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Abstract

:

The established soft pneumatic grippers have the benefit of flexible and compliant gripping, but they cannot withstand lateral loads, due to the low stiffness of soft material. This paper proposes an endoskeleton gripper. The soft action of the finger is performed by air chambers, and the gripping force is transferred by the rigid endoskeleton within the finger. The endoskeleton in the finger is similar to a wristwatch chain; the hinge mechanism permits relative rotation in the working plane but restricts out-of-plane bending, greatly increasing the finger stiffness. The endoskeleton and gripper holder can be 3D-printed with CR-PLA material. The finger was fabricated by molding of silicone gel. The gripper can perform enveloping grasping and pinch grasping operations depending on the object size, weight, and surrounding environment. The finger bending and gripper grasping performance were investigated by experiments and finite element analysis. The fingertip force of the endoskeleton gripper was about 1.45 times higher than that of the gripper without endoskeleton. It was found that the gripper can grasp objects with a maximum diameter of 80.5 mm and a weight of 450 g, which were 80.5% of the finger length and six times the finger self-weight, respectively.
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1. Introduction


The design inspiration of soft pneumatic grippers came from soft “biological” paragons such as octopuses [1], starfish [2,3], and anemone [4]. Soft pneumatic grippers, different from rigid grippers, are able to change shape for safe, robust, and effective interactions. They have a more flexible contact surface, which can grasp the fragile objects without damaging the surface [5]. However, soft grippers are usually made from soft material such as silicone rubber; the gripper structure has poor rigidity and limited clamping force. When freely holding heavier objects in 3D space, high stiffness is needed to transmit force and to bear load, especially in the direction normal to the finger’s working plane [6,7,8].



To overcome the shortcomings of low stiffness, various attempts have been made. Culha et al. [9] presented four design principles for building soft rigid hybrid robot manipulators which incorporate soft and rigid materials. Paez et al. [10] designed a soft pneumatic actuator with a Yoshimura patterned origami shell, which acted as an additional protection cover while providing specific bending resilience. Zhou et al. [11] proposed an “exoskeleton” structure with soft–rigid hybrid joint and fiber-reinforced soft pneumatic actuators. Wei et al. [12] developed a variable stiffness finger with a fiber-reinforced soft actuator and a particle pack. This actuator provides the bending motion of the finger, and the particle pack can rapidly stiffen (through vacuum) to resist external load or to freeze the current state of the finger. Park et al. [13,14] fabricated a hybrid gripper to improve the fingertip force and actuation speed simultaneously. Sun et al. [15] was inspired by the pangolin’s scales, which are flexible in daily activities and tough when threatened by predators. The soft finger consisted of a variable stiffness layer and a pneumatic-driven layer. Glick et al. [16] adopted the combination of fluidic elastomer actuators and gecko-inspired adhesives to both enhance existing soft gripper properties and generate new capabilities.



Various novel designs with either multiple chambers or hybrid of soft and stiff components have also been proposed in the literature. Zhou et al. [17] presented a novel soft-robotic gripper composed of an elliptic profile, two-chambered finger and a palm with passive chamber, and the surface array pattern. Tizizanni [18] proposed modular, variable stiffness inflatable components for pneumatically actuated supernumerary robotic (SR) grasp-assist devices, which included soft rigidizable “finger phalanges” and variable stiffness pneumatic bending actuators. Shahid [19] showed the design of a soft composite finger with tunable joint stiffness. The finger had two different kinds of silicone, using hybrid actuation of tendon and pneumatic actuation. The finger design by Yang [20] incorporated a 3D-printed multimaterial substrate and a soft pneumatic actuator. The substrate had four polylactic acid segments interlocked with three shape memory polymer (SMP) joints, whose stiffness was modulated by controlling the temperature. Chen [21] utilized the triboelectric nanogenerator and a soft–rigid hybrid actuator to form a bionic skeleton–muscle–skin hybrid gripper. This gripper can grasp various objects and output electric signals. Yang [22] described a fiber-reinforced soft pneumatic actuator with a hybrid jamming substrate having three chambers filled with layers (function as bones) and two chambers filled with particles (function as joints). A hybrid of soft and stiff components with an active “palm” was designed by Subramaniam et al. [23]. Internal wedges were employed to modulate the deformation of a soft outer reinforced skin when vacuum collapsed the composite structure. Hao et al. [24] developed a four-fingered soft bionic robotic gripper with variable effective actuator lengths, which enhanced the gripper’s performance significantly. Wu et al. [25] provided a novel pneumatic soft gripper with a jointed endoskeleton structure. The gripping force was transferred by the rigid endoskeleton. The test results showed that the maximum gripping force was up to 35 N, which was three times greater than that of a fully soft gripper of the same size.



Although different types of design have been proposed to increase structure stiffness, very few designs can resist the out-of-plane bending of the gripper finger. In this paper, a pneumatic soft gripper with an “endoskeleton” is proposed. The chain-type endoskeleton is embedded into the gripper finger with adequate lateral stiffness. The structure retains inherent compliance of the soft gripper and increases the finger rigidity in the plane normal to its working plane. The gripper adopts a rapid type of soft pneumatic gripper [26], enabling the endoskeleton gripper to react faster and use less air pressure.




2. Gripper Design and Fabrication


2.1. Gripper Structure


The proposed endoskeleton soft pneumatic gripper is a bionic design of the human index finger and thumb, as shown in Figure 1a. It can imitate the pinching grasping mode of small objects with fingertips and the enveloping grasping mode of large objects with fingers and palms without changing the effective length of the gripper. The gripper consists of fingers, palm, holder, air connector, and other components, as shown in Figure 1b. Two fingers and palm have endoskeletons which are highlighted by yellow color and provide a certain support for the soft silicone rubber. The position of the endoskeleton in the finger is illustrated by side view and back view on the right side of Figure 1c, where the color of the soft silicone material is set to semitransparent.




2.2. Finger


The human phalange contains hard materials such as mineral components and hydroxyapatite, enabling fingers to withstand different kinds of forces, torques, and bending moments, while the flesh and skin that surround the bones allow soft and compliant interacting with the grasped object. The endoskeleton used in the finger of the soft pneumatic gripper is similar to a watch chain, as shown in Figure 2. Each chain segment is connected by a pin. The hinge structure allows free rotation around the pin, but restricts other relative movements between neighboring segments. The chain segment was fabricated by a 3D printer using CR-PLA material with the 100% filling density. The printing speed was 50 mm/s and the nozzle temperature was 210 °C. The endoskeleton of each finger included ten segments and nine pins. In order to ensure that the endoskeleton and silicone gel have more contact surface and do not separate under the action of air pressure and external load, the chain segment was designed as a hollow structure with recessed sides and round corners. A certain gap was left between the neighboring segments to allow the silicone gel to fill, so as to buffer the movement and avoid wear during the gripping process.



Most soft pneumatic grippers in the literature use three or four fingers to grasp objects together [27]. In the current design, two rapid type fingers were designed based on the optimized geometric results for soft pneumatic grippers [28,29]. The fingertip was trimmed with inclined surfaces to increase interacting surface area when performing fingertip pinching action. The length, width, and height of a single finger were 120 mm, 20 mm, and 22 mm, respectively. The fabrication process of the finger includes three stages: mainbody molding, bottom layer molding, and assembly, as shown in Figure 3. The mixed Dragon Skin 30 material was first deaerated at 1 MPa in a vacuum deaerator for about 10 min. When the air connector was placed in the lower part of the main body mold, the upper mold part was assembled with the lower part. The deaerated silicone gel solution was then slowly poured into the mold and kept at 50 °C. After two hours, the main body of the finger could be taken out. For the bottom layer, the silicone gel solution was poured into the layer mold with a thickness of 5 mm. When the silicone gel was about to solidify, the endoskeleton was placed on top of the gel, then the remaining silicone was poured. Finally, the main body and the bottom layer were glued together with silicone gel.




2.3. Palm


When gripping large objects, the palm can act as the third supporting pivot in addition to two fingers. This increases the contact area between the gripper and the object, and stabilizes the gripping process. The front end of the palm has a curved surface, imitating the shape between the thumb and index finger of the human hand, shown in Figure 4a. When no air pressure is applied, the palm and the fingers keep a certain distance. The endoskeleton inside the palm was made by 3D printing, as illustrated in Figure 4b; the structure was also hollow, which facilitated the penetration of the silicone gel solution and ensured good bonding between soft and hard materials during deformation. The round hole in the palm bone allows the palm to be connected with the holder by screw. The distance from the center of the hole to the arc is 25 mm. During the fabrication process, the palm bone was placed in the mold, and the mold was filled with the silicone gel solution. The palm assembly is shown in Figure 4c.




2.4. Holder


The fingers in soft pneumatic grippers often are fixed to the holder in a parallel manner. When the gripping object is larger than the size encircled by fingers, negative pressure has to be applied, to bend the finger outwards, compensating for insufficient size. In order to simplify the air pressure source and increase adaptivity to various objects, the proposed gripper has two fingers at an angle of 60°. The holder where the fingers are attached is shown in Figure 5. It was composed of three parts: (a) finger connector; (b) plate; (c) holder main body, which were assembled by screws. The soft pneumatic gripper can be installed to robotic arms or other devices through the square hole in the main body.





3. Motion Analysis


It is assumed that the silicone gel material in the gripper is uniform, and the air pressure is evenly distributed on the internal wall of the air chamber. In the current gripper design, the chain-type endoskeleton in the finger restricts elongation in its length direction due to a hinge joint. The rotation of the finger can only occur around the hinges. Taking one hinge as the study object, the plane passing through the hinge in the bottom layer of the finger can be seen as the neutral plane when the finger is under bending. When pressure is applied, the rotation of the finger is illustrated in Figure 6. Due to the presence of the endoskeleton, the finger can be divided into multiple segments. Under the action of internal air pressure, the bending moment around the hinge will be generated. The silicone gel below the hinge is under compression and the main body is stretched. According to Euler–Bernoulli law [30], the relationship between bending moment and radius is expressed by the following equation.


   1 r  =  M  E I    



(1)




where r represents the bending radius, and   M   is the bending moment. The moment of inertia  I  of cross-sectional area  A  with respect to the square of  y  axis is


  I = ∫  y 2  d A  



(2)







Referring to the cross sections C1 and C2 in Figure 6, the bending moment at the ith hinge is generated by the air pressure    P  i n t e r     acting on the surface area  A .


   M i  =  P  i n t e r   · A ·  h i   



(3)







Assuming the arc length in the neutral plane for the hinge  i  is      S i   , the relationship between bending angle and arc length is obtained:


   r i  =    S i     θ i     



(4)







Combining (1) and (4), the angle    θ i    formed by the curved arc at the ith hinge becomes


   θ i  =    M i   S i    E I    



(5)







The bending angle  θ  of the entire endoskeleton finger is the sum of the angle at each hinge.


  θ =   ∑  1  n − 1    θ i   



(6)







Since it is difficult to directly measure  θ  during the experiment, the angle  α  is used instead of  θ . The geometric relationship between them is


  θ = 2 α  



(7)







We combine (6) and (7) to obtain the easy-to-measure bending angle relationship:


  α =  1 2    ∑  1  n − 1    θ i   



(8)







When the air pressure is increased to a certain value, the fingertips will touch each other; if the angle  φ  is properly calculated, the inclined surfaces in the fingertips can be in full contact and can be used to pinch lightweight objects. The schematic diagram of the fingertip contact of the finger is shown in Figure 7. The mathematical relationship between the arc length and the chord length is as follows:


      B E       B E  ^    =   2 · s i n α   2 · α    



(9)







Because     B E  ^  =   B C   = L  , the above equation can be simplified to


    B E   =   L · s i n α  α   



(10)






  s i n β =     B D       B E     =   b · α   L · s i n α    



(11)






  s i n   α − ε   =   b · α   L · s i n α    



(12)







For current gripper design,  b  = 25 mm,  L  = 100 mm,  a  = 20 mm,  ε  = 30°, and the maximum bending angle of a single finger,    α  m a x    , is 46.2°.




4. Numerical Model


The finite element method was used to simulate the finger bending action under internal pressure. The model was meshed in ABAQUS with 3D solid elements, C3D10H, which is a 10-node hybrid quadratic tetrahedron element, as shown in Figure 8a. A total number of 3063 nodes and 44,576 elements was employed in the model. Hinge connection type was chosen for the connection between the endoskeleton segments, and the pin was connected with the pin hole in the endoskeleton by kinematic coupling constraint. The end surface of the endoskeleton finger was fixed, and pressure was applied on the internal surfaces in the air chambers.



The endoskeleton was made from CR-PLA material, with a Young’s modulus of 3 GPa and a Poisson’s ratio of 0.25 [31]. The soft material in the gripper was Dragon Skin 30 silicone gel, with a hardness of 30A and a Poisson’s ratio of 0.49. To describe the hyperplastic behavior of Dragon Skin 30, the Yeoh strain energy model was adopted.


  W =  C  10      I 1  − 3   +  C  20      I 1  − 3   +  C  30      I 1  − 3    



(13)




where W is strain energy density, I1, I2, and I3 are the three invariants of the left Gauchy–Green deformation tensor, and C10, C20, and C30 are material constants. The tensile test as per ASTM/D 412-16 was performed to obtain the stress and strain relationship. The Yeoh material model parameters were then derived by curve fitting the experimental data, as shown in Figure 8b. The curve fitting was automatically performed in ABAQUS by inputting the experimental results. The constants C10 = 0.118, C20 = −0.009, and C30 = 0.001 were calculated with a correlation coefficient of 0.990.




5. Parameter Optimizations


There are many factors that affect the bending performance, such as the height, the wall thickness, and the spacing of the air cavity. The orthogonal test method was used to study the effects of the above factors and optimize the cavity geometry of the pneumatic finger. The finger width of 20 mm, the finger length of 120 mm, and the number of air cavities were kept unchanged. Firstly, the SolidWorks 3D modeling software was used to model the nine groups of orthogonal test models, and the factors and parameters are shown in Table 1. Then, the ABAQUS finite element simulation software was used to conduct simulation analysis. The pressure applied in the air cavity of each model was 40 kPa. Data analysis was conducted, as shown in Table 2. The air pressure applied in the air cavity of each model was 40 kPa. The bending angles for the nine models are shown in Table 2. In order to reflect the trend changes of each level under different factors, the factors were used as the abscissa, and the bending angle was plotted against the factor and level in Figure 9.



The wall thickness had the highest influence on the bending angle, followed by height and spacing. The optimal level of each factor corresponds to the largest value of ki in each column. As can be seen from Figure 9, the optimal solution is A1B1C3, that is, the air cavity spacing is 1.5 mm, the wall thickness is 1.5 mm, and the air cavity height is 14 mm. The test number for the optimal parameter combinations was defined as the 10th group. The 10th group yielded the greatest bending angle, 65.2°.




6. Gripping Performance


Experimental tests were carried out to investigate the enveloping grasp and pinch grasp with objects of different size and weight. The effect of pressure applied on finger bending angle and fingertip force was analyzed by both experiment and FE method. The experimental air pressure was supplied by U601G air pump (Ustar Model Tools Co., Ltd., Guangzhou, China), which can only generate positive pressure with a maximum value of 410 kPa. The pressure regulating valve is IR1000-01BG (AFR Company), providing a stable air pressure which was displayed on a DP-101 monitor (Panasonic Corporation).



6.1. Finger Bending Test


The deformed finger shape under different air pressure with stress contour by FEA analysis is shown in Figure 10. It can be seen that, with pure internal pressure loading, the air chamber and hinge zone were highly stressed, while the silicone gel remote from the hinge in the bottom layer showed very low stress. The experimental test of the finger bending is presented in Figure 11a, establishing x–y coordinates with the end of the finger and the right side of the finger as the origin. The angle between the line connecting the fingertip to the origin and the y-axis is the bending angle  α . By entering different air pressures, the bending angle  α  of the finger is obtained. The plot of air pressure against bending angle is presented in Figure 11b. The predicted bending angles were lower than experimentally measured angles; the difference increased at higher pressure. When the air pressure increased, the finger bending angle gradually increased and reached 75° at 40 kPa. The mathematical relationship of air pressure and bending angle was obtained by curve fitting the experimental data with a second-order polynomial:


  α = 0.0243  p 2  + 0.8159 p + 0.4182  



(14)




where  p  is the air pressure, kPa.



As mentioned in Section 3, the theoretical bending angle when both fingertip surfaces in full contact is 46.2°. This is consistent with the experimental results where under air pressure load of 30 kPa, the bending angle was about 46° and the fingertips were in full contact. When examining the simulation results in Figure 12, the bending angle was about 42°, slightly smaller than the theoretical value, but the fingertip was in contact as well. If the air pressure is increased, the clamping force can be generated, which is beneficial to the fingertips to pinch the object.




6.2. Fingertip Force Test


The magnitude of the fingertip force affects the effectiveness of the gripper pinch action. The fingertip force was assessed through experiment, illustrated in Figure 13a. The end of the finger was fixed, and the fingertip was in contact with a force sensor. The measured forces were displayed and recorded when different air pressures were applied. The fingertip forces are plotted against air pressure in Figure 13b. The curve for the finger without endoskeleton was also tested for comparison. As the pressure increased, the fingertip force increased, but the endoskeleton gripper provided greater forces at the same pressure. Generally, the fingertip force of the endoskeleton gripper was about 1.45 times higher than that of the pure silicone gel gripper. By curve fitting, the mathematical equation for the relationship between fingertip force and air pressure is expressed as


   F t  = 0.0005  p 2  + 0.0279 − 0.0229  



(15)








6.3. Gripping Experiment


As a result of the endoskeleton, the gripper finger can resist lateral loading. Therefore, the pneumatic gripper can be placed either parallel or perpendicular to the ground to assess the gripping performance. Objects with different size were gripped by different parts of the gripper, fingertip, finger bottom layer, and palm. For small objects with low weight, it was desirable to use the pinching grasp with fingertips, while for objects with larger size and heavier weight, the enveloping grasp with the fingers and palm were used to have a more stable gripping state.



The fingertip gripping experiment is shown in Figure 14. The tested objects, size, and weight are tabulated in Table 3. The object size was measured by the maximum distance between the two fingers when they were in contact with the object. The range of the object size was 25.0–80.5 mm, and the weight was 6–450 g. In all cases, the air pressure required for gripping was less than 100 kPa. The object weight that can be gripped was also affected by the size and shape of the object and the friction coefficient at the interface between the silicone rubber and object. For smaller weight and size, it is better to use the fingertip pinching grasp because the fingertip has a more flexible gripping mode and is less confined by the surrounding environment. The enveloping grasp with both finger and palm can withstand a higher weight and larger size, and provide a more stable holding.





7. Conclusions


A soft pneumatic gripper inspired by the gripping action of human thumb and index finger was proposed. The gripper finger was embedded with chain-type endoskeletons, allowing free bending in the working plane but resisting out-of-plane bending. The endoskeleton gripper increased the stiffness, while maintaining the advantages of a soft gripper, i.e., flexibility and compliance. The fingertip force of the endoskeleton gripper was around 1.45 times higher than that of the gripper without endoskeleton.



The gripper successfully gripped objects from 2 mm to 80.5 mm, which was 2% to 80.5% of the gripper finger length. The object weight that the gripper can support was mainly dependent on the friction coefficient between the object and silicone gel. A maximum weight of 450 g was achieved, which was six times heavier than the finger self-weight.



Objects of various shapes, such as square, spherical, curved, cylindrical, and ellipsoidal, can be gripped. During the gripping process, the gripping position and angle can be adjusted according to the surrounding environment of the object. For objects with larger weight and shape, the enveloping grasping mode with fingers and palm had higher stability, and for objects with smaller weight and shape, the use of fingertips to pinch had greater flexibility.



Although the gripper finger achieved the targeted function, the current gripper design has only two fingers. Grasping of some complex geometric objects may not be stable under high-speed movement; it is desirable to design a gripper/hand with multiple fingers in the future work.
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Figure 1. Design of endoskeleton pneumatic gripper: (a) hand; (b) gripper; (c) three-dimensional model. 
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Figure 2. Finger endoskeleton. 
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Figure 3. Fabrication process of the gripper finger with endoskeleton. 
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Figure 4. Gripper palm. (a) Filled with silicone gel; (b) palm fabrication; (c) palm physical assembly. 
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Figure 5. Holder. (a) Finger connector; (b) plate; (c) holder main body. 
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Figure 6. The deformation of a single endoskeleton finger. 
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Figure 7. Schematic diagram of fingertip contact. 
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Figure 8. Definition of grid parameter model. (a) Finite element model of the finger; (b) stress and strain relationship for Dragon Skin 30. 
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Figure 9. The effect of air cavity factors on bending angle: (a) Spacing; (b) Wall thickness; (c) Height. 
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Figure 10. Deformed shape of the finger with stress contour under different air pressure. 
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Figure 11. Real bending relationship diagram. (a) The finger bending test under pure internal pressure. (b) Relationship of air pressure and bending angle. 
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Figure 12. Fingertip contact diagram under air pressure 30 kPa. 
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Figure 13. Fingertip force testing platform. (a) Experiment layout for force measurement. (b) Comparison chart with or without endoskeleton air pressure and fingertip force. 
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Figure 14. Clipping diagram of some test objects. 
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Table 1. Parameter design of the orthogonal test.
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Factors

	
Levels




	
1

	
2

	
3






	
A. Air cavity spacing (mm)

	
1.5

	
2.0

	
2.5




	
B. Air cavity wall thickness (mm)

	
1.5

	
2.0

	
2.5




	
C. Air cavity height (mm)

	
10.0

	
12.0

	
14.0
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Table 2. Orthogonal test analysis table.
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Test Number

	
A. Air Cavity Spacing (mm)

	
B. Air Cavity Wall Thickness (mm)

	
C. Air Cavity Height (mm)

	
Bending Angle (Degree)






	
1

	
1.5

	
1.5

	
10.0

	
49.78




	
2

	
1.5

	
2.0

	
12.0

	
45.42




	
3

	
1.5

	
2.5

	
14.0

	
40.02




	
4

	
2.0

	
1.5

	
12.0

	
55.24




	
5

	
2.0

	
2.0

	
14.0

	
50.36




	
6

	
2.0

	
2.5

	
10.0

	
21.17




	
7

	
2.5

	
1.5

	
14.0

	
59.56




	
8

	
2.5

	
2.0

	
10.0

	
28.29




	
9

	
2.5

	
2.5

	
12.0

	
25.78




	
K1

	
135.22

	
164.58

	
99.24

	




	
K2

	
126.77

	
124.07

	
126.44

	




	
K3

	
113.63

	
86.97

	
149.94

	




	
k1

	
45.07

	
54.86

	
33.08

	




	
k2

	
42.26

	
41.36

	
42.15

	




	
k3

	
37.88

	
28.99

	
49.98

	




	
Range

	
7.19

	
25.87

	
16.90

	




	
Primary and secondary factors

	
B > C > A




	
Optimal solution

	
A1B1C3
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Table 3. Objects used in gripping experiment.
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	Object
	Size (mm)
	Weight (g)
	Pressure (kPa)





	Coin
	25.0
	6.0
	23



	Strawberry
	43.5
	32.2
	54



	Orange
	49.6
	52.2
	68



	Earphone box
	53.4
	48.3
	51



	Egg
	37.5
	42.7
	59



	Glass
	59.6
	282.8
	72



	Silicone bottle
	73.5
	450
	92



	Pen holder
	80.5
	346.2
	96
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