
		
			[image: Cover image]
		

	
    
      
        
          	
          	
        

        
          	
        

        
          	
            [ REGULAR ]
          
        

        
          	Journal of the Korean Society for Precision Engineering - Vol. 39, No. 6, pp.403-410
        

        
          	ISSN: 1225-9071			
					(Print)
				2287-8769			
					(Online)
				
        

        
          	Print  publication date  01 Jun 2022

        

        
          	Received  19 Mar 2022
Revised  19 Apr 2022
Accepted  22 Apr 2022

        

        
          	
            KSPE_2022_v39n6_403

            DOI: 
            https://doi.org/10.7736/JKSPE.022.034
          
        

        
          	
            Design and Fabrication of a Millimeter-Scale Rotary Actuator based on the Twisted Shape Memory Alloy (SMA) Wires
          
        

        
          	
            Eun-Jeong Jang1 ; Su-Yeon Lee1 ; Kyung-Hwan Kim2 ; Gil-Yong Lee1, 2, #


          
        

        
          	1Department of Aeronautic, Mechanical and Electronic Convergence Engineering, Graduate School, Kumoh National Institute of Technology

        

        
          	
        

        
          	2Department of Mechanical Engineering, Kumoh National Institute of Technology

        

        
          	
        

        
          	
            
          
        

        
          	
            장은정1 ; 이수연1 ; 김경환2 ; 이길용1, 2, #


          
        

        
          	
        

        
          	1금오공과대학교 대학원 항공기계전자융합전공

        

        
          	
        

        
          	2금오공과대학교 기계공학과

        

        
          	
            Correspondence to: #E-mail:  gylee@kumoh.ac.kr, TEL: +82-54-478-7293

          
        

        
          	
Copyright © The Korean Society for Precision Engineering

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
        

        
          	
            

            

          
        

      

      
        
          	
          	
        

      

      
        
          
            Abstract
          
        

        
          Shape memory alloy (SMA) has been widely used for many engineering and scientific applications, because it is largely deformable with high power density, and can be actuated easily by resistive heating. It is possible to reduce the size of the actuators by integrating or embedding SMA into the structures. While many applications have been reported regarding linear or bending actuators using the SMA wire, the development of a rotary actuator remains important and challenging for the engineering applications. Here, a new type of millimeter-scale rotary actuator is proposed based on the twisted SMA wires. SMA wires are twisted, folded, and integrated into the rotary actuator, and simple change of the twist direction enables the rotary actuator to rotate in the opposite direction. By integrating the oppositely twisted SMA wires into one rotary actuator unit, bidirectional rotary motions are possible. The actuation mechanism, design, and fabrication processes of the proposed rotary actuator are presented and demonstrated with its actuation performance. The fabricated actuators had average rotary working ranges from -38.68±4.92 deg to +45.37±8.79 deg in counterclockwise (CCW) and clockwise (CW) directions. This study will leverage the practical advances in the relevant engineering and scientific applications. 
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      1. Introduction
      Shape memory alloy (SMA) is a material that can be deformed at low temperature phase (twinned and detwinned martensite) and returns to its pre-deformed shape (austenite) at high temperature by application of the heat [1]. The phenomenon is called shape memory effect (SME), and it is related to a temperature-induced phase transformation [1,2]. SMA is largely deformable [2-4] with high power density [3,5], can be actuated easily by resistive heating [6], and miniaturization is possible by integrating or embedding it into the structures [1,7]. Using such characteristics and advantages, SMA has been widely used for many engineering and scientific applications; including soft robotics [3,4], biomimetics [7,8], wearable devices [9], vibration control [10], and so on. Among various forms of SMAs in wire, sheet, and tube, SMA wire is preferred in many practical applications [2-4,6], which generally undergoes 3 to 5% axial contraction with easy configuration and effective actuating force [2]. While many applications have been reported using axial contraction of the SMA wire (for linear and bending), development of a rotary actuator is still important and challenging for engineering applications of SMA [8,11,12]. Several existing works related to the SMA-based rotary actuators include, a torsion actuator driven by a pair of SMA springs applicable to a meso-scale surgical robot [13]; a rotary actuator based on the principle of wobble motor [14]; a smart soft composite composed of four SMA wires crossly connected and embedded to soft matrix (Polydimethylsiloxane, PDMS) which shows bending and twisting motions [15]; a rotary actuator based on the SMA tape [16]; and so on. However, complicated mechanisms or device configurations make them not easy for a practical application and for small scale device.

      In the present study, we propose a new type of rotary actuator based on the twisted SMA wires. SMA wires are twisted, folded, and integrated into the rotary actuator, and simple change of the twist direction enables the rotary actuator to rotate in the opposite direction. By integrating the oppositely twisted SMA wires into a single rotary actuator unit, bidirectional rotary motions are possible. The actuation mechanism, design, and fabrication processes of the proposed rotary actuator are presented and demonstrated with its actuation performance.

      The proposed rotary actuator is millimeter-scale, the working principle is relatively simple, bidirectional rotating motions like a conventional servo motor can be generated, and it can be fabricated in a compact form for easy integration for a practical device.

    

    

  
    
      2. Design of the Rotary Actuator based on the Twisted SMA Wires
      
        2.1 Actuation Mechanism of the Rotary Actuator
        Fig. 1 shows schematic of the actuation mechanism for the proposed rotary actuator. First, we prepare the SMA wire (twinned martensite at room temperature) as two strands (1). Those strands are twisted against each other for detwinning the SMA wire (2). At this stage, two different variations are possible for the twist (detwinning) directions. We denoted those two twist directions by “inward” and “outward” as indicated in Figs. 1(a) and 1(b), respectively. It is folded after the twist (3), and by application of electric current through the electrodes (for resistive heating) the final actuator unit rotates in the opposite direction to the twist (4). Because we have two variations in the twist directions, so do the directions of rotary actuations. In this study, those two resultant directions of rotary actuations were denoted by clockwise (CW) for the inward twist and counterclockwise (CCW) for the outward twist as depicted in Figs. 1(a) and 1(b), respectively. Figs. 2(a) and 2(b) are also provided to show how the proposed twisted and folded SMA wires rotate CW and CCW, following the two different twist directions of the SMA wires.
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            Schematics of the twisted SMA wires and the rotary actuation mechanism
          
          

          

        

        
          
          

          Fig. 2 
				
          

          
            CW and CCW rotating motions of the twisted SMA wires for the inward and outward twisting directions of the SMA wires
          
          

          

        

      

      
        2.2 Detail Design of the Millimeter-Scale Rotary Actuator
        The rotary actuator unit was designed based on the actuation mechanism described in the previous section. As presented in Fig. 3(a) with a 3D CAD model, we designed the rotary actuator by crossing the inward and outward twisted SMA wires together. Those twisted SMA wires are folded and integrated with the electrodes into UV curable resin for the assembly. Cylindrical external covers are applied for the final device. When the electric current is applied to the inward twisted SMA wire, the rotary actuator rotates CW. In contrast, by applying electric current to the outward twisted SMA wire, the rotary actuator rotates CCW (Fig. 3(b)). In our design, the rotary actuator has 7.5 mm diameter and 20 mm length.

        
          
          

          Fig. 3 
				
          

          
            3D model of the millimeter-scale rotary actuator prototype
          
          

          

        

        We note that the folding of the twisted SMA wire is one of the key advantages of the proposed rotary actuator, because 1) the two rotating axes are self-aligned by the arrangement, 2) the rotor can be freely rotated without the disturbances from the lead wires, 3) the two rotation directions (CW and CCW) can be made in the integrated form, and 4) it is beneficial for the miniaturization of the device.

        In the following sections, we will provide more details on how the proposed rotary actuator was fabricated with its rotary actuation performances.

      

    

    

  
    
      3. Results and Discussions
      
        3.1 Fabrication of the Twisted SMA Wires
        An experimental setup composed of a stepping motor and linear guides were built to fabricate the twisted SMA wires (shown in Fig. 4). At first, two ends of the SMA wire (200 μm diameter Flexinol® SMA wire with 70oC of phase transition temperature, Dynalloy, Inc.) were fixed on the moving block (denoted by pivots in Fig. 4), passing through a hook connected to the motor shaft. By the rotation of the stepping motor, the SMA wire is twisted following the rotating direction of the motor (the inward twist was depicted in Fig. 4). The moving block installed on the linear guided rail compensates the reduced distance between the hook and pivots to prevent the SMA wire snapping during the twisting process. Spring elements (rubber bands) were also installed behind the moving block to maintain the axial force to the SMA wire.

        
          
          

          Fig. 4 
				
          

          
            Experimental setup for fabricating the twisted SMA wire with in-situ images of the SMA wire twisting process
          
          

          

        

        The twisted SMA wires (approximately 80 mm long) were fabricated using the setup in Fig. 4. We fixed the revolutions of the stepping motor to be 32 for all experiments. Fig. 5(a) presents optical images of the representative inward and outward twisted SMA wires. The resulting shape of the twisted SMA wire can be represented by a helix defined by the pitch and diameter per single revolution. Our twisted SMA wire has approximately 3 mm pitch and 0.5 mm helix diameter as shown in Figs. 5(a) and 5(b). The two different twist directions are clearly distinguishable with nearly uniform pitch along the length of the twisted SMA wires (Fig. 5(a)).

        
          
          

          Fig. 5 
				
          

          
            Twisted SMA wires fabricated by the inward and outward twist directions and schematic of helical shape of the twisted SMA wire
          
          

          

        

        We then proposed an idea for applying the electrodes to the twisted SMA wire by winding a metal wire around the helical surface of the twisted SMA wire; it is depicted in Fig. 6. A UV curable resin (JJOMA UV resin, JJOMANHAN-MAEUL) was applied to secure the electrodes after winding the metal wire surrounding the helical surface of the twisted SMA wire.

        
          
          

          Fig. 6 
				
          

          
            Fabrication of the electrodes
          
          

          

        

        As presented in Fig. 7, the twisted SMA wires could be easily and repeatedly fabricated with similar dimensions and qualities by the described methods.

        
          
          

          Fig. 7 
				
          

          
            Fabricated twisted SMA wires
          
          

          

        

      

      
        3.2 Fabrication of the Millimeter-Scale Rotary Actuator
        Fig. 8 demonstrates the fabrication processes of the rotary actuator. At first, the inward and outward twisted SMA wires (with the applied electrodes) were crossed together. We then applied the UV curable resin surrounding each twisted SMA wire along its entire length for electrical insulation. After the first applied resin surrounding each twisted SMA wire (for insulation) was cured (5 to 10 minutes), we applied the resin again at the location where the two twisted SMA wires intersect (for them to be bonded together at the intersection). Those resin application processes were conducted for electrical insulation between the two twisted SMA wires during the actuation as well as to make the twisted SMA wires stiffer. Once the two twisted SMA wires were bonded together, the wire assembly was folded and integrated with an external cylindrical cover (rotor); the cover was fabricated by a 3D printer (ABS) with 7.5 mm diameter and 5 mm length. The other ends of the twisted SMA wires (where the electrodes were created) were also bonded together by the UV curable resin. The final rotary actuator prototype was fabricated with another external cylindrical cover (stator); 3D printed (ABS) with 7.5 mm diameter and 10 mm length. As presented in Fig. 8, the rotary actuator prototype has the external dimension of 7.5 mm diameter and 20 mm length.

        
          
          

          Fig. 8 
				
          

          
            Demonstration of the fabrication processes of the rotary actuator prototype
          
          

          

        

      

      
        3.3 Step Response of the Rotary Actuator Prototype
        We built a simple experimental setup shown in Fig. 9, to investigate the actuation performance of the fabricated rotary actuator. For the experiments, we installed the stator of the rotary actuator in a fixture. The rotor of the actuator was adhered to a 3D printed coupling part connected to a rotary encoder (SME360CAP, SERA) shaft. A manual stage was used to align the rotating axes of the actuator and coupling to the encoder shaft. An arrow indicator was attached on top of the coupling for better visualization of the rotation angle of the actuator.

        
          
          

          Fig. 9 
				
          

          
            Schematic and pictures of the experimental setup for the rotary actuation test
          
          

          

        

        For the actuation test, we applied step current inputs with varying the magnitude up to 1.4 A with 0.2 A increment, measuring the angular displacement of the rotary actuator using the rotary encoder.

        As presented in Fig. 10 with the step responses of the angular displacement of the rotary actuator, the actuator started rotating slowly for the applied current around 0.6 A; the measured angular displacements were 0.82 and -3.26 deg, in CW and CCW directions, respectively, at 18 sec after the 0.6 A step input current was applied.

        
          
          

          Fig. 10 
				
          

          
            Step responses of the angular displacements of the rotary actuator with varying the step current input in CW and CCW directions
          
          

          

        

        Note that the CW direction was set to be the positive direction. In our experiments, the input current equals or smaller than 0.4 A was not enough for obtaining recognizable angular displacement of the rotary actuator; it means that the temperature-induced phase transformation of the twisted SMA wire was not initiated at this current level. As we increased the input current, the actuator rotated showing larger angular displacements. The angular displacements of the rotary actuator (measured at 18 sec after the step input was applied) increased from 14.30 deg (at 0.8 A) to 48.05 deg (at 1.4 A) in the CW direction, and -23.01 deg (at 0.8 A) to -45.42 deg (at 1.4 A) in the CCW direction.

        Additionally, the actuator responded faster as the input current was raised (the slope of the transient step responses increased). It is related to the increase of the rate of the resistive heating for larger current input, considering simple estimation of the electrical input power by I2RSMA, where I is the input current and RSMA is the electrical resistance of the SMA wire, neglecting the variations of electrical resistance of the SMA wire during the phase transformation and other possible heat losses.

        Fig. 11 captures the in-situ rotary motions of the proposed actuator prototype when 1.4 A step input current was applied. The maximum possible angular displacements were around 50 deg in both CW and CCW directions; 48.05 (CW) and -45.42 (CCW) deg. It showed well defined and smooth rotary motions in both rotating directions.

        
          
          

          Fig. 11 
				
          

          
            In-situ captured images of the rotary actuations of the prototype rotary actuator for 1.4 A step current applied
          
          

          

        

        To evaluate the variations of the maximum possible angular displacements of the proposed and fabricated rotary actuators, we further fabricated three actuator prototypes and measured the maximum angular displacements with varying the magnitudes of the step input currents. Picture of the fabricated prototypes are presented in Fig. 12. We note that because all prototypes were hand-made, those three prototypes showed some variations in their external dimensions and qualities.

        
          
          

          Fig. 12 
				
          

          
            The rotary actuator prototypes fabricated by the proposed methods
          
          

          

        

        Fig. 13 plots the average maximum angular displacements (measured at 20 sec after the step input was applied where we assumed that the rotary actuation reached steady state) of the fabricated rotary actuators. The average working ranges of the rotary actuator were measured as from 0 deg (≤ 0.4 A) to 45.37±8.79 deg (1.4 A) in CW direction, and from 0 deg (≤ 0.4 A) to 38.68±4.92 deg (1.4 A) in CCW.

        
          
          

          Fig. 13 
				
          

          
            The maximum angular displacements measured for different applied step input currents
          
          

          

        

        Based on the measured electrical resistances of the twisted SMA wire during the experiments (RSMA = 1.68±0.387 Ω), we also plot the angular displacements of the rotary actuator in terms of the power input (calculated by I2RSMA) as in Fig. 14. The rotary actuator consumed electrical power 3.29 W for its maximum angular displacement (45.37±8.79 deg in CW direction and 38.68±4.92 deg in CCW).

        
          
          

          Fig. 14 
				
          

          
            The maximum angular displacements with respect to the input powers
          
          

          

        

      

    

    

  
    
      4. Conclusions
      In conclusion, a millimeter-scale rotary actuator was proposed based on the twisted SMA wires, providing demonstrations of the actuation mechanism, exemplary design of the rotary actuator, and the fabrication techniques. Three rotary actuator prototypes were fabricated and evaluated in terms of their maximum angular displacements by the step current inputs. The fabricated actuators had average rotary working ranges from 0 deg to 45.37±8.79 deg in CW direction, and from 0 deg to 38.68±4.92 deg in CCW, by the applications of the current input up to 1.4 A (the estimated maximum power was 3.29 W). The proposed rotary actuator is millimeter-scale with relatively simple working principle, bidirectionally operable like a conventional servo motor, and it can be fabricated in a compact form for easy integration for a practical device. The further evaluations of the static and dynamic characteristics such as the stiffness of the actuator, blocking force, response time, etc., will be reported in our future works, including the repeatability of the rotary actuation performance of the proposed actuator.
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(b) CCW rotation of the outward twisted SMA wire
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(b) Pictures of the experimental setup
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b) In-situ images for the CCW rotation of the actuator
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(a) Optical images of the fabricated twisted SMA wires
o

(b) Magnified image of the fabricated twisted SMA wire
with the electrodes
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(a) 3D model of the millimeter-scale rotary
actuator prototype

Actuation direction (CW) Actuation direction (CCW)

(b) Rotary actuations of the prototype by the inward and
outward twisted SMA wires





