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Abstract:



In this study, we propose a new ‘V’-shaped actuator with two panels and experimentally and theoretically investigate its actuation to find the most efficient structure. The V-shaped actuator operates like a seesaw. Specifically, when a high voltage input is applied between the V-shaped actuator and metal plate at the bottom substrate, another panel rises due to electrostatic attraction. Both gravity and electrostatic attraction forces are utilized for the operation of the actuator. We made a model of the actuation mechanism considering torque, gravity, and electrostatic forces. Theoretical values were compared with experimental results considering all factors of force applied to actuators. Additionally, we added torque by restoring force to compensate for the experimental conditions. The theoretical value almost coincided with the experimental value with R2 = 0.9.
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1. Introduction


Actuators are controllable work-producing devices with various sizes and shapes [1]. Actuators can be classified into several classes: electromagnetic, electromechanical, fluidic, piezoelectric, hybrid, and natural actuators [2,3,4,5,6,7,8]. Typical examples of electromagnetic actuator are solenoids and magnetostrictions. Electromechanical actuators include linear drives, and Microelectromechanical systems (MEMS) Comb Drives. Fluid actuators include hydraulics and pneumatics. Piezoelectric actuators are made from electromechanically coupled materials. There are also hybrid actuators, which include both piezoelectric and electromechanical characteristics. Another type is the natural actuators, such as human muscles. These actuators have different bandwidths, response rates, waveform profiles, and power requirements. Thus, they can vary greatly in stroke, force, frequency, and price.



Actuators are used in a wide variety of applications. We can find their applications from machines to automotive and augmented reality implementations, including rehabilitation robots, service robots, food-processing automation, and surgery [9,10,11,12,13]. Since all technologies have advantages and disadvantages, they are utilized depending on the purpose. For example, eccentric rotating mass motors (ERM) have advantages in price, linear resonant actuators (LRA) in price and strength, piezoelectrics of fast feedback, and electroactive polymer (EAP) in variance, but they also have disadvantages of slow reaction rates, equipment complexity, and efficiency [4,10,14,15]. Therefore, it is very important to choose the proper actuator for the specific application.



One study suggested steps to choose a suitable actuator [1]. The first step in the selection process is to choose an actuator that produces a sufficient level of force and displacement. Even if sufficient force can be generated, it is excluded unless there is sufficient capacity to produce the required displacement. The second stage of selection is frequency and weight selection. The final constraint on the actuator is that it should have an appropriate design life.



In this study, we propose a new ‘V’-shaped actuator using electrostatic force that can be controlled by voltage inputs (Figure 1). We choose electrostatic force as a power source that can show fast reaction speed, and can be compatible with various manufacturing technologies. Electrostatic actuators have been mostly used in micro and nanoscale applications, such as optical MEMS, valves, nanoswitches, RF chemical sensors, RF communication modules, and nanocantilever beams [16,17,18,19,20,21,22]. However, since the moving distance and the generated force are very small, it was difficult to functionalize a system with a single electrostatic actuator [23]. Therefore, an actuator using electrostatic force was fabricated through various hybrid techniques to compensate for the disadvantages [24,25,26,27]. In this study, gravity was used as an additional power source. In addition, the V-shaped actuator can benefit the structure by separating the displaced part from the electrostatic force region. Furthermore, the frequency of exercise is electrically adjustable and can be used repeatedly.


Figure 1. Schematic for the V-shaped actuator. (a) Actuator with power off. It floats in the air in equilibrium. (b) Actuator in the powered state. Electrostatic attraction occurs and the actuator sticks to the floor. At this time, the opposite panel is raised. All schematics were drawn by the author using SolidWorks software (Dassault Systems SolidWorks Corp., Waltham, MA, USA).
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Herein, we theoretically and experimentally investigated the operation of the V-shaped actuator, performing a series of tests using various structures to find the most effective shape for the actuator. This actuator is V-shaped with two panels connected at a certain angle (Figure 1). One panel responds to electrostatic attraction and the other panel serves to transmit the stimulus. In particular, we changed the length of the actuator, the angle between the two panels, and the position of the axis of rotation. We modeled the motion of the actuator considering electrostatic force. The theoretical expectation was compared with the experimental results. We expect this V-shaped actuator to be used for various applications.




2. Materials and Methods


2.1. Model Fabrication by 3D Printing


Models were designed using Solidworks software (Dassault Systems Solidworks Corp., Waltham, MA, USA). The models were made of part (VisiJet M3 Crystal, 3D Systems Inc., Rock Hill, SC, USA) and supporter (VisiJet S300, 3D Systems Inc., Rock Hill, SC, USA) materials using a 3D printer (ProJet HD3500, 3D Systems Inc., Rock Hill, SC, USA). After printing, the models were put into a convection oven (DCF-31-N, Dae Heung Sceince, Incheon, Korea) for melting wax. Lastly, the wax was completely removed from the models in an oil bath of ultrasonic cleaner (Sae Han Ultrasonic Co., Seoul, Korea).




2.2. Circuit Configuration and Set Up


5V, 3A electricity from a power supply (PS280, Tektronix, Beaverton, OR, USA) and 0.5 Hz function from waveform generator (33500Bseries, Keysight Technologies, Santa Rosa, CA, USA) were supplied to a DC converter (AG 50P-5, XP Power, Singapore) for voltage amplification (5 kV). A 50 MΩ thick film resistor (Ohmite, Warrenville, IL, USA) was also connected to the DC converter for electric charge release.



Thin wire passed through the pore of the V-shaped actuator and was covered with copper tape (1181, 3M, Maplewood, NJ, USA) under the actuator. The bottom of V-shaped actuator was connected to (+) potential (Figure 2). On the other hand, the copper tape was also attached on the bottom substrate and covered with PET film (100 μm thickness, Saehan, Paju, Korea). The copper tape on the substrate was connected to the (−) terminal of the DC converter.


Figure 2. Schematic of the circuit configuration and experimental set up. A high voltage is supplied to the V-shaped actuator and controlled using a waveform generator. The + and − ports of the high voltage output are connected to the actuator and copper tape, respectively. The moving distances are measured using a point laser sensor.
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2.3. Motion Tracing and Angle Measurement


Position changes of the V-shaped actuator were detected using a laser sensor (IL-100 Intelligent Laser sensor, Keyence Corp., Osaka, Japan). The distance change was measured with 2000 Hz, and data was transferred and logged on a computer through a Data Acquisition (DAQ) Board (USB-6343, National Instruments, Austin, TX, USA). Through the distance changes, the angle changes were estimated easily with law of sines. The data was depicted as a dot graph with fitting line. For detecting motion detail, the motion was captured using a 4K camera (DSC RX10M3, Sony, Minato, Japan with lens (Vario-Sonnnar T*, Zeiss, Oberkochen, German)) at 240 frame rate in HFR mode.





3. Results


Various prototypes of simple V-shaped actuators were fabricated using a 3D printer. For investigating the motion-effective form, the length of panel (l), angle between two panels (θs), and position of rotation axis (xp) were changed (Figure 3a). The specific size information of all the samples used in the experiment is shown in Supplementary Table S1.


Figure 3. Operation of the V-shaped actuator. (a) Variables adjusted to find a suitable form. The schematics were drawn by the author using SolidWorks software (Dassault Systems SolidWorks Corp., USA). (b) Parameter to compare results. (c,d) Movement of the V-shaped actuator.
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When different types of electrical charges (+, −) are supplied to the two copper tapes on the actuator and bottom substrate, respectively, attractive force is generated. The V-shaped actuator loses its balance and approaches the copper tape that is attached to bottom substrate (Figure 3c,d). When the lower panel attaches to the base, the other panel stands up in the air. The actuators produced in this study are of seesaw type and have a symmetrical ‘V’ shape in which two panels of the same length are connected with a certain angle between them. Because each panel defines the electrostatic area and the displacement, the length, angle, and position of the rotation axis of the panel have a decisive influence on the actuator’s motion.



Length effect experiments were performed with 5.5 mm (sl1), 7 mm (sl2), 8.5 mm (sl3), and 10 mm (sl4) panels; the angle between the two panels and the position of rotation axis were fixed (θs = 2.09 rad, xp = middle (③)) (Supplementary Table S1). Long panels offered wide surface area for copper, leading to strong attractive force: the length of the charged parallel electrode proportionally increases the attractive force. As the length of the panel becomes longer, the cross-sectional area of the panel becomes wider, and the copper tape covering the panel also becomes larger. The increase in the cross-sectional area of the conductor leads to an increase in the magnitude of the force. The relationship can be found by the following equation [28].
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(1)







When the parallel capacitor plates are modeled as charged parallel planes, with the total charge q, the magnitude of the electrostatic force (F) exerted on the plate is expressed as Equation (1). Here, E, A, ε0, ΔV, and d signify electric field, metal plate area, permittivity of free space, voltage difference, and distance between two parallel electrodes, respectively.



As the length of the panel increases, the area for charges increases, and the electrostatic attraction increases together.



Parasitic capacitance may occur when two electrical conductors are close to each other at different voltages, which lowers the overall operating load resistance [29,30,31]. In this study, a 50 MΩ resistor is loaded and this resistor helps to release the charge.



In addition, to comprehensively calculate the torque, not only the torque from the attractive force but also the torque due to the gravity must be considered. The length of the panel also affects the torque [32].
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(2)







Torque, τg, can be obtained by multiplying the mass m, gravitational acceleration g, distance l between the center of mass (COM) and the rotation axis, and sine value of angle θ between the gravity and the direction from the rotation axis to COM. From Equation (2), we note that the length term can affect this gravitational torque through changing COM.



Furthermore, the length affects inertia momentum (I), which has a very large effect on rotation [33].
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(3)




where a and h denote the length and thickness of the panel, respectively. Length is related to various variables, such as the attractive force, the gravitational force, and the inertia momentum, so it is essential to compare the effect of the length of the actuators experimentally to find the performance change of the actuator. In addition, the weight increases as the length increases, and the inertia momentum is affected not only by the length but also by the weight. In order to obtain the angular acceleration (α), the torque must be divided by the inertia momentum value, so the length change plays a very important role in the rotation of the actuator [34].
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The initial angle was determined to be deviated in the direction of movement within about 0.09 rad from the equilibrium angle; that is, the angle to start the actuation by electrostatic force. As the length increases, the attractive force and torque increase. Although sl4 took the longest time, it exhibited the largest angle of motion (Figure 4). This seems to be due to the fact that the length change has a positive effect on the actuation because the added torque is greater than the increase of the inertia momentum.


Figure 4. Angle changes with panel angle θs variation. When the angle between the two panels increases, the angles of motion are changed because the radius of the motion is decreased.
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When the angle between the two panels (θs) is changed, the range of motion that can be exercised is different. As the angle between the panels decreases, the moveable angle increases and more movement is possible.



Five different angles of V-shaped actuators were used in the experiments (θs = 1.57 rad (sa1), 1.83 rad (sa2), 2.09 rad (sa3), 2.36 rad (sa4), and 2.62 rad (sa5)); the length of panel and position of rotation axis were fixed (l = 7 mm, xp = middle(③)) (Supplementary Table S1). The sa1 has the widest possible radius to move. For sa1, the angle between the panels is 1.57 rad and the moveable angle for action (θm0) is 0.79 rad when it is perfectly balanced at the center. This radius of motion is 0.52 rad wider than sa5 with an angle of 2.62 rad between the panels (Figure 5). The initial instantaneous velocities were all similar but gradually changed.


Figure 5. Angle changes with panel angle θs variation. When the angle between the two panels increases, the angles of motion are changed because the radius of the motion is decreased.
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Changing the position of the rotational axis (xp) affects the COM and momentum of inertia and can imbalance the seesaw. Thus, sx1 (①), sx2 (②), sx4 (④), and sx5 (⑤) have positions of the rotational axis that are slightly off-center. The length of the panels and the angle between them were fixed (l = 7 mm, θs = 2.09 rad) (Figure 6a) (Supplementary Table S1). Because of the rotation axis changes, the center of gravity is broken and hardly moves (Figure 6b). When the position of the rotational axis is near the middle of the V-shaped actuator (sx3) or is slightly offset to the rear, the actuator (sx4) can move well.


Figure 6. Angle changes with panel rotation axis position xp variation. (a) Positions of rotational axis are marked with number. The number ③ is center of the two panels. (b) The angles of motion are tracked in real time owing to the position of the changes in the driving shaft.
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Thus, the actuator showed different movements depending on the length, angle, and axis position. Above all, the V-shaped actuator moves within a few tens of ms scale and thus, it has rapid response and operation.



The angular acceleration can be calculated from the total torque and inertia momentum of the V-shaped actuator (Figure 7). The total torque (τtotal) is described as the sum of torques by the electric force (τe) and gravity force (τg). Since there is a slight gap (z0) between the bottom and the V-shaped actuator for operation and the V-shaped actuator is tilted, τe should be calculated as follows [35],
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(5)




where y1 denotes the width of panel in y-axis, and θm(t) signifies the moving angle change of sample with time. As the V-shaped actuator approaches the bottom, the angle θm is changed, and it leads to different attractive force. Gravity’s effect on torque can be calculated as follows:
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(6)




dcomis the distance between the center of mass and position of rotational axis in z-axis (Figure 7).


Figure 7. A schematic diagram for mathematical modeling.
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Moreover, we need to calculate the inertia momentum to calculate the angular acceleration. We calculated the mass inertia momentum with Equation (3). Lastly, the angular acceleration, αm, is calculated as follows [34],
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(7)







Using the formula, we calculated the angular acceleration, αm, of sl2 (values for theoretical model is in Table 1).


Table 1. Experimental data of sl2.





	Symbol
	Definition
	Value





	ε0
	Electric permittivity of free space
	8.85 × 10−12 F/m



	ΔV
	Voltage difference
	5 kV



	z0
	Gap between the bottom and the V-shaped actuator
	1 × 10−3 m



	a
	Length of panel
	5 × 10−3 m



	mt
	Mass of panel
	0.43 × 10−3 kg



	g
	Gravitational force
	9.80 m/s2



	h
	Thickness of panel
	3 × 10−3 m



	dcom
	Distance between the center of mass and position of rotational axis in x-direction
	1.43 × 10−3 m



	θs
	Angle between two panel
	2.09 rad



	x1
	The orthogonal length of the electrostatic attraction
	7 × 10−3 m



	y1
	Width of panel in y-axis
	10 × 10−3 m









In addition, we refer to a study with an analytical model of torque influenced by electrostatic force in a similar structural condition [36].
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(8)







Both theoretical graphs are similar each other, however, it is slightly different with experimental data (Figure 8). This difference can be attributed to the effect of restoring force including resistance [36]. Considering this effect, we present the effect as the minus torque (τR) as restoring force with a coefficient, k [36].
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(9)






Figure 8. Experimental and theoretical data fitting graphs. The actual angular changes tracked at 0.5 ms intervals and fitting line (dash line). The theoretical model and previous model are also depicted as graphs. For correcting error, restoring energy with constant k also considered (dash-dot line).
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We show theoretical predictions at 3 different coefficients for restoring force (k = 0.0038, 0.0040, and 0.0042) (Figure 8). By considering restoring torque, when k is 0.0038, the curve of the theoretical value becomes well matched to the experimental value with R2 = 0.9: the slope and operating time were similar.




4. Discussion


In this study, we proposed a new type of actuator and conducted experiments to optimize its structure. We found that long panel length with a small angle between them showed large movements. Also, it was confirmed that the rotational axis of the V-shaped actuator should be located at the center to move well.



We considered the torque of electrostatic force and gravitational force as sources for the rotation of the V-shaped actuator. Additionally, we added the torque by restoring force to compensate for the experimental conditions. In good agreement, the theoretical value almost coincided with the experimental value.



Likewise, in this study, we developed a new type of ‘V’ actuator. The ‘V’ actuator has a large displacement because the electrostatic region and the displacement part are separated. It also uses both gravitational and electrostatic forces to operate and its movement is large and fast. Therefore, it is suitable for application to actuating systems, such as industrial pumps and household appliances which require large and fast displacement and can use fixed positions in order to have greater motion efficiency. In addition, the structure is simple, light, the size can be adjusted, and most of all, since electricity does not flow to the displacement part, it can be applied to tactile systems which are directly contacted by humans. It is a compact device that is very effective at delivering stimuli. Moreover, since the circuit configuration is very simple, it can be applied to various devices.
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