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Abstract

:

Nowadays, origami folding in combination with actuation mechanisms can offer deployable structure design, yield compliance, and have several properties of soft material. An easy complex folding pattern can yield an array of functionalities in actuated hinges or active spring elements. This paper presents various cylinder origami robot designs that can be untethered magnetically actuated. The different designs are analyzed and compared to achieve the following three types of motion: Peristaltic, rolling, and turning in different environments, namely, board, sandpaper, and sand. The proposed origami robot is able translate 53 mm in peristaltic motion within 20 s and is able to roll one complete cycle in 1 s and can turn ≈180   ∘   in 1.5 s. The robot also demonstrated a peristaltic locomotion at a speed of ≈2.5 mm s    − 1   , ≈1.9 mm s    − 1   , and ≈1.3 mm s    − 1    in board, sandpaper, and sand respectively; rolling motion at a speed of 1 cycle s    − 1   , ≈0.66 cycles s    − 1   , and ≈0.33 cycles s    − 1    in board, sandpaper, and sand respectively; and turning motion of ≈180   ∘  , ≈83   ∘  , and ≈58   ∘   in board, sandpaper, and sand respectively. The evaluation of the robotic motion and actuation is discussed in detail in this paper.
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1. Introduction


Origami-like folding [1,2,3] of papers widely have lightweight and low-cost structures with stiffness and flexibility simultaneously. The origami pattern used to fabricate the structure dominates the mechanical properties of the entire structure [4]. The origami folded structures used in this application are hollow or a shell, making it lightweight and flexible, and the folding pattern improves the structure’s stiffness. Alternating the crease patterns of the origami structures can be used to tune the mechanical behavior of the structure [4,5]. Origami-folded cylinders [6,7] are used for deployable structures in space [8], safety features in automobiles such as airbags [9], and in medical applications such as stents [10] where reduction and expansion of the structure are desirable due to the narrow navigation spaces. The shape and size transformation of the passive origami-folded structures opens a wide range of applications when a suitable actuation method is utilized.



Appropriate actuation mechanisms include tendon-driven [11], pneumatic [12], piezoelectric [13], magnetic [14], or shape memory alloys [15,16,17,18,19]. Tethered actuation mechanisms such as tendon-driven mechanism could be difficult to control when navigating through narrow complex pathways. Using tendon-driven mechanism to achieve peristaltic motion in origami robot demonstrated difficulties in achieving sharp turns to navigate through narrow pathways [1]. The possibility of leaking [4] in pneumatic actuation and the inability to detect it immediately reduces the actuation performance and makes it unsuitable for long-distance locomotion. Piezoelectric materials have limited strain and are brittle, making them ineffective for origami structures involving high strains. Although strain could be amplified [13] using advanced MEMS techniques, the cost of fabrication increases. Shape memory actuation is generally of a low frequency due to its slow response time and limited heat-dissipation capabilities [16,17,18,19], restricting its use in applications requiring faster locomotions of the robot. Magnetic fields have a relatively fast response time (0–0.1 s) [20,21], rendering it to be a more suitable actuation mechanism for this application. Either permanent magnets or electromagnets can generate magnetic fields. Electromagnetic systems are capable of exceptional remote control with external magnetic field generators, but utilizing them for small-scale applications by scaling down electromagnetics is insignificant due to high power consumption [22]. Typically, a large size and bulky setup are required by the electromagnetic field to operate successfully. On the other hand, external permanent magnets can be controlled easily. They can be scaled up or down to the required application easily, making it an appropriate actuation method for the origami-based robot.



Herein, we demonstrate an origami-based soft robot with different configurations of iron (paramagnetic) sheets actuated using a permanent magnet (ferromagnetic) to generate three different locomotions (peristaltic, rolling, and turning) in three different environments (board, sandpaper, and sand). We observed the displacement and velocity changes in the proposed designs and their impact on different environments during actuation using an external permanent magnet. Furthermore, we discuss methods to improve this design to facilitate the robot in biomedical applications such as endoscopy and colonoscopy.




2. Materials and Methods


The soft robot consists of a paper-based backbone with iron sheets (paramagnetic) attached. Different configurations of the iron sheets were assembled and their influences in locomotions were tested by actuating with a permanent magnet (ferromagnetic). The steps involved in the fabrication of the backbone of the soft robot are shown in Figure 1a and the three different configurations of iron sheets placements are shown in Figure 1b–d.



2.1. Fabrication of Soft Robot


The soft robot was fabricated using a popular origami-folded cylinder design inspired by the Miura design [15,23]. The Miura design allows expansion and compression in the horizontal direction without changing the vertical direction. This expansion and contraction motion mimics a peristaltic movement observed in earthworms. One of the Miura derivatives is the Arc-Miura pattern, which looks similar to the Miura pattern, altering the mountain and valley vertices. These vertices determine the consequent mountain and valley fold patterns that arise from these zig-zag crease patterns and are the foundation of the Arc-Miura cylinder design. The Arc-Miura pattern of an origami-folded cylinder does not have any curvature limitations [24], thus enabling the bending of the soft robot. The folded structure was an octagonal cylinder with a diameter of 15 mm and a fully contracted and expanded length of 20 mm and 50 mm respectively but the working range of the robot varies between ≈30 mm and ≈40 mm. The small diameter of the soft robot was selected to facilitate its motion in narrow spaces such as the GI tract or oral cavity for surveillance purposes. The crease lines for the Arc-Miura pattern were defined by embossing using Silhouette Curio™ on a 80 g m    − 2    paper and folded to an origami-folded cylinder as per the steps shown in Figure 1a. The design embossed in the paper consists of multiple squares of equal dimensions of 5 mm × 5 mm. The open edges of the cylinder were closed using PVA adhesive, forming the passive backbone of the soft robot.




2.2. Configuration of Iron Sheets in the Soft Robot


Paramagnetic material was coated to the origami-folded cylinder as an active component in the robot. Iron sheets from Titan™ Magnetics were used as the paramagnetic material for assembly in the robot. Iron sheets of size 3 mm × 4 mm and a thickness of 0.7 mm were then attached to squares of 5 mm × 5 mm on the folds of the origami-folded cylinder using UHU® adhesive. A number of iron sheets of the specified dimensions were arranged on the mountain folds of the paper backbone in three different configurations (design 1, design 2, and design 3). In design 1, the iron sheets were arranged on opposite sides of the folds in the symmetrically-folded cylinder, as shown in Figure 1b. In design 2, the iron sheets were arranged only on one side of the origami-folded cylinder except for the middle section, as shown in Figure 1c. In design 3, the iron sheets were arranged in a spiral alignment onto the folds of the origami-folded cylinder, as shown in Figure 1d. The three different configurations of the iron sheet arrangement allow different locomotion of the robot when actuated using a permanent magnet. Due to the paramagnetic nature of the iron sheets, changing the orientation (north pole or south pole) of the permanent magnet will have no change in the motion of the robot.




2.3. Actuating Magnet


A neodymium-iron-boron (NdFeB) alloy cube (20 mm × 20 mm × 20 mm) permanent magnet (ferromagnetic) from Titan™ Magnetics was used for actuating the soft robot. Changing the orientation of the permanent magnet does not have any effect on the iron sheet due to its paramagnetic nature. The soft robot was placed on a thin flat surface (thickness, ≈1 mm), and the permanent magnet (actuating or driving magnet) was moved in different paths to achieve different robotic motions.





3. Results and Discussions


The robot was actuated at three different pathways of the permanent magnet, and the corresponding locomotion (peristaltic, rolling, and turning) were compared for the three different configurations (design 1, design 2, and design 3) of the robot. The video of the actuation path and the locomotion of the robot were recorded and analyzed using Tracker 5.1.4 (Douglas Brown©). All three different motions were compared to different configurations in three different environments (board, sandpaper, and sand). The relative friction co-efficient of the three environments was observed. The corrugated board had the lowest co-efficient, and sand had the highest coefficient of friction, with sandpaper having the intermediate value. Initially, the actuating magnet was placed 50 mm away from the board and then brought closer to actuate the robot.



3.1. Peristaltic Motion


The robot demonstrates its ability to translate in a peristaltic motion with continuous contraction and expansion during a specific motion of the actuation magnet. This actuation mechanism of the robot is shown schematically in Figure 2a and the motion of the actuation magnet is shown in its X and Y position in Figure 2b. Initially, the actuating magnet is placed 50 mm away from the board and then raised ≈50 mm and displaced 5 mm along X-direction in ≈4 s. The actuating magnet is then dropped back to ≈50 mm with no changes in X-direction, completing one cycle. This cycle is then repeated for 20 s, and the corresponding robotic locomotion is recorded. The maximum displacement of the robot is observed when the actuating magnet is closest to the board. When the actuating magnet is closest to the board along the Y-direction and 5 mm along the X-direction, the expansion phase occurs, where the front end of the robot extends (body length = ≈ 45 mm) further in the forward direction (towards the actuating magnet) with a maximum displacement of 5 mm depending on the friction between the robot and surface. During the contraction phase, the rear end of the robot is moved towards the front end of the robot, thereby contracting its body (body length = ≈ 30 mm). Once the actuating magnet is moved away from the board, the rear end of the robot starts to relax and returns to its original state (body length = ≈ 40 mm).



Amongst the three configurations, design 3 shows the best peristaltic motion. The sequential pictures of the actuation of design 3 on board, sandpaper, and sand are shown in Figure 3a–c, respectively. The design 3 had the highest displacement and velocity in the board and the lowest in the sand. Thus, the peristaltic motion of design 3 on the surface with a lesser friction coefficient is faster than the surfaces with a higher coefficient of friction. The displacements of the three configurations of the origami-folded robot are obtained in its X and Y direction during actuation as per Figure 2b. The displacement along X and Y directions of the three configurations of the robot on board, sandpaper, and sand are shown in Figure 3a–c. No displacement was observed in the Y-direction for all the configurations in all environments (board, sandpaper, and sand). Peristaltic occurs on the surface smoothly without any vertical bending or lifting of the robot, and hence, there is no displacement along the Y-direction. Design 2 almost had negligible displacement along the X-direction (Figure 3d,f,h) too in all environments (board, sandpaper, and sand). During the cyclic actuation of the permanent magnet, dragging of the robot was observed in design 1 in the board, displaying a displacement of ≈6 mm in 20 s in the X-direction (Figure 3d). Almost negligible displacement was observed along the X-direction when design 1 is actuated in both sandpaper and sand (Figure 3f,g). Design 3 demonstrates a total displacement of ≈53 mm in 20 s along the X-direction when actuated on board (Figure 3d), ≈37 mm in 20 s on sandpaper (Figure 3f), and ≈28 mm in 20 s on sand (Figure 3h). Due to the cyclic actuation of the permanent magnet and the cyclic contraction and expansion of the robot (design 3), a step-shaped displacement is observed in all environments.



The overall displacement and velocity of the three configurations during peristaltic motion on board, sandpaper, and sand are shown in Figure 3e,g,i respectively. Design 2 shows negligible overall displacement (Figure 3e,g,i) in all environments (board, sandpaper, and sand), and Design 1 shows negligible overall displacement on sandpaper and sand (Figure 3f,g). Whereas, an overall displacement of ≈6 mm in 20 s is observed in Design 1 when actuated cyclically (Figure 3d). Design 3 shows an overall displacement of ≈53 mm in 20 s on board (Figure 3d), ≈37 mm in 20 s on sandpaper (Figure 3f), and ≈28 mm in 20 s on sand (Figure 3h).



The actuation of an individual segment (total number of individual segments is 10) of the robot was analyzed to observe the actuation mechanism more precisely. The actuation mechanism of the leg of the robot during peristaltic motion is shown schematically in Figure 4a. Design 3 shows an overall displacement of ≈10 mm in 5 s on board (Figure 4c), ≈7.2 mm in 5 s on sandpaper (Figure 4e), and ≈5 mm in 5 s on sand (Figure 4g). The displacement of the single leg of the robot in X and Y directions during actuation in different environments (board, sandpaper, and sand) are shown in Figure 4b,d,f. When three samples were tested under the same experimental conditions for the peristaltic motion, an error of less than 5 mm was observed in different environments.



3.1.1. Rolling Motion


The robot can roll along its length by a specific motion of the actuation magnet. The schematic showing the actuation mechanism of the robot is shown in Figure 5a. The motion of the actuation magnet is shown in its X and Y position in Figure 5b. Initially, the actuating magnet is placed 50 mm away from the board and then raised ≈48 mm in ≈0.2 s. The actuating magnet is then displaced ≈90 mm along the X direction and then dropped 48 mm to inactivate the rolling motion. The displacement of the actuating magnet along the X-direction at ≈2 mm from the board occurs for ≈2.6 s, as shown in Figure 5b. When the actuating magnet is dragged along the X-direction, the robot rotates and rolls along the length of the robot (Figure 5a).



Amongst the three configurations, Design 3 shows the best rolling performance on board, sandpaper, and sand, and their time-lapse images are shown in Figure 6a–c respectively. The highest displacement and velocity of Design 3 is observed on board. In contrast, its lowest displacement and velocity are observed on sand, demonstrating the influence of the friction coefficient of the actuating substrate. The displacement along X and Y directions of the three configurations of the robot on board, sandpaper, and sand are shown in Figure 6d,f,h. Designs 1 and 2 indicate no displacement in both X and Y directions when actuated in all three environments (board, sandpaper, and sand), as shown in Figure 6d,f,h.



Design 3 demonstrates the ability to roll three cycles in 3 s when actuated on board, and one cycle in 3 s on sandpaper, and only 0.6 cycles in 3 s on sand. Since the X-direction is measured from the center of the robot. In contrast, Y-direction is measured from the base surface, the displacement values in X-direction varies from –5 mm to 5 mm. In comparison, the displacement values in the Y-direction vary from 0 mm to 10 mm, causing the displacement curve in X-direction to resemble a sine wave, while the displacement curve in Y-direction to resemble a rectified sine wave. The overall displacement and the velocities during the rolling motion of all three configurations on board, sandpaper, and sand are shown in Figure 6e,g,i. The overall displacement of Design 3 varies between 0 mm and 10 mm for all environments and shows a maximum velocity of ≈40 mm s    − 1   , ≈20 mm s    − 1   , and ≈10 mm s    − 1    on board, sandpaper, and sand, respectively. When three samples were tested under the same experimental conditions for the rolling motion, an error of ≈1 mm was observed in different environments.




3.1.2. Turning Motion


The robot can bend or turn by actuating with a magnet in a specific motion. The schematic showing the actuation mechanism of the robot is shown in Figure 7a. The initial and final position of the robot and its overall displacement measurement are shown in Figure 7b. The path traced by the actuating magnet during actuation is shown in Figure 7c. Initially, the actuating magnet is placed 50 mm away from the board and then raised ≈50 mm in ≈2 s. During this, the actuating magnet is also moved 50 mm in the X-direction, as shown in Figure 7c. This movement of the actuating magnet in X and Y directions causes one end of the robot to move towards the magnet, displaying the turning or bending motion. The robot is placed on the base surface, and the displacement of the robot is observed in the X-Z direction instead of the X-Y direction.



Among the three configurations, Design 1 shows the best turning performance in all environments (board, sandpaper, and sand). The sequential pictures of the actuation of Design 1 on board, sandpaper, and sand are shown in Figure 8a–c, respectively. Design 1 shows its highest displacement and velocity on board. In contrast, its lowest displacement and velocity are observed on the sand, demonstrating the influence of the friction coefficient of the actuating substrate. The displacement along X and Y directions of the three configurations of the robot on board, sandpaper, and sand are shown in Figure 8d,f,h. All three configurations can perform turning motion in the three environments. Design 1 shows a displacement of ≈5.5 mm and ≈5.6 mm along the X-direction and Y-direction respectively when actuated on board, and ≈4.1 mm and ≈3.8 mm along the X-direction and Y-direction respectively when actuated in sandpaper, and ≈2.2 mm and ≈2.7 mm along the X-direction and Y-direction respectively when actuated in sand. Design 2 shows a displacement of ≈1.1 mm and ≈1.8 mm along X-direction and Y-direction respectively when actuated on board, and ≈0.2 mm and ≈0.3 mm along X-direction and Y-direction respectively on sandpaper, and no displacement in both X- and Y-direction on sand. Design 3 shows a displacement of ≈3.4 mm and ≈4.3 mm along X-direction and Y-direction respectively when actuated on board, and ≈0.1 mm and ≈1.2 mm along X-direction and Y-direction respectively on sandpaper, and ≈2.1 mm and ≈1.8 mm along the X-direction and Y-direction respectively on sand.



The overall displacement and velocity of the three configurations of the robot on three environments are shown in Figure 8e,g,i. Design 1 shows an overall displacement of ≈7.5 mm (≈180   ∘  ) and a maximum velocity of ≈62 mm s    − 1    when actuated on board, and an overall displacement of ≈6.9 mm (≈83   ∘  ) and a maximum velocity of ≈72 mm s    − 1    on sandpaper, and an overall displacement of ≈3.2 mm (≈58   ∘  ) and a maximum velocity of ≈28 mm s    − 1    on sand. Design 2 displays an overall displacement of ≈1.2 mm (≈10   ∘  ) and a maximum velocity of ≈13 mm s    − 1    when actuated on board, and an overall displacement of ≈1 mm (≈8   ∘  ) and a maximum velocity of ≈5.9 mm s    − 1    on sandpaper, and no overall displacement or velocity is observed on sand. Design 3 displays an overall displacement of ≈5.7 mm (≈70   ∘  ) and a maximum velocity of ≈44 mm s    − 1    when actuated on board, and an overall displacement of ≈1.9 mm (≈25   ∘  ) and a maximum velocity of ≈60 mm s    − 1    on sandpaper, and an overall displacement of ≈2.1 mm (≈32   ∘  ) and a maximum velocity of ≈30 mm s    − 1    on sand. When three samples were tested under the same experimental conditions for the turning motion, an error of less than 1 mm was observed in different environments.






4. Conclusions


We presented a magnetically actuated origami folded cylinder that can perform different locomotions (peristaltic, rolling, and turning) with the customized assembly of active materials. We compared the displacement and velocity profile of the proposed soft robot in different environments such as board, sandpaper, and sand. Based on the performance of different configurations, Design 1 is recognized to be the best for turning motion, while Design 3 proved to be the best for peristaltic and rolling movements. Design 3 also displayed promising results during turning motion, making it the best overall configuration. This is due to the spiral arrangement of the iron sheets, which improves its ability to be attracted by the permanent magnet regardless of its position (side or direction). Since understanding the details about the deformation in individual segments of the origami robot are difficult, more theoretical and force analysis will be performed in the future. The small size and the lightweight (≈1 g) of the robot facilitate deployment in narrow spaces. The untethered actuation mechanism also enables the robot to navigate through tortuous paths without any buckling. The size of the robot and the soft nature of the materials used in the fabrication of the robot restrains from damaging the tissues enabling its use in biomedical applications.



The developed robot demonstrates a maximum locomotion speed of ≈2.5 mm s    − 1    during peristaltic motion, which is significantly lesser than the other current bioinspired origami robots that showed a maximum speed of ≈13–23 mm s    − 1    [25,26] during peristaltic motion. Although the speed of the developed robot is lesser, this demonstrates different robotic motions which is not possible in the current high speed robots. Replacing the iron sheets (paramagnetic) with NdFeB materials (ferromagnetic) could increase the number of possible locomotions and improve navigation speed in specific complex pathways. Substituting the paper backbone with water-resistant materials such as PET (polyethylene terephthalate) or PEEK (polyether ether ketone) prepares it to be used in fluidic environments. In addition to water-resistant materials, incorporating biocompatible materials such as hydrogels can enable the device for utilization in biomedical applications. By attaching a small camera, the robot can be used as an endoscope for inspection, diagnosis, and treatment of oral cavities. The robot can carry a heavy load (up to 10 times its body weight) since the load-carrying capacity depends on the paper or backbone material used. However the actuation ability might be affected due to the addition of high stiffness material to the robot. The size of the robot can be further reduced by utilizing automated origami folding technologies for fabricating the robot. This can enable the robot to navigate through the small intestine in the GI (gastrointestinal) tract or nasal cavity and can also be used for biomedical applications due to the high contractibility and shape transformation characteristics of origami structures.
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Figure 1. (a) Steps involved in the folding of the origami robot. (b) Design 1 arrangement of iron sheets in origami robot. (c) Design 2 arrangement of iron sheets in origami robot. (d) Design 3 arrangement of iron sheets in origami robot. 
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Figure 2. (a) Schematic showing the actuation mechanism of peristaltic motion of the soft robot actuated by a permanent magnet. (b) Pathway of the actuating magnet to generate the peristaltic motion of the robot. 
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Figure 3. Performance of the peristaltic motion. (a) Time-lapse images of the peristaltic motion of the Design 3 origami robot inboard. (b) Time-lapse images of the peristaltic motion of the Design 3 origami robot in sandpaper. (c) Time-lapse images of the peristaltic motion of the Design 3 origami robot in the sand. (d) Time-resolved displacement in X and Y directions of the origami robot on board. (e) Time-resolved displacement and velocity of the origami robot on board. (f) Time-resolved displacement in X and Y directions of the origami robot in sandpaper. (g) Time-resolved displacement and velocity of the origami robot in sandpaper. (h) Time-resolved displacement in X and Y directions of the origami robot in sand. (i) Time-resolved displacement and velocity of the origami robot in sand. 
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Figure 4. Performance of the individual segment during peristaltic motion. (a) Time-lapse images of the peristaltic motion of the Design 3 origami robot on board. (b) Time-lapse images of the peristaltic motion of the Design 3 origami robot in sandpaper. (c) Time-lapse images of the peristaltic motion of the Design 3 origami robot in the sand. (d) Time-resolved displacement in X and Y directions of the origami robot on board. (e) Time-resolved displacement and velocity of the origami robot on board. (f) Time-resolved displacement in X and Y directions of the origami robot in sandpaper. (g) Time-resolved displacement and velocity of the origami robot in sandpaper. (h) Time-resolved displacement in X and Y directions of the origami robot in the sand. (i) Time-resolved displacement and velocity of the origami robot in sand. 
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Figure 5. (a) Schematic showing the actuation mechanism of the rolling motion of the robot. (b) Pathway of the actuating magnet to generate the rolling motion of the robot. 
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Figure 6. Performance of the rolling motion. (a) Time-lapse images of rolling motion of the Design 3 origami robot on board. (b) Time-lapse images of rolling motion of the Design 3 origami robot in sandpaper. (c) Time-lapse images of rolling motion of the Design 3 origami robot in sand. (d) Time-resolved displacement in X and Y directions of the origami robot on board. (e) Time-resolved displacement and velocity of the origami robot on board. (f) Time-resolved displacement in X and Y directions of the origami robot in sandpaper. (g) Time-resolved displacement and velocity of the origami robot in sandpaper. (h) Time-resolved displacement in X and Y directions of the origami robot in the sand. (i) Time-resolved displacement and velocity of the origami robot in sand. 
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Figure 7. (a) Schematic showing the actuation mechanism of turning motion of the soft robot actuated by a permanent magnet. (b) Schematic showing the displacement in the body of the robot during turning motion. (c) Pathway of the actuating magnet to generate the turning motion of the robot. 
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Figure 8. Performance of the turning motion. (a) Time-lapse images of turning motion of the Design 1 origami robot on board. (b) Time-lapse images of turning motion of the Design 1 origami robot in sandpaper. (c) Time-lapse images of turning motion of the Design 1 origami robot in sand. (d) Time-resolved displacement in X- and Y-directions of the origami robot on board. (e) Time-resolved displacement and velocity of the origami robot on board. (f) Time-resolved displacement in X- and Y-directions of the origami robot in sandpaper. (g) Time-resolved displacement and velocity of the origami robot in sandpaper. (h) Time-resolved displacement in X- and Y-directions of the origami robot in the sand. (i) Time-resolved displacement and velocity of the origami robot in sand. 
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