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Abstract

:

Variable-stiffness actuators can flexibly adjust the overall or local stiffness of a structure, thus enabling reconstruction, adaptation, and locking capabilities that can meet a wide range of task requirements. However, the programmable design and manufacture of three-dimensional (3D) variable-stiffness actuators has become a challenge. In this paper, we present a method to develop the 3D structure of variable-stiffness actuators that combines variable-stiffness joints with 3D printing technology. The variable-stiffness joints were obtained by arranging steel needles wrapped with enameled copper wire inside the grooves of a polylactic acid (PLA) structure and bonding the three components with silicone glue. First, a variable-stiffness joint was used as a variable-stiffness node and subjected to 3D printing to realize multiple 3D variable-stiffness designs and manufacture a programmable structure. Then, using the repulsive force between paired magnets, we developed a driving actuator for the 3D variable-stiffness structure, enabling the expansion and deployment functions of the structure. In addition, an electromagnetically driven mechanical gripper was designed based on variable-stiffness joints to effectively decrease the driving energy in applications where objects are held for extended periods using variable-stiffness control. Our study provides practical solutions and guidance for the development of 3D variable-stiffness actuators, contributing to the achievement of more innovative and practical actuators.
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1. Introduction


Variable-stiffness actuators can flexibly adjust the overall or local stiffness of a structure [1,2,3,4], thus enabling reconstruction, adaptation, and locking capabilities that can meet a wide range of task requirements [5,6,7]. For example, combined driver units expand and deploy structures that can be applied in space exploration and in the medical field [8,9]. Variable-stiffness structures have good shape adaptability in the softened state and good load-bearing capacity in the hardened state, which makes them valuable in robotics, as mechanical grippers, and in rehabilitation medicine [7,10,11,12,13]. In addition, while soft actuators based on electromagnetic drives and dielectric elastomer drives must continuously provide driving energy when clamping objects, variable-stiffness actuators can clamp objects in a hardened state, which effectively reduces the energy consumption [1,14,15]. Variable-stiffness actuators have been extensively researched in studies on variable-stiffness structures [5,11,15,16,17,18,19]. These studies are primarily based on shape memory polymers [1,16,20] liquid metals [4,15], and particle blocking [19,21] to control the stiffness of the joints or the overall structure of manipulators and improve their bearing capacity, deformation control, and adaptability. However, these studies mainly focused on the deformation modes of bending and torsion. In comparison, 3D variable-stiffness actuators with more deformable variable-stiffness joints have a higher potential for application in various fields.



In recent years, research has been extensively conducted on complex actuators with variable stiffness [6,10,22,23,24]. For example, a low-temperature liquid metal was injected into a flexible silicone tube, and an enameled wire was wrapped around it to obtain one-dimensional variable-stiffness fibers. Subsequently, a permanent magnet was attached to it, which could control the shape using an external magnetic field, obtaining an actuator with significant application value in the medical field [22,24]. In addition, researchers have integrated driving components into two-dimensional variable-stiffness structures, using the infinite curvature of the two-dimensional plane to produce complex variable-stiffness actuators [10,23]. These two-dimensional variable-stiffness actuators have potential applications in multimodal vehicles, morphing drones, amphibious robots, reconfigurable exoskeletons, and wearable devices [6,12,25]. However, these variable-stiffness structures cannot be transformed into arbitrary three-dimensional structures because of the continuity of one- and two-dimensional structures, which significantly limits their applications.



Polylactic acid (PLA) is a commonly used consumable for melt deposition 3D printing, which can achieve the rapid prototyping of any complex structure [26,27]. In addition, when PLA temperature exceeds 80 °C (glass transition temperature), shape reshaping can be carried out, which is often used for variable-stiffness actuators [2,8]. For example, segments of heating elements can be arranged on a long PLA strip to create a finger-like variable-stiffness actuator using a shape memory alloy or pneumatic structures [5,14]. Researchers also embedded NiTi wires as heating elements in hollow PLA fibers and wrapped shape memory alloys around the PLA fibers as driving elements to create one-dimensional variable-stiffness actuators [28]. In addition, by combining PLA with materials such as graphene or carbon nanotubes, which possess resistive thermal effects, the stiffness of the PLA structure can be regulated [29,30]. Further, by combining them with driving elements such as magnets or shape memory alloys, variable-stiffness actuators can be obtained [29,30]. However, the above research did not effectively solve the local stiffness control problem in 3D variable-stiffness PLA structures. This would require smaller heating elements that can be conveniently and quickly arranged on the PLA structure. Using thinner enameled copper wires wound around steel needles as heating components can achieve higher heating efficiency in smaller structures, with the steel needles also serving as a support to better position the heating assembly in the 3D PLA structure. Therefore, combining a 3D PLA structure with enameled copper wire/steel needles as heating components has the potential to achieve local stiffness control in three-dimensional structures and further advance the development of 3D variable-stiffness actuators.



This study proposes a method to develop 3D programmable variable-stiffness actuators based on variable-stiffness joints. First, we designed a variable-stiffness joint consisting of steel needles wrapped with enameled copper wire arranged in the grooves of a polylactic acid (PLA) matrix structure and bonded with silicone glue to form the joint. Stiffness control was achieved by applying a current to the enameled copper wire to induce a phase transition in the PLA groove. We then combined the variable-stiffness joints as structural units using the three-dimensional (3D) printing technology to develop two self-deforming variable-stiffness actuators that utilized the repulsive force between paired magnets, achieving the expansion and deployment functions of the structure. Furthermore, we designed an electromagnetically driven mechanical gripper based on the designed variable-stiffness joints, which was shown to effectively decrease the driving energy in applications where objects are held for an extended period using variable-stiffness control.




2. Design, Fabrication, and Test of Variable-Stiffness Joints


2.1. Materials and Equipment


PLA were purchased from Zhejiang Cixi Lanbo Printing Consumables Co., Ltd. The enameled copper wire’s diameter was 1.75 mm, the printing temperature was 190–220 °C, and the bending modulus was 3.3 GPa. Silicone glue (V-1510) was purchased from Guangdong LeLai Adhesive Co., Ltd. and could be used within the temperature range of −50–250 °C. Ecoflex-00-50 was purchased from America Smooth-On, Inc. A magnet (N40UH-NdFeB) was purchased from Jiangsu Suzhou Jinci Magnetic Industry Co., Ltd. A fused deposition modeling (FDM) 3D printer (ZD-210) was purchased from Guangdong Shenzhen Zhandong Industrial Co., Ltd. A programmable direct-current (DC) power supply (TH6402B) was purchased from Jiangsu Changzhou Tonghui Electronic Co., Ltd. USB 8AD Bipolar data acquisition cards were obtained from Hubei Wuhan YAV Electronics Technology Co., Ltd., and the infrared thermal imager Ui3293 was obtained from Guangdong UniTrend Technology Co., Ltd.




2.2. Design and Fabrication


Firstly, we used PLA as a variable-stiffness structure. When heated above 80 °C (glass transition temperature), its stiffness decreases significantly, allowing it to undergo shape remodeling. Secondly, to control the local stiffness of the PLA structure, we used thin steel needles wrapped with enameled copper wire as heating components. By winding the enameled copper wire around the needles, we could effectively improve the heating efficiency while maintaining the size of the heating components small. To integrate the heating components in PLA quickly and firmly, we used a silicone glue as a bonding material between the components.



Based on the above principles, we designed a variable-stiffness joint consisting of a PLA structure, a steel needle, an enameled copper wire, and silicone glue, as shown in Figure 1. The PLA structure was constructed using FDM 3D printing. The diameters of the enameled copper wire and steel needle were 0.15 and 0.5 mm, respectively. The length of the steel needle was 7.5 mm, and the enameled copper wire was wound around the steel needle in 50 turns. This length was approximately equal to the width of the joint, which was 8 mm. We arranged the steel needles wrapped with the enameled copper wire in the grooves of the PLA structure and applied the silicone glue to bond them and form a joint. The enameled copper wire induced a phase transformation in the groove of the PLA structure after electrification and heat generation, achieving stiffness control. The steel needles served as the rotation axis to prevent torsional deformation after joint softening.




2.3. Heating Curves and Bending Modulus


A programmable DC power supply was used to apply DC current to the enameled copper wire, as shown in Figure 2. Simultaneously, an electric moving stage was used to produce a fixture, which caused the variable-stiffness joint to undergo a bending deformation. The force required to bend the variable-stiffness joint was measured using a force sensor, the heating curves were obtained using a K-type thermocouple temperature sensor, and the data were collected using a data acquisition card. During the test, the fixture moved at a speed of 50 mm/min. The bending modulus was calculated using the formula E = FL3/3Iδ, where F is the force required by the sample to produce a bending deformation, L is the length of the sample, δ is the displacement (deflection), and I is the cross-sectional moment of inertia of the sample.




2.4. Cyclic Deformation Ability


A programmable DC power supply was used to apply a DC current of 1.8 A to the enameled copper wire. The heating time was set to 100 s, and the variable-stiffness joint was manually controlled to bend at a 120° angle. Then, the heating current was turned off, and the variable-stiffness joint’s shape was allowed to lock (at this time, the temperature dropped below 50 °C). Similarly, after heating for 100 s, the variable-stiffness joint was manually controlled to return it to its original state. Then, the heating current was turned off again, and the shape was allowed to lock. This sequence of steps was repeated 50 times to complete the cyclic deformation ability test.





3. Stiffness Control of the Variable-Stiffness Joints


First, we analyzed the heating curves of the variable-stiffness joint under different heating currents. A programmable DC power supply was used to apply a heating current to both ends of the enameled copper wire during testing. K-type thermocouples were used to measure the temperature of the target heating location in the specimen, and data acquisition cards were used to collect the data. As the heating current increased, the temperature at which the variable-stiffness joint reached a stable state increased (Figure 3). At a heating current of 2.0 A, the temperature corresponding to the stable state reached 210 °C, which would cause the PLA structure to melt. However, if the heating current were extremely low, it would be difficult for PLA to undergo the phase transition. Therefore, to determine a reasonable heating current, we simultaneously obtained the temperature curve of the variable-stiffness joint and the deformation force curve under cyclic bending. During the test, we installed a variable-stiffness joint on a self-designed bending testing machine. K-type thermocouples were used to obtain the temperature data during the cyclic bending experiments, and the movement speed of the fixture was 50 mm/min. The test results are presented in Figure 4. As the temperature increased, the bending force of the PLA structure decreased gradually, and after 200 s, the bending force gradually approached zero. After the heating current was turned off, the bending force gradually recovered as the temperature decreased.



For a more effective analysis, we calculated the bending modulus of the PLA structure at different temperatures based on Figure 4 and Section 2.3. The results are shown in Figure 5. Based on the calculation results, the bending modulus of the sample gradually decreased as the temperature increased. At 100 °C, the bending modulus decreased from 3.21 GPa at room temperature to 0.33 GPa, corresponding to 10.2% of the original value. The analysis suggested that owing to the presence of silicone at the joint, a certain degree of stiffness was maintained after heating. In addition, the designed clamp had gaps owing to the need to measure the cyclic bending force during the test. Therefore, the small deformation of the PLA structure after cooling and hardening decreased the actual displacement loading during the measurements, resulting in the measured force not returning to its initial state after cooling (Figure 4). After adjusting the starting point of the displacement loading, we subjected the specimens to tests at room temperature again, and the results showed that their bending moduli were completely restored.



Figure 6 shows the relationship between heating current and stable heating temperature. It can be seen that when the heating current was 1.4 A, the stable heating temperature was 93 °C, and the variable-stiffness joint could not be heated to an effective deformation temperature (100 °C). When the heating current was 2.0 A, the stable heating temperature was 207 °C, which caused the PLA structure to melt. In addition, as shown in Figure 3, a heating current of 1.8 A could increase the temperature of the variable-stiffness joint from room temperature to 100 °C within 40 s. The stable heating temperature at a heating current of 1.8 A was about 150 °C. After turning off the heating current, the time required for the variable-stiffness joint temperature to drop to 50 °C (at this time, the stiffness was sufficiently restored, as shown in Figure 3) was about 84 s. Therefore, the time required for the variable-stiffness joint to achieve shape control at a heating current of 1.8 A was approximately 124 s. When the heating current was 1.6 A, it took 82 s to raise the temperature of the variable-stiffness joint from room temperature to 100 °C; after turning off the heating current, the time required to reduce the steady-state heating temperature from 119 °C to 50 °C was approximately 67 s. The time required for the variable-stiffness joint to achieve shape control at a heating current of 1.6 A was approximately 149 s. In addition, the heating temperature, from room temperature to 150 °C, was within the temperature range of use of the silicone glue. To summarize, we selected a heating current of 1.8 A for the variable-stiffness joint.



We also tested the deformability of the variable-stiffness joint, and the results are shown in Figure 7. The stable heating temperature for a heating current of 1.8 A was 149.8 °C. After reaching a softened state, the variable-stiffness joint be manually bent, and the bending angle ranged between −140° and 120°. In addition, we conducted cyclic deformation experiments to test the reusability of the variable-stiffness joint; the specific experimental method can be found in Section 2.4. Figure 8 shows a variable stiffness joint that completed 50 cyclic deformation tests. The back of the variable stiffness joint was not smooth enough, but it still maintained its original structural strength and toughness (Movie S1). In addition, the silicone glue did not show signs of aging and peeling. Based on the degree of tightening of the variable stiffness joint after each experiment, we concluded that it could still achieve deformation control after more than 50 deformation cycles.




4. Programmable Structure Based on Variable-Stiffness Joints


In this section, three types of variable-stiffness structures are presented. Figure 9a shows a hexahedral unfolded structure that comprises six square structures and one cross-shaped skeleton, which were PLA structures prepared using FDM 3D printing. The cross-shaped skeleton had five variable-stiffness joints, and the enameled copper wires of each variable-stiffness joint were connected in series. We applied a heating current of 1.8 A to both ends of the enameled copper wire. The heating temperature on each variable-stiffness joint was 150.7 °C, reaching the deformation temperature (Figure 9b). Next, we manually bent each variable-stiffness joint at 90° and obtained a hexahedral structure after cooling (Figure 9c).



Figure 10a shows a tetrahedral unfolding structure that comprises a four-triangle structure and a three-pronged star skeleton, which were the PLA structures prepared using the FDM 3D printing process. The skeleton contained three variable-stiffness joints, and the enameled copper wires of each variable-stiffness joint were connected in series. The triangular structure was bonded to the skeleton using silicone glue. We applied a heating current of 1.8 A to both ends of the enameled wire. The stable heating temperature on each variable-stiffness joint was 147.5 °C (Figure 10b), reaching the deformation temperature. After cooling, we manually bent each variable-stiffness joint to obtain a tetrahedral structure, as shown in Figure 10c.



We constructed a 3 × 3-array deformable structure composed of boxes and consisting of twelve variable-stiffness joints, as shown in Figure 11a. Silicone glue was used to bond each box unit to the variable-stiffness joints, and the enameled copper wires were connected in series. We applied a heating current of 1.8 A to both ends of the enameled wire. The temperature of each variable-stiffness joint was 147.8 °C (Figure 11b), and the deformation temperature was reached. Finally, we manually stretched the 3 × 3-array structure to the shape shown in Figure 11c.




5. Self-Deforming Actuators Based on Variable-Stiffness Joints


In most applications, variable-stiffness structures must be able to deform autonomously. Therefore, we propose a self-deformable variable-stiffness structure based on a magnetic drive to obtain variable-stiffness actuators that can be expanded and deployed.



Figure 12a shows a 2 × 2-array variable-stiffness structure composed of boxes. The box units were connected using variable-stiffness joints. Two adjacent box units were arranged with square magnets near the variable-stiffness joint, and the magnetic poles between the two magnets were opposite, that is, they exerted repulsive forces. When the variable-stiffness joint was not heated and softened, it maintained a high stiffness; thus, the repulsive force between the magnets did not deform the structure. When the stiffness of the variable-stiffness joint decreased after applying a heating current, the structure could automatically deform under the repulsive force between the magnets. Figure 12b shows the prepared 2 × 2-box array structure with self-deforming ability. The magnet was a NdFeB permanent magnet with dimensions of 1 cm × 1 cm × 0.1 cm. A heating current of 1.8 A was applied to the enameled wire. With an increase in the heating temperature, the structure deformed under the repulsive force of the magnet. The heating current was turned off, and the variable-stiffness joint was allowed to cool to obtain the shape shown in Figure 8c. After deformation, the 2 × 2-box array structure could carry objects weighing more than 1 kg (Figure 12c), indicating a satisfactory load capacity.



Figure 13a shows a variable-stiffness structure in the shape of a long strip. Five variable-stiffness joints were arranged on the elongated structure, with a pair of magnets positioned at the front end of each variable-stiffness joint. Similarly, the magnetic poles of two magnets were placed so that they exerted repulsive forces. When a variable-stiffness joint was heated, the structure could automatically bend under the repulsive force of the magnet. Figure 13b shows a variable-stiffness long strip capable of undergoing self-deformation. Its magnet material and size were consistent with those of the 2 × 2-box array variable-stiffness structure previously described. The structure became semicircular after heating and cooling and could resist loads exceeding 0.2 kg, as shown in Figure 13c.




6. Electromagnetically Driven Mechanical Gripper Based on Variable-Stiffness Joints


Although the above-described self-deforming actuators do not require an external drive, they can only perform a single task and cannot achieve reverse drive or cyclic drive, which greatly limits their application. In this section, we describe a variable-stiffness actuator that integrates an electromagnetic coil and a magnet; specifically, it is an electromagnetically driven mechanical gripper, as shown in Figure 14. The electromagnetically driven mechanical gripper consisted of a PLA support structure, a PLA three-finger gripper, variable-stiffness joints, magnets, and coils. The three-finger gripper was fixed to the support structure, with three variable-stiffness joints located at the roots of the three fingers, and a magnet located at the outer end of the variable-stiffness joints. The three coils were fixed to the support structure at the level of the magnets. The purpose of the three magnets in the mechanical gripper was to provide a stable magnetic field. When direct current was applied to the coils, a magnetic field with the same or opposite direction to those of the magnets was formed, and the electromagnetic force generated between the coils and the magnets drove the mechanical gripper to close or open. In addition, each gripper was bonded to a polydimethylsiloxane (PDMS) layer to improve the frictional force when grasping an object. The support structure and mechanical gripper were prepared using the FDM 3D printing process. The enameled wires of each variable-stiffness joint were connected in series, and the coil was customized for processing. The magnet was a NdFeB permanent magnet with dimensions of 1 cm × 1 cm × 0.2 cm. Silicone glue and screws were used to fix the parts of the structure.



Figure 15a shows the deformation state of the electromagnetically driven mechanical gripper under different driving currents. Figure 15b shows the relationship between the deformation angle θ of the fingers and the driving current. The deformation angle θ increased with the increase in driving current, and their relationship was linear. When the driving current was 1.1 A, the fingertips were in contact with each other, and the gripper reached the maximum deformation angle. However, the linear curve showing the relationship between the deformation angle θ of the fingers and the driving current does not start from the origin. This is because the mechanical gripper was positioned downward, and even when the drive current was not applied onto the coils, the fingers underwent a slight deformation under gravity.



The operation process of this mechanical gripper was as follows: (a) A heating current was applied to the enameled copper wire to control the softening of the gripper fingers. (b) A driving current was applied to the three coils such that their magnetic field direction was opposite to the magnetic field direction of the magnets, driving the three-finger gripper to close and grip the object. (c) The heating current applied to the enameled copper wire was turned off, and the temperature of the variable-stiffness joints was allowed to decrease to room temperature. (d) The driving current applied to the coils was turned off, and the stiffness of the variable-stiffness joints returned to the initial values, thus enabling a stable clamping of the object. The mechanical gripper stably held an egg and a light bulb (Figure 15c). In addition, through the above process, the gripper could also release the grasped object, as shown in Supplementary Video S1.



The advantages of the electromagnetically driven mechanical gripper are as follows: (1) It achieves variable-stiffness control, which can effectively decrease the driving energy in applications where objects are held for an extended period. (2) By utilizing a small electromagnetic force to control the deformation, it can adapt to the external dimensions of the object being held without generating excessive pressure. In addition, it utilizes the variable-stiffness shape-locking ability to grip fragile items. (3) By using variable-stiffness joints and the 3D printing technology, mechanical grippers can be rapidly designed and manufactured.




7. Conclusions


In this study, we developed a variable-stiffness joint consisting of steel needles wrapped with an enameled wire arranged in the grooves of a PLA structure and bonded with silicone glue. Stiffness control was achieved by applying a current to the enameled wire to induce a phase transition in the PLA grooves. The steel needles served as the rotation axis to prevent torsional deformation after joint softening. Research showed that when the heating temperature of a variable-stiffness joint is 100 °C, the bending modulus continuously decreases from 3.21 GPa at room temperature to 0.33 GPa. The purpose of stiffness control was achieved, with a bending angle ranging between −140° and 120°. We found that to achieve a good operational temperature and prevent the melting of the PLA structure due to an excessive temperature, the heating current had to be 1.8 A, with a stable heating temperature of approximately 150 °C.



Variable-stiffness joints were used to design a hexahedral variable-stiffness structure, a tetrahedral variable-stiffness structure, and 3 × 3-box array variable-stiffness structure. These structures effectively demonstrated the excellent deformation ability of variable-stiffness structures based on variable-stiffness joints. A design scheme was developed for a variable-stiffness actuator that can autonomously deform based on a magnetic drive, achieving the expansion and deployment functions of the structure. This actuator could be used as an antenna and solar panel deployment structure for small spacecraft or in the medical field as an orthopedic support to replace gypsum and may be combined with an external magnetic field control to enter narrow spaces for field rescue tasks. It is hoped that these potential applications can be realized in the near future with further research. We also designed an electromagnetically driven mechanical gripper based on variable-stiffness joints, effectively decreasing the driving energy in applications where objects are held for extended periods using variable-stiffness control.
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Figure 1. Variable-stiffness joint. (a) Diagram of the structure; (b) detailed dimensions. 
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Figure 2. Schematic diagram of the testing device to obtain heating curves and bending modulus. 
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Figure 3. Heating curves of the variable-stiffness joint. 






Figure 3. Heating curves of the variable-stiffness joint.



[image: Actuators 12 00397 g003]







[image: Actuators 12 00397 g004] 





Figure 4. Heating curves and deformation force under cyclic bending of the variable-stiffness joint, at a heating current of 1.6 A. 
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Figure 5. Bending modulus of the variable-stiffness joint as a function of the heating temperature. 
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Figure 6. Relationship between heating current and stable heating temperature. 
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Figure 7. Bending capacity of the variable-stiffness joint (scale bar = 2 cm). The stable heating temperature for a 1.8 A heating current was 149.8 °C; at this temperature, the variable-stiffness joint could be manually bent after reaching a softened state. The bending angle ranged between −140° and 120°. 
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Figure 8. Variable-stiffness joint after 50 cycles of deformation. 
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Figure 9. Deformable hexahedral box. (a) Initial shape; (b) thermal imaging of the sample reaching a stable temperature under a current of 1.8 A; (c) reconstructed shape. 
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Figure 10. Deformable tetrahedral box. (a) Initial shape; (b) thermal imaging of the sample reaching a stable temperature under a current of 1.8 A; (c) reconstructed shape. 
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Figure 11. Image of the 3 × 3-box array variable-stiffness structure. (a) Initial shape; (b) thermal imaging of the sample reaching a stable temperature under a heating current of 1.8 A; (c) reconstructed shape. 
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Figure 12. Image of the 2 × 2-box array variable-stiffness structure with self-deforming ability. (a) Diagram of the structure; (b) photograph of the structure; (c) load-bearing capacity after deformation. 
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Figure 13. Variable-stiffness long strip with self-deforming ability. (a) Diagram of the structure; (b) photograph of the structure; (c) load-bearing capacity after deformation. 
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Figure 14. Diagram of the electromagnetically driven mechanical gripper. 
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Figure 15. Basic performance of the electromagnetically driven mechanical gripper, at a heating current of 1.8 A. (a) Deformation state under different driving currents; (b) relationship between driving current and deformation angle of the mechanical gripper; (c) clamping of an egg and a light bulb. 
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