaging materials, Bazhou, China) was placed into the cavity to isolate the two electrodes. Finally, a syringe was used to replace the air of the cavity with the insulating oil (Envirotemp FR3, Cargill, Minnesota, US), and then Ecoflex-0030 ((Ecoflex-0030, Smooth-On, Pennsylvania, USA)) was used to seal the injection inlet to obtain the final actuator.




3.2. Test Methods


3.2.1. Output Displacement Measurement


The actuator was placed horizontally on the measuring platform. A black label was placed in the center area of the actuator for accurate measurement. The position of the laser displacement sensor (HG-C1050, Panasonic, Osaka, Japan) was adjusted to align with the label. The displacement changes of the actuator were collected by the laser displacement sensor in real time and stored in a computer (the acquisition rate was 100,000 times/s).




3.2.2. Output Force Measurement


The actuator was placed horizontally on the measuring platform. Different weights were placed on the actuator. The contact area of the actuator was 7 mm2. At the top of the weights, a laser sensor was used to measure the displacement of the device. The data were read in real time. The change in displacement of the device was collected by the laser sensor and stored in the computer (the acquisition rate was 100,000 times/s).






4. Results and Discussion


4.1. Output Performance of the Electro-Hydraulic Actuator


Single electro-hydraulic actuator at different DC and AC voltages is characterized using the test bench described in Section 3.2. A high-voltage generator (Model 20/20C-HS, Trek, USA) was applied to output voltages from 1 kV to 12 kV. In Figure 4, DC voltage loading starts from 3 s, and displacement occurs in an instant and drops rapidly with time [26]. The maximum measured displacement of 1.1 mm is obtained from 3 to 4 s at 12 kV, and decreases to 0.4 mm at 30 s. The reason for the decrease in displacement is that the central film accumulates a large restoring force while the displacement is instantaneously obtained. The restoring force acts on the electrodes through the liquid, which increases the distance between the electrodes and reduces the Maxwell force.



Figure 5a–c plots the displacement as a function of time with AC voltage with 10, 50, and 100 Hz. A smaller voltage frequency leads to a larger oscillation when the actuator outputs displacement. The voltage frequency has a significant influence on the oscillation of the displacement at low frequencies. Figure 5d plots the variance as a function of voltage frequencies from 1 to 100 Hz. The influence diminishes rapidly as the frequency increases and becomes smaller after the frequency reaches 20 Hz. The variance in the displacement value after a period of stability was used as a measure of displacement oscillation.



Figure 6 explains the reason for obtaining different results with the two loading methods. Under DC (11 kV) voltage loading, the maximum measured displacement of 1.0 mm is obtained in 0.15 s, which makes the central film produce a larger restoring force. The large restoring force drives the liquid to flow back rapidly, which causes the displacement to decay rapidly under the action of the Maxwell force and restoring force. Under AC (11 kV) voltage loading, the maximum measured displacement of 1.0 mm is obtained in 1 s. Different from the DC voltage, in this process, the displacement reaches a maximum after several times of rising, and each time there is still enough Maxwell force to overcome the smaller restoring force of the central film, which prevents the liquid from flowing back and allows the actuator to continue to produce displacement. The enlarge image from 5 s to 10 s in Figure 6 describes the process before the displacement of the actuator rises to a steady state when the AC voltage is applied. The displacement reaches its maximum after several oscillations. The enlarge image from 10 s to 15 s in Figure 6 shows the actuator after the output displacement is stabilized at an AC voltage of 5 Hz. After the displacement is stabilized, each oscillation is arranged regularly. In total, 25 oscillations occurring within 5 s were recorded, and the obtained cycle was consistent with the applied AC voltage cycle, which confirms that each oscillation on the graph represents the combined effect of the central film restoring force and the Maxwell force. Compared with the DC voltage, the AC voltage was applied to overcome a smaller restoring force of the central film many times, which produced a better result.



Based on the Maxwell force and hydraulic amplification principle, when DC voltage is applied, the displacement of the actuator will decrease, which is inevitable. The decrease in displacement with the DC voltage allows the user to obtain only a short feedback effect, while the AC voltage loading method can stably and continuously output displacement for the finger with different frequencies. Figure 7a plots the displacement as a function of time with AC voltage ranging from 1 to 12 kV. Voltage loading starts from 5 s. The displacement occurs in an instant and reaches a steady state within 3 s, without decreasing. Figure 7b shows the displacement obtained by different loading methods as a function of voltage. As the voltage changes, the displacement of the actuator under the two loading methods remains the same. The results show that the AC voltage maintains the output performance of the actuator while enabling the actuator to obtain a better output effect.



Human tactile sensation comes from the external stimulation of human skin receptors. Different types of human skin receptors have different sensory thresholds. Tactile experience is the coordinated response of many different types of nervous systems to pressure, temperature, pain, joint position, muscle perception and movement. The generation of tactile sensation requires the action of multiple receptors located in the skin. In the paper, the Merkel disc receptors are just stimulated, which are responsible for continuous touch and pressure perception that needs to be activated by stress. Activating the human finger’s sensory receptors for touch requires the corresponding pressure stimulation. In reality, the tactile feedback actuator needs to output pressure on the finger to activate the finger’s sensory threshold to reproduce the touch. When haptic feedback actuators are used in real situations, force and displacement are often required at the same time. In order to make the experiment accord with the actual use of the actuator, a load is placed in the center area of the actuator to simulate the contact with a human hand. Loads with different weights are made by Fused Deposition Modelling (FDM) and applied to simulate different contact pressure. Figure 8 plots the displacement as a function of load from 1 to 7 g. The output pressure of the actuator starts from 0 to a maximum of 1 N/cm2. The displacement decreases with increasing load. The maximum measured displacement of 0.15 mm is obtained from a load of 7 g.




4.2. Haptic Feedback Teleoperation System Based on the Electro-Hydraulic Actuator


According to the output characteristics of the actuator, a haptic feedback teleoperation system was designed [27,28]. As shown in Figure 9a,b, a high-voltage power supply is connected to the actuator through a high-voltage relay. A waveform generator (33500B Series, Keysight, Beijing, China) is used to generate a square waveform. An Arduino controller (Arduino uno, Tycorady industrial technologies, Beijing, China) controls the on–off of the high-voltage relay through an ordinary relay, and both the input of the high-voltage relay and the output of the ordinary relay are powered by a voltage of 12 V. A commercial tactile sensor is connected to the Arduino controller to collect and convert the analog signal of the acquired force into a digital signal.



As shown in Figure 10a, the haptic feedback system is mainly composed of an electro-hydraulic actuator, a fingertip sensor, and their interaction. The system is integrated into a commercial glove that controls a machine hand. The operator wears the haptic feedback glove and performs virtual grasping. The remote machine hand immediately executes the corresponding action after receiving the command. Once the machine hand grabs an object, the tactile sensor embedded in the finger of the machine hand collects the touch information and transmits it to the haptic feedback glove through the haptic feedback control system. Then, the haptic feedback actuator is controlled to output the corresponding force and displacement according to the touch information, providing a more realistic tactile impression to the operator.



During the grasping process, the output force of the actuator should be associated with the value obtained by the tactile sensor. Based on the previous research at Section 4.1, we have fitted the relationship between the applied voltage and the output displacement of the actuator in Figure 10b. The maximum displacement of the actuator is 1.1 mm. We set the force obtained by the sensor to be proportional to the output displacement of the actuator. According to the relationship between the force and the resistance of the sensor, the functional relationship between the resistance of the sensor and the applied voltage of the actuator can be determined and applied in the programs of the control system. As shown in Figure 10c, the user completes the process from the finger touching the object to leaving it within 1 s. The whole process is shown in Video S1. Different voltages can be applied to the actuator in the haptic feedback glove to achieve the purpose of outputting different forces and displacements, which could reproduce a more realistic touch between the fingers.



In the process of performing repeated grabbing tasks, for the same pressure signal output by the sensor multiple times, the actuator is required to accurately output the same displacement to ensure the authenticity of the feedback. Figure 11 describes the relationship between the number of cycles and the stable displacement under the same voltage. In Figure 10, the same voltage (12 kV, 20 Hz) was applied to the actuator for 50 consecutive times. The output displacement of the actuator is maintained at a stable value without significant changes. Figure 12 shows the performance of the actuator when it experiences periodic input voltage (12 kV, 20 Hz) for a long time under load. The periodic input voltage simulates the process of a robot continuously grabbing objects within 150 s. The actuator rapidly outputs displacement under load and remains stable within 3 s. After disconnecting the input voltage, the displacement of the actuator rapidly recovers and returns to its initial value within 3 s. Comparing the two periods at the beginning and end of the voltage loading, the output characteristics of the actuator remain consistent without decay, which proves the good reliability of the actuator when used in real conditions. The experimental results show that the actuator can stably output pressure and displacement for the finger and handle multiple and repeated touches for controlling the manipulator task when the actuator is used as a tactile feedback device.





5. Conclusions


We have proposed an electro-hydraulic actuator with a safety structure and excellent output characteristics suitable for wearable devices. Fully flexible materials are used to make the actuator easy to integrate into wearable devices, and the design of the electrode inside the actuator avoids direct contact between the user and the electrode, which makes the actuator safer for users. The influence of two different voltage loading methods on the output characteristics of the actuator was studied, and the advantages of AC voltage across a range of actuator characteristics were experimentally confirmed. A new voltage loading method (AC voltage) enables the actuator to respond rapidly, within 0.15 s, generate at the same time stable output displacement in 3 s, and remain unchanged in the subsequent time. By adjusting the voltages and frequencies, a maximum output displacement of 1.1 mm and an output force of 1 N/cm2 can be rapidly achieved at a voltage of 12 kV (20 Hz). Finally, a haptic feedback remote operation system was designed to verify that the actuator can be applied to wearable devices. The machine hand is controlled for different grasping tasks, and the actuator rapidly responds to the touch of the machine hand to achieve feedback; each time it made accurate displacement and force output for a continuous grasping action of 150 s. Although a high voltage was used on the actuator as the driving method, the structure of the built-in electrode allowed the electrode to be well wrapped by the actuator and not exposed, which can effectively prevent direct contact between the human hand and the electrodes. In the follow-up research, we will develop a more compact voltage-generating device, which can be carried around. This driving method will have broad prospects in future haptic feedback applications, as it allows developing actuators for true wearable devices and consumer products.
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Figure 1. The composition of the electro-hydraulic haptic feedback actuator. 
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Figure 2. Schematic diagram of the electro-hydraulic haptic feedback actuator with (a) Voltage OFF and (c) Voltage ON. (b) The action principle of the actuator. (d) Cross section of the actuator before and after power on. 
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Figure 3. The preparation process of the electro-hydraulic haptic feedback actuator. (a) The mixture is cast into the mold. (b) The prepared PDMS film is laser cut into specific shapes. (c) The conductive tape is laser cut into a specific shape. (d) The layers of the actuator are respectively glued from the bottom to the top. (e) Ecoflex-0030 is injected on the edge of the actuator. (f) The insulating oil is injected into the actuator through Ecoflex-0030. 
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Figure 4. The output displacement of the actuator under different DC voltages over time. 
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Figure 5. The oscillation of the output displacement of the actuator under the square wave voltage with the same amplitude of 12 kV and different frequencies of (a) 10 Hz, (b) 50 Hz, (c) 100 Hz, respectively. (d) The variance of the output displacement of the actuator under a square wave voltage (12 kV) with different frequencies (1–100 Hz). 
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Figure 6. The output characteristics of the actuator under DC and AC voltages are compared. 
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Figure 7. (a) Output displacement of the actuator under 20 Hz-square wave voltages over time. (b) Dependence of the stable output displacement of the actuator on DC and AC voltages. 
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Figure 8. The stable output displacement of the actuator under loads from 1 g to 7 g and square wave voltages from 6 kV to 13 kV (20 Hz). 






Figure 8. The stable output displacement of the actuator under loads from 1 g to 7 g and square wave voltages from 6 kV to 13 kV (20 Hz).



[image: Applsci 10 08827 g008]







[image: Applsci 10 08827 g009 550] 





Figure 9. Haptic feedback control system with schematic diagram (a) and the photo (b). 
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Figure 10. (a) Schematic diagram of the haptic feedback teleoperation system. (b) Displacement of the actuator as a function of electric field. (c) The operation process of the haptic feedback teleoperation system. 
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Figure 11. The relationship between the number of cycles and the stable displacement under the same voltage (12 kV, 20 Hz). 
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Figure 12. The performance of the actuator when it experiences periodic input voltage (12 kV, 20 Hz) for a long time under load. 
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