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Abstract

:

In this work, we present a soft robotic gripper for grasping various objects by mimicking in-hand manipulation. The soft robotic gripper consists of three fingers. Each finger contains three air chambers: Two chambers (side chambers) for twisting in two different directions and one chamber (middle chamber) for grasping. The combination of these air chambers makes it possible to grasp an object and rotate it. We fabricated the soft finger using 3D-printed molds. We used the finite element method (FEM) method to design the most effective model, and later these results were compared with results from experiments. The combined experimental results were used to control the range of movement of the whole gripper. The gripper could grasp objects weighing from 4 g to 300 g just by inflating the middle chamber, and when air pressure was subsequently applied to one of the side chambers, the gripper could twist the object by 35°.
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1. Introduction


Among many developments in the robotics field, the emergence of soft robotics has dispelled the conventional notion that a robot should be made of rigid materials. Soft robotics have mainly been inspired by muscular hydrostats or hydrostatic skeletons, which are found in the structures of plants and animals such as octopus, snout, snails, and so on [1]. The soft robot is operated pneumatically, hydraulically, or through variable length tendons, by exploiting the soft material’s mechanical properties [2,3]. Hard robots have features that pose risks to safety, and design structure flaws including heaviness, high cost, and low thermodynamic efficiency. Soft robots are capable of avoiding these limitations [4,5,6]. Soft robotics can be used in many fields. An assembled soft robotics gripper made by Soft Robotics Inc. is already being used in the food industry [7]. Depending on the application, a soft robotics gripper can be fabricated by putting several fingers together or fabricated as a single component. Researchers from Harvard have made a starfish-like soft gripper, which is inflated by a single air source. In that study, pneumatic networks called Pneunet chambers were developed, and inflating combinations of the chambers creates complex actuation [8]. All of the elements in this type of robot are actuated simultaneously because they are all supplied by a single air source. Another study presented a soft gripper, which was made by assembling soft actuators that can grasp various objects. This actuator has a bellow, and the study demonstrated a novel approach to actuation based on bellows geometry [9].



The most important factors for a soft actuator that are used in a soft robotic gripper are the air chamber’s geometric shape and number of elements as well as the gripper’s own structure [10,11]. Researchers have investigated the structure of air chambers and performed a comparison using FEM analysis, finding that the biggest deformation occurred when the top wedged angle was 30°. Also, a comparison of the width of the actuators determined that the thinnest one, at 0.012 m, was easier to actuate during inflation and deflation [12]. However, more air chambers will produce a higher degree of freedom. If we apply pressure to all three chambers in a finger simultaneously, the finger will stretch. If one is filled with air, the finger bends, but if two chambers are inflated, it will bend in another direction [13,14].



Considering the material properties of soft actuators, a number of studies have demonstrated that the FEM method is the most appropriate method for analyzing their performance [15,16].



The soft robotic actuator is also more capable of mimicking the manipulation of a human hand compared to a hard robot [17]. Humans have the ability to grasp an object by using the fingers and palm and can translate it from finger to palm or from palm to the fingers, as well as rotate the object. This overall activity is known as “In-Hand Manipulation” [18,19]. In a previous study, researchers developed a soft robotics gripper with three chambers on each soft finger and with the help of flexible sensors, the gripper was able to identify an object’s shape, resulting in reliable grasping [20].



Even though some studies have investigated soft robotics grippers with multiple chambers, few studies have examined how changing a longitudinal chamber’s location and separation can affect the motion of a soft finger and gripper. In this work, we present a soft robotic gripper, which is able to grasp an object and rotate it (in-hand manipulation) effectively using a combination of three inflatable chambers in a finger. Initially, we compared models with two types of cross-sections and with different chamber locations. As a result, we chose a trapezoid cross-sectioned finger with asymmetrically located chambers. Secondly, we designed a soft gripper, consisting of three soft fingers; each soft finger contains three chambers. The asymmetric location of the chambers allowed two of them to have the same performance while the other one has a different function. By exploiting this feature, we were able to perform two different operations with the soft fingers.



To make a soft finger with many chambers, the fabrication process is typically laborious [21]. But we propose a very simple, time-saving and cost-effective fabrication method using a 3D printer. Thirdly, given the number of chambers in one finger, we conducted experiments by inflating dual chambers to demonstrate how the finger actuated under various conditions. Later, we compared the experimental results with the FEM data. The pressure data from experiments were used to control the entire gripper. The fabricated gripper was tested by grasping objects that weighed from 0.004 to 0.3 kg.




2. Analysis of the Soft Actuator


In this section, we have analyzed the influences of the longitudinal chamber’s location and distance apart. Because the deformation characteristics of the actuator depends on the shape of the cross-section, the length of the actuator, and the elastic characteristic of the soft material, the non-linear finite element model is the most effective way to analyze the soft actuator [22]. As can be seen in Figure 1, we considered two different cross-section shapes: Round and trapezoid. The round cross-section is one of the common cross-sectional shape among soft actuators. The studies used round cross-section for their finger, when the finger consisted of a longitudinal single chamber or the chambers are located symmetrically around the central axis [13,23,24]. For the finger with a single chamber, the round cross-section is chosen, because the chambers are round themselves. When the chamber is inflated, it extracts the whole outer layer (finger wall) as well as the chamber wall inside layer of the finger. This removes the motion obstacle from the outer layer of finger. We chose the round cross-section as representative of the common shape of soft finger. The trapezoidal cross-section is chosen, assuming the larger contact surface with the object by making a flat surface on each side of the finger. Also, from the studies about the soft finger’s cross-sectional shape, it is shown that the finger with a sharp edge performs the highest bending compared to the round cross-sectional shape [16,25]. Therefore, we selected the round and trapezoidal cross-sectional shape to investigate the most flexible motion when chambers are located asymmetrically.



In each cross-section model, the chambers were located in two different styles: Equally separated from each other (symmetric) and unequally from each other (asymmetric). Each cross-section-shaped finger is investigated under four different distance sizes, including two different distance sizes on both symmetric and asymmetric locations. In total, eight different models are analyzed in this section. All eight models that are compared in FEM analysis have a height of 0.12 m and the base dimension, wall thickness are changed regarding different distances between the chambers, as shown in Figure 1, Figure 2 and Figure 3.



Every model has three longitudinal chambers. By inflating these three chambers in combination, the finger is able to make motions such as bending, grasping, and twisting, either sequentially or at the same time. But depending on the cross-section shape, the locations of the chambers, and the distance between chambers, the deformation direction and bending angle are all different. In our paper, we focused on the bending angle, which is the angle between the center of a fingertip and its initial position during inflation. In this stage, we optimized the most effective model for making bending and twisting motions. In this paper, a twisting motion is considered to be grasping the object and rotating it by a certain angle by inflating the side chambers. Therefore, we examined the bending angle during each chamber’s inflation. We named the chamber that was equidistant from the other two chambers the middle chamber, and the other two chambers were designated side chambers, because those two chambers have the same performance on bending. We assumed that the middle chamber would be used for grasping and that the side chambers would be used for the twisting motion. Thus, to optimize the differences between the symmetric location and asymmetric location of the chambers and to check how it affected the finger’s motion, we investigated the middle chamber’s inflation and the side chamber’s inflation, respectively.



In this part, we focused on analyzing the geometry of the finger using the FEM method. To understand the behavior of the soft actuator, eight different models were analyzed and compared, based on the relationship between pressure and bending angle, by observing the effects of cross-sectional shape, the location of chambers, and the distance between chambers. As mentioned previously, we chose two different distance sizes for symmetric and asymmetric styles on each cross-sectional shape: 0.01 m and 0.014 m for symmetrically located chambers and the asymmetric chambers involves 0.008 m, 0.016 m, 0.012 m, and 0.02 m. The space of 0.014 m and 0.012–0.02 m was selected due to the minimum wall size of 0.0024 m. If the wall size was smaller than the minimum value, the finger will be easily damaged during high pressure. Also, the difference between each space distance is 0.004 m. The finger’s bending motion started to be varied only when we change distance size by 0.004 m. Therefore, we chose the chamber distance sizes with wall size of 0.0024 m (at minimum) and by variance of 0.004 m.



Figure 2 shows the deformations of all the models, which were formulated in ANSYS Workbench 19.2. In the finite element model, material nonlinearities must be considered in addition to geometry, especially for large deformations of a soft actuator. In the simulation, the material properties were set to be the same as Dragon skin 10 (Smooth-On Inc.), which was later used to make our proposed finger. According to the literature, the incompressible hyperelasticity of Dragon skin 10 is determined to be a third-order Mooney–Rivlin model with coefficients, as shown in Table 1 [26].



Firstly, we investigated the middle chamber’s inflation. Figure 2 shows the deformation results for all models when the middle chamber was inflated, which resulted in all fingers bending around the Y-axis. In other words, when we pressurized the middle chamber, all of the finger models bent in the opposite direction of inflated chamber. As previously mentioned, inflating the middle chamber will be used for grasping. We compared every model’s bending angle around the Y-axis at given pressures from 25 kPa to 85 kPa. As the comparison plot indicates, the symmetrically located chambers led to a larger bending angle at a given pressure. Among all the models, the round cross-section finger with chamber distances of 0.01 m achieved the highest deformation. It started to bend from 8° at 25 kPa. For the asymmetrically located chambers, the round cross-section finger with chambers distance of 0.012 m and 0.02 m displayed the largest deformation. However, when the models with the asymmetric chambers are compared, it can be seen that those models have small differences from each other. These facts imply that if the finger is only used for grasping or bending along one axis, the finger with symmetrically located chambers is the most applicable. However, our final goal is to make a gripper for grasping and twisting, and for this reason, we had to investigate the effect of the side chamber’s inflation.



Next, we compared each model’s deformation when the side chamber was inflated. As shown in Figure 3, when we applied pressure to the side chamber, the bending direction was different in each model depending on the cross-section shape and the location of chambers. The side chamber’s inflation will be used for twisting motion, thus bending around the X-axis is the most crucial part in this part. With the round cross-section, the finger bent in the direction away from the inflated chamber. This shows that the round cross-section shape does not produce any obstacle to movement. But in the case of the trapezoidal cross-section, the bending direction differed in each case, based on the chambers’ locations. In more detail, when the chambers in the trapezoid finger were located symmetrically around the central axis, most of the bending occurred around the Y-axis. In contrast, in the trapezoidal-shaped finger with asymmetric chambers, rotation occurred around the X-axis. The comparison plot of bending angle for every model’s side chambers inflation determined that the round cross-section with asymmetric chambers, which were separated by 0.012 m and 0.02 m, and the trapezoidal cross-section with chamber distances of 0.012 m and 0.02 m, exhibited the highest bending around the X-axis, as shown in Figure 4b.



Regarding the distance from middle chamber to neutral axis, the deformation of the finger is formed. From the comparison plot of the middle chamber’s inflation shown in Figure 4a, we conclude that the distance from the middle chamber to the neutral axis does not directly affect the bending performance. From Table 2, the distance of the round cross-section with symmetric chambers of 0.01 m showed the largest bending, which is the longest distance from the neutral axis among the round cross-section. Also, if we consider only the symmetric styles, the trapezoid cross-section with the shortest distance to the neutral axis performed the least bending. However, among the asymmetric styles, the round cross-section with distances of 0.006 m and 0.01 m from a neutral axis to the middle chamber and side chamber, respectively, showed the highest bending performance. Meanwhile, for the round cross-section with distances of 0.006 m and 0.008 m from a neutral axis to the middle chamber and side chamber, respectively, the finger bent with the smallest angle, as can be seen in Figure 4a.



By combining the distance from each chamber to the neutral axis (Table 2 and Table 3) and the side chamber’s inflation result from Figure 4b, we can conclude that the round cross-section with a neutral axis distance of 0.006 m and 0.01 m and the trapezoidal cross-section with a neutral axis distance of 0.0055 m and 0.0095 m are led by their bending angle result. Whereas, the trapezoidal cross-section with a neutral axis distance of 0.0043 m and 0.0044 m and the trapezoidal cross-section with a neutral axis distance of 0.007 m and 0.006 m showed low bending performance. The above results demonstrated that the longer distance from chamber to neutral axis can result in higher bending due to thinner wall size, which means the thinner wall leads to the larger inflation of chamber. If the chamber has thin walls, the it is easy to be inflated, thus the finger can bend to a high degree. However, thin walls can also cause the finger to be damaged easily. However, as we mentioned before, we chose the longest distance to neutral axis by considering this side effect, and that the distances of 0.012 m and 0.02 m are not enough to be damaged during the inflation.



Therefore, considering the contact surface area and performance of the middle chamber’s inflation and side chamber’s inflation and larger contact surface area, we chose the trapezoidal cross-section with asymmetric chambers, separated by 0.012 m and 0.02 m. This finger configuration had the optimum performance for grasping and twisting an object, since the finger has to make contact with the object’s other surface. Also, the difference in bending performance of the above models when the middle chambers were inflated was not that big. As a result, we concluded that even if we had chosen the second best-performing finger, the difference in deformation would not result in a big difference in the application.




3. Design of Pneumatic Actuated Gripper and Finger


3.1. Finger Design


A soft robotic finger is operated by applying air pressure to the chambers. The inflation of the chambers guides the motion of the structure. By controlling the inflation of each chamber, we are able to move the soft robotic finger and achieve various motions. When one chamber is filled with air, the finger bends towards the opposite side. Also, if we apply different pressures simultaneously to multiple chambers, the finger makes a twisting motion.



The prototype of the finger was 0.12 m in length with 0.04 m diameter chambers, as shown in Figure 5a. As indicated by its cross-sectional view, the finger has a trapezoid shape, with flat surfaces on each side. The central hole of finger enables it to move freely and faster. With this design, the finger can grasp any object with any shape. Unlike other works, the longitudinal chambers are asymmetrically arranged around the center. Because of the triangular distribution of chambers, the finger is capable of moving in three directions with less pressure.




3.2. Fabrication


Fabrication was performed by the following steps, as shown in Figure 5b:




	
Assemble the separate mold parts: One main body; two side covers including one with chambers, one without chambers, and one cover for protection from dust; and other environmental elements during the cure, as displayed in Figure 5c;



	
Fill the assembled mold with silicone and cover the main body part of the mold to protect the finger;



	
Detach all the covers and remove the actuator from the mold after 5 h curing;



	
Connect tubing to each of the chambers using by silicone epoxy.








Dragon Skin 10 Medium silicone rubber (Smooth On, Inc., Macungie, PA, USA) was used for the silicone material. We chose this silicone for several reasons: The softness and elasticity of the material, the curing time (although the manufacturing process is not difficult, it takes a long time), and its popularity. Also, the plastic mold parts were made with Polylactic acid (PLA) using a 3D printer. Figure 5c shows the four assembled plastic mold parts: The main body, side cover with removable chambers, another side cover, and top cover. These separate molded parts made our fabrication easier and faster. When using plastic for molds, it is difficult to detach silicone. Thus, when curing was finished, we dismantled all the covers and the chambers were removed, lastly. To create a hollow space inside the actuator, we used a similar procedure. A hollow mold was removed with the chambers from the cured actuator. After several attempts, we realized that a horizontal mold would be easier than a vertical one for both assembling and removing components from the actuator (Figure 5c). Easy assembly makes the fabrication process more time-saving and cost-effective.




3.3. Gripper Design


We considered a soft gripper, comprised of three soft fingers and a hard palm. The three soft fingers were arranged as the thumb, index, and middle fingers, since these are the most essential fingers for in-hand manipulation, as shown as Figure 6c. With the fingers 0.09 m apart, the gripper will be able to grasp objects with diameters between 0.104 m and 0.02 m. Figure 6a shows that the maximum radius of an object that can be grasped is 0.052 m. Figure 6b shows the size of the smallest graspable object, approximately 0.01 m. Note that in Figure 6a,b, the dashed line represents the central axis of the palm. However, the gripper’s ability is limited by this value, because the value is defined from the geometric calculation. We used the fabricated gripper with various shaped objects to investigate the limits of its gripping ability. Each finger was mounted on a fitting, hence, the palm was a combination of those fittings and a central part. The separate assembly allows us to modify the number of fingers.





4. Experiment


In this section, we present the experimental results of all inflations cases, consisting of both single-chamber inflation and dual-chamber inflation. All experiment results were taken with a V120: Trio, 6DoF optical tracking system with three cameras made by the OptiTrack company. First, we investigated the soft actuator’s deformation and measured the bending angle. To measure the bending angle, we set the camera in front of the soft actuator, parallel with the fingertip of the actuator, as can be seen in Figure 8a. We calculated the bending angle with the help of attached markers on the fingertip and the base of the actuator. We did experiments by inflating the middle chamber and side chamber, just as we did in the simulation. We also applied pressure simultaneously to both chambers, as shown in Figure 7. To establish data, we repeated the experiment five times. As illustrated in Figure 7a,b, the actuator is bent by inflating single chambers. Figure 7c shows the dual-chamber inflation cases, including the simultaneous inflation of the middle chamber and side chamber, and sequential inflation, inflating the middle chamber first, and then dual-chamber inflation while the middle chamber was inflated. We include only one figure to illustrate this series, because the results from both cases were the same. This motion is considered twisting.



4.1. Experiment on a Single Actuator


We conducted experiments by inflating the middle chamber and side chamber just as we did in the simulation. We also applied pressure simultaneously to both chambers, as shown in Figure 7.



In the experiments, we mostly focused on the bending angle, which is the angle between the center of a fingertip and its initial position during inflation (see Figure 8b). As in the first experiment, we applied pressure ranging from 25 kPa to 95 kPa. The deformation of the proposed finger started at 28 kPa and bending angle was resulted in 80° at 85 kPa. We compared the experimental results from the middle chamber’s inflation with the results from FEM and noted the difference, which we had assumed would occur, as can be seen in Figure 8c. The difference can be caused by small air losses by components on the pneumatic control board. It can also depend on how we applied pressure to the actuator. In the simulation, all configurations were accurately set, and the software analyzed the motion of finger based on the defined calculation; therefore, the deformation result was stable.



Our next experiment was conducted on the side chamber’s inflation. We applied pressures from 25 kPa to 100 kPa and the finger bent fully at 97 kPa. Compared to the previous experiment results, the finger bent between two axes. This experiment result was precisely demonstrated in the 3D curve. As shown in Figure 9a, the O represents the initial position of the fingertip. We combined all of the results from the middle chamber’s inflation and side chamber’s inflation. From this, we could predict the motion resulting from inflation in both chambers, which means every chamber’s inflation will suppress each other’s bending motion. To investigate this phenomenon, we conducted the following experiment. We present the last experiment, which was performed by applying the same pressure to both chambers at the same time. Figure 9b illustrates the 3D curve after adding the result of the dual chamber’s inflation to previous results. We can easily predict the fingertip position using this combination of experimental results. From Figure 7c, we can see that when we applied the same pressure to the middle chamber and side chamber, the finger bent away from the inflated the side chamber. In other words, as shown in Figure 9b with respect to applying pressure to a side chamber, the finger bends along the positive side of the Y-axis, but when pressure is applied to dual chambers, including the side chamber that was used before, and the middle chamber, the finger bends along the negative side of the Y-axis.



We also observed that when we decrease pressure in the air chamber by a certain amount, the finger will bend along the X-axis. Following this principle, regarding the ratio of inlet pressure of the middle chamber and side chamber, it resulted in a wide range of workspace as we see in Figure 9. Furthermore, this motion can be used to accomplish the in-hand manipulation. Depending on the object’s size, we can use just one side chamber’s inflation to rotate the object.



From the 3D curve, we can conclude the following statements:




	
Inflating the side chamber can be sufficient to produce a small-angle twisting motion.



	
The gripper was found to be capable of grasping bigger objects than expected, as seen in Figure 6, because of the size of the grasp.



	
Inflating dual chambers allows smaller objects to be rotated with any angle.



	
To grasp and twist sequentially, the dual chamber’s inflation is performed after the middle chamber’s inflation.









4.2. Experiment on Gripper


In this experiment, we tested grasping performance on five objects, which weighed from 0.004 kg to 0.3 kg. It included objects such as an apple, big and small tape rolls, a square box, and a paper cup, as can be seen in Table 4. We can see from Figure 10a that it grasped all objects successfully. While gripping, the grasping force was increased relative to the weight of an object.



To complete the experiment on grasping, we used the single finger’s experimental data, which were demonstrated in the 3D curve. Each finger’s pressure was applied with the same value simultaneously and this worked well on objects like the apple, paper cup, and tape roll, which are round-shaped. This is because the force is applied equally around the object. Also, all of the grasping performances proved our assumption regarding grasping size. The objects were 0.048 m to 0.010 m in diameter, which is in the range of the calculated object size.



Lastly, we tested the grasping and twisting performance at the same time. As shown in Figure 10b, to conduct the twisting experiment, we first activated the middle chamber to successfully grasp the target object. After this, we inflated the side chamber to produce twisting while the middle chamber was inflated, with the result that the gripper rotated the object. We made a mark on the bottom of each object to see the rotation and measure the twisting angle. From the measurements performed with the 3D camera, the gripper grasped the objects and rotated the paper cup by 30° and the round box by 35°.





5. Conclusions


In this work, we demonstrated an approach to in-hand manipulation using multiple inflatable air chambers in a soft finger. To predict the soft finger’s structure, we prepared two nonlinear finite element models, one with a round cross-section and one with a trapezoidal cross-section. After analysis, we chose trapezoid-shaped finger due to the performance of middle chamber’s inflation and side chamber’s inflation. We employed a mold for the chosen finger, which reduced many fabrication steps that saved the time and cost. Next, we conducted experiments on a single finger and compared the results with FEM’s results. We presented the results as a 3D curve, so we could predict the motion or the position of the fingertip for a given applied pressure. The gripper experiment confirmed that the proposed gripper can grasp an object weighing of 0.3 kg. Also, when we applied pressure to the side chamber after grasping, it could twist the grasped object by 35° as the largest twisting angle.



We will work on improving the grasping force of our gripper. During the experiments, the friction between the gripper and the object was not high enough to grasp some objects made of plastic or glass. We will expand this performance by adding additional components or modifying the material in the soft finger.



Furthermore, the gripper can be constructed with a manipulator by integrating the microcontroller of gripper with manipulator’s controller. The gripper’s mechanism is shaped by a few main pieces of equipment, such as valves and pressure sensors, which are connected to the microcontroller. Therefore, the soft gripper can be easily incorporated with manipulator.
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Figure 1. Cross-sectional views of the models and distances between chambers. 
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Figure 2. Top view of the deformation results in ANSYS when the middle chamber is inflated: Round cross-section with symmetrically located chambers, with chamber distance values of 0.01 m and 0.014 m (A value in the figure); round cross-section with asymmetric locations, with chamber distance values of 0.008 m, 0.016 m, 0.012 m, and 0.02 m (a,b values in the figure); trapezoidal cross-section with symmetrically located chambers, with chamber distance values of 0.01 m and 0.014 m (A value in the figure); trapezoidal cross-section with asymmetrically located chambers, with chamber distance values of 0.008 m, 0.016 m, 0.012 m, and 0.02 m (a,b values in the figure). The figure contains the base dimensions of each cross-section. All the round cross-sectioned models have a diameter of 0.026 m (d) and finger height of 0.12 m, while all the trapezoidal cross-sectioned fingers have a big base length of 0.035 m (L), a small base length of 0.025 m (l), and a leg length of 0.02 m (h). The deformation of each model is shown in the dark part and the dashed line represents the initial position of each finger. 
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Figure 3. Top view showing the deformation results in ANSYS when a side chamber was inflated: Round cross-section with symmetrically located chambers, with chamber distance values of 0.01 m and 0.014 m (A) in the figure; round cross-section with asymmetric locations, with chamber distance values of 0.008 m, 0.016 m, 0.012 m, and 0.02 m (a,b) in the figure; trapezoidal cross-section with symmetrically located chambers, with chamber distance values of 0.01 m and 0.014 m (A) in the figure; trapezoidal cross-section with asymmetrically located chambers, with chamber distance values of 0.008 m, 0.016 m, 0.012 m, and 0.02 m (a,b) in the figure. The figure contains the base dimensions of each cross-section. All the round cross-sectioned models have a diameter of 0.026 m (d) and finger height of 0.12 m, while all the trapezoidal cross-sectioned fingers have a big base length of 0.035 m (L), a small base length of 0.025 m (l), and a leg length of 0.02 m (h). The deformation of each model is shown in the dark part and the dashed line represents the initial position of each finger. 
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Figure 4. Comparison of finite element method (FEM) models: (a) Plot showing a comparison of the bending along the X-axis for each model, when the middle chamber was inflated. (b) Plot showing a comparison of the bending along the Y-axis of each model, when the side chamber was inflated. 
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Figure 5. Soft finger design (a) Computer aided design (CAD) drawing of a proposed finger. (b) Fabrication process for making soft actuator; (1,2): Assemble the mold and fill it with liquid silicone; (3): After 5 h curing, remove actuator from mold; (4): Connect tubing with silicone epoxy. (c) Assembled mold for fabrication. 
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Figure 6. The gripper design; (a) initial position of a finger: The center of the palm is the dashed line; the maximum grasping size was R = 0.052 m. (b) Position of a pressurized finger; minimum grasping size r = 0.02 m. (c) The prototype: Fingers are separated by 0.09 m. 
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Figure 7. Top and side view of inflations, which include: (a) Middle chamber’s inflation, (b) side chamber’s inflation, and (c) dual-chamber inflation. 
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Figure 8. Experiment on single finger: (a) Experimental setup; (b) bending angle when the middle chamber is inflated; (c) plot showing the relationship between bending angle and pressure with middle chamber’s inflation. 
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Figure 9. 3D curve demonstrating the position of the fingertip based on results from the experiments: (a) Middle and side chamber’s inflation and (b) single- and dual-chamber inflation. 
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Figure 10. Grasping and twisting experiment: (a) Grasping performance without any object and grasping various objects; (b) bottom view during performance on twisting two different objects: Paper cup (0.004 kg) and red round box (0.05 kg). 
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Table 1. The incompressible hyperelasticity of the silicone, which is determined to be a third-order Mooney–Rivlin model.
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	Name
	Coefficient Value (MPa)





	C10
	0.04



	C01
	−0.033



	C11
	1.2 × 10−3



	sse
	8.26 × 10−3
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Table 2. The distance from middle chamber to neutral axis.
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Trapezoid

	
Round






	
Symmetric

	
A = 0.01 m

	
0.0043 m

	
0.0065 m




	
A = 0.014 m

	
0.007 m

	
0.0083 m




	
Asymmetric

	
a = 0.008 m; b = 0.016 m

	
0.0035 m

	
0.006 m




	
a = 0.012 m; b = 0.02 m

	
0.0055 m

	
0.006 m
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Table 3. The distance from side chamber to neutral axis.
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Trapezoid

	
Round






	
Symmetric

	
A = 0.01 m

	
0.0044 m

	
0.0052 m




	
A = 0.014 m

	
0.006 m

	
0.0071 m




	
Asymmetric

	
a = 0.008 m; b = 0.016 m

	
0.0078 m

	
0.008 m




	
a = 0.012 m; b = 0.02 m

	
0.0095 m

	
0.01 m
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Table 4. The objects used for the experiment. R is radius, L is length, and W is width. The dimensions were measured in the same position as they would be presented during the grasping experiment.
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Name

	
Weight (kg)

	
Object Size (m)






	
Paper cup

	
0.004

	
R = 0.035




	
Small tape

	
0.0405

	
L = 0.01




	
W = 0.075




	
Square box

	
0.0475

	
R = 0.035




	
Big tape

	
0.1387

	
R = 0.05




	
Apple

	
0.292

	
R = 0.065
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