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Abstract

:

Due to high compliance and adaptiveness, soft robots show more advantages than traditional rigid robots in grasping irregularly shaped or fragile objects. Moreover, soft robots attract increasing attention as more and more robots are adopted in unstructured or human–robot interaction environments. However, during the grasping process, most soft robots need constant input stimuli to maintain the grasping configurations, which directly induces low energy efficiency. This article demonstrates the self-stable property of the dual-chamber structure, which can maintain bending deformation without input stimuli based on the differential pressure of the two chambers. Based on the self-stable property, a soft self-stable actuator (SSSA) driven by the tendon is proposed, and it can maintain the bending deformation without energy consumption, which can improve the energy efficiency of the actuator significantly. The self-stability of the actuator during the restoring period is analyzed, and the energy consumption model of the actuator is developed. Finally, the experiments are conducted to verify the validity of the models. The results show the actuator can achieve self-stability without any energy input, and the energy consumption can be reduced by about 45%. Hence, the proposed actuator can be adopted in applications where energy efficiency is sensitive.
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1. Introduction


Due to high compliance, fantastic adaptiveness, and safety, soft grippers show significant advantages over rigid grippers in grasping the object with fragility or uncertain shape, which is attracting more and more attention in the robot field [1,2,3]. The literature about soft functional materials, which can conduct actuation under external stimuli, actuator structure design, and grasp perception/control is widely reported [4,5,6,7].



The grippers based on soft pneumatic actuators (SPAs) show a great potential toward practical application due to its light weight [8,9,10], low manufacturing cost, and convenient control, and the SPA based on fiber-reinforcement was first proposed in [11,12]. However, the lower stiffness characteristics of the SPA based on fiber reinforcement limits its load capacity [13,14,15,16]. Cui et al. proposed a pneumatic gripper based on a structure with rigid and flexible combination, which can grasp various objects by adjusting its initial postures [17]. Zhang et al. proposed a gas–ribbon hybrid actuator in [18], which can manage a large weight of objects. Accordingly, the particle jamming technique was introduced to improve the stiffness of the SPAs, and the differential drive method was also presented to balance the stiffness and the dexterity of the actuator [19,20,21]. Wei et al. proposed a soft actuator with varied stiffness based on ball joint and particle jamming, which can be used where large stiffness is required [22]. However, the storage of particles affects the range of bending motions in some way [23]. Furthermore, due to the compressibility of gas, the inflation process is nonlinear, which increases the difficulties in precise deformation control, and the diffusion rate of the gas also limits the response rate of the SPAs [24,25]. Based on the tendon-driven method, Lee et al. proposed a compliant actuator to mimic the human wrist by utilizing the tensegrity structure [26]. Fang et al. presented a soft gripper to achieve motion control to satisfy various grasping tasks without a compressed air source [27]. Moreover, compared with the SPAs, the tendon-driven soft actuators (TSAs) can achieve stiffness modulation and more precise motion control [28,29,30,31].



Unfortunately, the energy efficiency of these soft robots is even lower than   0.1 %  , because most SPAs or TSAs need continuous energy supply to maintain the desired deformation [32,33]. Correspondingly, Ren et al. proposed a soft self-pumping actuator (SSPA) to reduce energy consumption attributing to drive force reduction of the tendon [34]. Nevertheless, the SSPAs also need continuous input force to maintain the grasping configurations, which constrains the further improvement of the energy efficiency [35,36,37,38]. Furthermore, the soft robots cannot save energy by motion planning as rigid robots can due to the preprogrammed structure [39,40].



In the view of the low energy efficiency of soft robots, a soft tendon-driven self-stable actuator featuring a dual-chamber structure is proposed in this article. The two chambers are pre-charged with desired pressure of air to increase self-stiffness. A tube with a valve connects the two chambers, one of which is filled with particles, as shown in Figure 1A. Under the tendon pulling force   F p  , the actuator will bend toward the particle chamber; correspondingly, the volume of the particle chamber is compressed. Since the two chambers are connected, the air of the particle chamber is pumped into the air chamber through the air channel to reach pressure equilibrium. It would facilitate the bending process of the actuator, which is called the self-pumping effect, as shown in Figure 1B. Once the valve is closed and the tendon is released, the internal stretch of the hyperelastic material induces the restoring of the actuator, as shown in Figure 1C. Due to the two chambers not allowing air flow to each other, the air chamber is compressed while the particle chamber expands during the restoring period, which contributes to the differential pressure between the two chambers. Hence, the differential pressure results in two effects: First, the differential pressure increases the torque against restoring. Second, the differential pressure causes the particles to jam each other, which stiffens the proposed actuator. Moreover, both of the effects constrain the further restoring deformation. As a result, the actuator can achieve the equilibrium after a certain restoring angle; namely, the actuator can maintain the bending configuration without any input force, and the proposed actuator does not consume energy during the self-stable period.




2. Actuator Structure


The structural parameters and fabrication process of the proposed actuator are discussed in this part. A dual-chamber actuator with a hemicircle cross-section air chamber and a rectangular cross-section particle chamber is adopted. The length and the outer wall thickness of the dual-chamber structure are L and   d 0  , respectively. The inner radius of the air chamber is r, while the inner height of the particle chamber is   d 1  . The thickness of the inner wall between the two chambers is   d 2  , and a strain-limiting layer is placed in the middle of the inner wall between the particle chamber and the air chamber. Tendon guides are designed on the bottom, whose thickness and length are s and   w 1  , respectively, and the distance between the tendon guides and the strain-limiting layer is   h 1  . Furthermore, the two chambers are connected by a air channel (two small tubes and a valve), as shown in Figure 2A.



The actuator is fabricated as follows: First, the shapes of the two chambers were defined by 3D-printed rectangular and semicircular rods, and a polyethylene clothing the strain-limiting layer was put between the two rods. Second, the silicone rubber (EON-20, Shenzhen Yi-Heng Fine Chemical Co., Ltd., Shenzhen, China) was cured inside the mold to form the inner layer of the actuator. When the inner layer had solidified, a double helix reinforcement fiber (nylon, 0.38 mm diameter) was wound around in our preset track. Another outer layer of silicone rubber was cured to combined the dual-chamber, and the tendon guide parts were simultaneously built. In addition, particles were filled into one chamber before the two chambers were sealed. Finally, a vented duct was mounted on the proximal end cap, and a tube with check-valve was connected to the vented duct for pre-charging, as shown in Figure 2B.




3. Modeling


The modeling part is organized as follows. First, Section 3.1 focuses primarily on the variation of chamber pressure. Then, the torque analysis and the torque equilibrium analysis are detailed in Section 3.2 and Section 3.3. Furthermore, the analysis of energy consumption will be introduced in Section 3.4. To model the actuator’s behavior, several assumptions are made first as follows:




	
The radial expansion of the actuator is ignored contributing to the constrain fibers;



	
The friction between the tendon and the actuator is ignored;



	
The elongation of the tendon is ignored, and the tension force along the tendon direction is equal everywhere;



	
The tendon is pulled with uniform velocity during the bending period.








Since any motion of the actuator is confined to a plane, a plane coordinate is introduced, as shown in Figure 3. The origin O is set at the bottom of the actuator while the Y axis is defined along the axial direction of the actuator at the initial state.



3.1. Pressure Variation


In the process of bending and restoring, the change of chamber gas pressure is very important. Thereby, the pressure variation of the actuator is analyzed first. The initial volume of the two chambers are defined as   V  A 0    and   V  B 0   , respectively:


          V  A 0   =   π   r  2  L  2  ,       V  B 0   = 2 r  d 1  L .        



(1)







During the bending period, denote the tendon displacement and the center angle as x and   2 α  , respectively. The actuator would bend toward the particle chamber with a radius   R 1  , and the following relationship can be obtained according to Li [41]:


     α =  L  2  R 1    =  x  2  h 1    .     



(2)







According to the assumptions, there is no circumferential strain. Assume the actuator reaches bending angle  α , the corresponding volumes of the two chambers are defined as   V A   and   V B  , respectively, which can be formulated as:


      V A  = 4 α  ∫  0   π 2     R 1  + r sin θ    r  2  cos θ d θ ,     



(3)






      V B  =  α π   π     R 1  −   d 2  2    2  − π     R 1  −   d 2  2  −  d 1    2   · 2 r  d 1  .     



(4)







During the bending process, the valve on the tube, which connects the two chambers, is open. Since the actuator is sealed after being pre-charged, the air in the two chambers can be considered as the ideal gas, and the pressure in both chambers is the same. Denote the pre-charged pressure as   P I  , and the pressure of two chambers can be obtained according to the ideal gas state equation as:


   P A  =  P B  =    P I   (  V  A 0   +  V  B 0   )     V A  +  V B    .  



(5)







By closing the valve and releasing the tendon when the actuator reaches the bending angle  α , the actuator restores and would finally achieve an equilibrium after restoring  δ , as shown in Figure 3. Define the radius with respect to the strain-limiting layer as   R 2  , there exists:


   R 2  =  L  2 ( α − δ )   .  



(6)







The volume of the two chambers after restoring can be formulated as:


      V  A    ′   = 4  α − δ   ∫  0   π 2     R 1  + r sin θ    r  2  cos θ d θ ,     



(7)






   V  B    ′   =   α − δ  π   π     R 2  −   d 2  2    2  − π     R 2  −   d 2  2  −  d 1    2   · 2 r  d 1  .  



(8)







The restoring process results in the increase of particle chamber volume and the decrease of the air chamber. Consequently, the pressure of the two chambers changes. Since there is no air flow between the two chambers, the pressure of the two chambers can be obtained based on the ideal gas state equation as:


       P A   ′   =    P A   V A    V A   ′    ,        P B   ′   =    P B   V B    V B   ′    .      



(9)







Accordingly, the differential pressure between the two chambers can be calculated as:


   P d  =    P A     ′   −    P B     ′   .  



(10)








3.2. Torque Analysis


3.2.1. Torque of Particle Jamming


The particle jamming torque is discussed as follows. The particles in the particle chamber and the inner wall of the particle chamber will press against each other when there is a differential pressure between the two chambers. According to Wei [22], the compressing force can be obtained by multiplying the differential pressure and the contact area based on Pascal’s principle. To calculate the torque caused by the friction between the particles and the bottom wall of the chamber, a narrow strip rectangular differential element   Δ S   whose length and width are defined as   2 r   and     L  2 α   −  d 2  / 2 −  d 1   d ϑ  , respectively, is introduced first.  ϑ  is the corresponding center angle, as shown in Figure 3. The normal force generated by the differential pressure on the element of the particle chamber’s inner wall can be expressed as:


      f n  = 2 r  P d    L  2 α   −  d 2  / 2 −  d 1   d ϑ ,     



(11)




and the the friction between the particles and the chamber inner wall is   f = μ  f n   , where  μ  is the friction coefficient between the particles and the chamber inner wall. Accordingly, the fiction f can be separated into two parts: X-component   f sin ϑ   and Y-component   f cos ϑ  , and the force arms along the direction of X and Y are defined as   L X   and   L Y  , respectively. The force arm in the X-direction of the fiction f can calculated as:


      L X  =   L  2 α   −  d 2  / 2 −  d 1   sin ϑ ,     



(12)







In the same way, the force arm in the Y-direction of the fiction f can expressed as:


      L Y  =   L  2 α   −   L  2 α   −   d 2  2  −  d 1    cos ϑ ,     



(13)







Thus, the corresponding torque can be calculated:


      M  p 1   = μ  P d    ∫ 0  2 α     2 r   L  2 α   −   d 2  2  −  d 1    2    sin 2  ϑ − 2 r   L  2 α   −   d 2  2  −  d 1           L  2 α   −   L  2 α   −   d 2  2  −  d 1    cos ϑ ) cos ϑ d ϑ ,     



(14)







In the same way, the torque caused by the friction on the upper internal wall and the side wall of the particle chamber, which are denoted as   M  p 2    and   M  p 3   , respectively, can be calculated as:


       M  p 2   = μ  P d     ∫  0   2 α    2 r   L  2 α   −   d 2  2     2    sin  2  ϑ − 2 r   L  2 α   −   d 2  2            L  2 α   −   L  2 α   −   d 2  2   cos ϑ  cos ϑ d ϑ ,     



(15)






       M  p 3   = μ  P d  π  ∫  0   2 α        L  2 α   −   d 2  2    2  −     L  2 α   −   d 2  2  −  d 1    2             L  2 α   −   d 2  2  −   d 1  2     sin  2  ϑ −   L  2 α   −   L  2 α   −   d 2  2  −   d 1  2     cos ϑ ) cos ϑ ) d ϑ .     



(16)







Accordingly, the combined particle jamming torque can be formulated as:


   M p   ( α − δ ,  P d  )  =  M  p 1   +  M  p 2   + 2  M  p 3   .  



(17)








3.2.2. Torque of Air Pressure


The torque due to air pressure can be calculated in the same way as the common single-chambered soft fiber-reinforced actuator [42]. Therefore, the torque generated by internal air pressure at the internal bottom surface of the particle chamber can be calculated as:


       M  a 1   = 2 r  (  P A  −  P  a t m   )   ∫ 0  2 α      L  2 α   −   d 2  2  −  d 1   2  sin ϑ cos ϑ        −   L  2 α   −   d 2  2  −  d 1     L  2 α   −   L  2 α   −   d 2  2  −  d 1   cos ϑ  sin ϑ d ϑ ,     



(18)




where   P  a t m    is the atmospheric pressure.



The orientation of the force caused by internal air pressure on the side layer of the particle chamber is perpendicular of the XOY plane, which is parallel to the rotation axis. Consequently, it does not contribute to the bending effects of the actuator.



The force analysis of the top semicircular layer of the air chamber is shown in Figure 4A. Force   F  a 2    on the top semicircular layer can be decomposed into   F  a 2 R    and   F  a 2 R ⊥   .   F  a 2 R ⊥    is similar to the force analysis on the side wall of the particle chamber. Therefore, the component   F  a 2 R ⊥    does not contribute to the bending effects of the actuator. Meanwhile,   F  a 2 R    can be decomposed into an X-component and Y-component for calculation. The local coordinate  β , as shown in Figure 4, is introduced to calculated the torque generated by internal air pressure on the top semicircular layer of the air chamber, and there exists:


      M  a 2   = r  (  P A  −  P  a t m   )   ∫ 0  2 α    ∫ 0 π     L  2 α   +   d 2  2  + r sin β  2  sin β sin ϑ cos ϑ −   L  2 α   +   d 2  2  + r sin β          L  2 α   −   L  2 α   +   d 2  2  + r sin β  cos ϑ  sin β sin ϑ d β d ϑ .     



(19)







Similarly, the force caused by the internal pressure at the distal cap can be decomposed into an X-component and Y-component. Meanwhile, the local coordinate y and  τ , as shown in Figure 4A, are presented to calculated the corresponding torque:


      M  a 3   =  2     r  2  −   y  2      (  P A  −  P  a t m   )   ∫ 0 r    L  2 α   +   d 2  2  + y   sin 2  2 α −   L  2 α   −   L  2 α   +   d 2  2  + y  cos α        cos α d y + 2 r  (  P B  −  P  a t m   )   ∫  0   d 1     L  2 α   −   d 2  2  −  d 1  + τ   sin 2  2 α       −   L  2 α   −   L  2 α   −   d 2  2  −  d 1  + τ  cos α  cos α d τ .     



(20)







Accordingly, the combined air pressure torque can be expressed as:


      M a   ( α ,  P A  )  =  M  a 1   +  M  a 2   +  M  a 3   .     



(21)








3.2.3. Torque of Elastic Stress


Compared with the stretch of the bottom wall, the tendon guide parts are small, and the corresponding elastic stresses can be ignored. The torque of the elastic stresses is mainly caused by the axial stress, which contains the torques of the internal stress in the top hemicircular wall, the side walls, the inner wall, and the bottom wall. Meanwhile, the inner wall is separated by the strain-limiting layer, and the upper part is stretched while the lower part is compressed. Referring to Wang [43], local coordinates   τ 1  ,   τ 2  ,   τ 3  ,   τ 4  , and   τ 5   are defined to model the torque caused by the corresponding stress of the actuator, as shown in Figure 4B. Thus, the longitudinal stretch of the five parts can be calculated as follows.


       λ  τ 1   =    R 1  +  τ 1    R 1   ,  λ  τ 2   =    R 1  −  τ 2    R 1   ,  λ  τ 3   =    R 1  −  d 2  / 2 −  τ 3    R 1   ,         λ  τ 4   =    R 1  −  d 2  / 2 −  d 1  −  τ 4    R 1   ,  λ  τ 5   =    R 1  +  d 2  / 2 +  ( r +  τ 5  )  sin β   R 1   .     



(22)




where   λ  τ 1   ,   λ  τ 2   ,   λ  τ 3   ,   λ  τ 4   , and   λ  τ 5    are longitudinal stretches of the bottom wall, the side wall, the upper inner wall, the lower inner wall, and the top hemicircle wall, respectively. Accordingly, the corresponding stresses can be calculated as:


          s i  = ν  (  λ  τ i   −  1    λ  τ i    3   )  ,      i = 1 , ⋯ , 5 ,        



(23)




where  ν  is the initial shear modulus of the material, and   s i   is the corresponding stress variable. Therefore, the torque caused by the internal stresses of the material of each part can be calculated as:


       M  e 1   =  ∫  0    d 2  / 2    s 1   ( 2 r + 2  d 0  )  L  τ 1  d  τ 1  ,     



(24)






       M  e 2   =  ∫  0    d 2  / 2    s 2   ( 2 r + 2  d 0  )  L  τ 2  d  τ 2  ,     



(25)






       M  e 3   =  ∫  0   d 1    s 3  2  d 0  L  (  d 2  / 2 +  τ 3  )  d  τ 3  ,     



(26)






       M  e 4   =  ∫  0   d 0    s 4   ( 2 r + 2  d 0  )  L  (  d 2  / 2 +  d 1  +  τ 4  )  d  τ 4  ,     



(27)






       M  e 5   =  ∫  0   d 0    ∫  0  π   s 5   ( r +  τ 5  )  L  (  d 2  / 2 +  ( r +  τ 5  )  sin β )  d β d  τ 5  .     



(28)







Furthermore, the corresponding combined torque can be expressed as:


   M e  =  M  e 1   +  M  e 2   +  M  e 3   +  M  e 4   +  M  e 5   .  



(29)









3.3. Torque Equilibrium of the Actuator


Note that there exists an external force on the actuator when the actuator is adopted in grasping. Assume the external force is along the X direction, as shown in Figure 3 in red, whose value is denoted as F. Accordingly, the torque caused by the external force around O can be formulated as:


      M F  = F    L  2 α   −  d 2  / 2 −  d 1  −  d 0    sin 2 α .     



(30)







Assume the actuator can achieve a self-stable state after a restoring angle  δ  without the input tendon pulling force   F P  . Subsequently, the self-stable behavior of the proposed actuator under load is verified, and the torque equilibrium during the restoring period is analyzed. The self-stable state is the combining result of torque caused by air pressure   M a  , the torque caused by elastic stress   M e  , the torque caused by the particle jamming   M p  , and the torque caused by the external force   M F  . Based on the torque analysis above, the torque equilibrium with respect to the origin O can be formulated as:


      M F   ( α − δ ) , F  +    M e     ′    α − δ  =  M p    α − δ  ,  P d   +    M a     ′     α − δ  ,  P A    ′   .     



(31)







When design parameters   d 0  ,   d 1  ,   d 2  ,   h 1  , r, and L are given, the torque due to external force   M F   is only related to the bending angle  α , restoring angle  δ , and the value of the force F.   M p   is related to the bending angle  α , the restoring angle  δ , and the pressure difference of two chambers   P d   according to Equation (10). Meanwhile,   M a   is related to the bending angle  α , the restoring angle  δ , and the restoring pressure of air chamber     P A     ′   . Moreover,   M e   is only related to the bending angle  α  and the restoring angle  δ . However, the tendon displacement x determines the bending angle  α  based on Equation (2). Based on Section 3.1, the pressure of the air chamber after restoring     P A     ′    and the differential pressure   P d   are determined, once the bending angle  α , the restoring angle  δ , and the pre-charged pressure   P I   are given. Accordingly, when the pre-charged pressure   P I  , the tendon displacement x, and the external force F are determined, Equation (31) is just an equation of the restoring angle  δ , and there always exists the solution. However, the integrals from Equation (28) cannot be computed analytically, and as a result, Equation (31) is a transcendental equation. Thus, the restoring angle  δ  can only be numerically obtained.




3.4. Analysis of Energy Consumption


The work of the tendon pulling force during the bending period determines the energy consumption of the SSSA. According to Assumption 4, the tendon only contacts the tendon guides and the distal cap of the SSSA. Take the first tendon guide for analysis, the resultant of the tendon pulling force must be along its corresponding angle center line, and the corresponding angle is defined as  ψ , as shown in Figure 5. Accordingly, the resultant of the tendon pulling force   F  p r    can be formulated as:


      F  p r   = 2  F p  sin   ψ 2   ,     



(32)




where   ψ =  (   w 1  x  )  /    L − x   h 1     .   F  p r    can be decomposed into an X-component and Y-component. Therefore, the torque due to the resultant force   F  p r    of the first tendon guide part can be calculated as:


      M  F  p r 1     α  =  F  p r     L  2 α   −  h 1   sin  α 1  cos  α 1  +  F  p r     L  2 α   −   L  2 α   −  h 1   cos  α 1   sin  α 1  ,     



(33)




where    α 1  = 2 α  L − x −  w 1  / 2  /  ( L − x )   . The torque due to the resultant force   F  p r    on the other tendon guide parts can be calculated same as the first tendon guide part; therefore, the total torque caused by all the tendon guides can be expressed as:


      M  F  p r     α  =  ∑  i = 1  4   M   F  p r   i   =      F p   L r   α  ,     



(34)




where    L r   α  = 2   L  2 α   −  h 1   sin  α i  cos  α i  sin   ψ 2   + 2   L  2 α   −   L  2 α   −  h 1   cos  α i   sin  α i  sin   ψ 2   ,   i denotes the index of the tendon guide part,    α i  =  L − x −  2 i − 1   w 1  / 2 −  i − 1   w 1   /  ( L − x )   ,   i = 1 , ⋯ , 4 .  



The torque due to the tendon pulling force at the distal cap   M  F d    can be obtained based on force decomposition as:


      M  F d    α  =  F p   L d   α  ,     



(35)




where    L d   α  =   L  2 α   −  h 1    sin 2  2 α +   L  2 α   −   L  2 α   −  h 1   cos 2 α  cos 2 α .  



Accordingly, the torque caused by the tendon pulling force can be expressed as:


      M  F p    α  =  M  F d    α  +  M  F  p r     α  .     



(36)







According to Assumption 4, the bending state is the combined result of the torque due to air pressure   M a  , the torque due to elastic stress   M e  , the torque due to the tendon pulling force   M  F p   , and the torque due to the external force   M F  . The torque equilibrium with respect to the origin O can be formulated as:


      M e   α  +  M F   α  =  M a   α ,  P A   +  M  F p    α  .     



(37)







Based on the torque equilibrium (37), the tendon pulling force can be expressed as:


      F p  =    M e   α  +  M F   α  −  M a   α ,  P A      L r   α  +  L d   α        



(38)







Consider the bending angle changes   d ϑ   due to pulling the tendon, and the corresponding tendon displacement is   2  h 1  d ϑ  . Assume the tendon pulling force remains constant during the small deformation, and the energy consumed to reach bending angle  α  can be formulated as:


     E =     2  ∫  0   2 α       M e   ϑ  +  M F   ϑ  −  M a   ϑ ,  P A      L r   ϑ  +  L d   ϑ      h 1  d ϑ     



(39)







Provided that the   P A   and design parameters, such as L,   h 1  ,   d 0  ,   d 1  , and   d 2   are given, Equation (38) is an equation of   F p  . However, the integral in (28) is a hyperanalytic equation. Thus,   F p   only has a numerical solution. Consequently, the energy consumption (39) can only be obtained by numerical algorithms.





4. Experiments


4.1. Experimental Environment


The experimental platform was set up, as shown in Figure 6A. The proposed actuator was mounted on a 3D-printed basement. The basement and other mountings were printed by an A8 FDM commercial three-dimensional printer (Shenzhen Aurora Technology Co., Ltd., Shenzhen, China). The tendon was connected to a linear guide-way through a pulley, which can provide precise control of the tendon length. Moreover, a digital barometer (from LUBOSHI Co., Ltd., Shenzhen, China) was connected to the valve to detect the pressure variation of the chamber, a force gauge was used to provide and detect forces in real time, and another force gauge was used to measure the real-time the tendon pulling force; both force gauges were produced by (HANDPI Co., Ltd., Zhejiang, China) A high-resolution camera from (Shenzhen Lantian Technology Co., Ltd., Shenzhen, China) was also adopted to capture the motion of the actuator. The software Kinovea was also used to measure the variation of the bending angle, as shown in Figure 6B.




4.2. Model Verification


To explore the self-stable property of the proposed actuator, we pre-charged the initial chamber pressure of the actuator range from 50 to 80 kPa at a interval of 10 kPa, and the structure parameters of the proposed actuator were    d 0  = 4   mm,    d 1  = 10   mm,    d 2  = 4   mm,   r = 16   mm, and   L = 140   mm. Then, the actuator was driven by the tendon displacement from 10 to 30 mm. According to the video captured by the camera, the actuator can successfully achieve a self-stable state after releasing the tendon. The variation of the bending angles was shown in Figure 7, which shows that the restoring angle  δ  increases as the tendon displacement x increases, and the restoring angle  δ  decreases as the initial pre-charged pressure   P I   increases. According to the results, the proposed model can effectively predict the restoring angle. Moreover, the experimental results are close to the theoretical ones, which indicates the validity of our model. However, the experimental value is higher than the theoretical value. The reason for this phenomenon is that the internal stretch tendon guide part and the tension of strain-limiting layer are ignored, and the internal stretch tendon guide part and the tension of the strain-limiting layer produce additional torque for the restoring of the SSSA.



To test the theoretical model of energy consumption, the power of the stepper motors were measured by a Sentron PAC3200 multifunctional measuring instrument (Siemens Co., Ltd., Berlin, Germany), and the stepper motors are used to pull the tendon. Theoretical modeling of the proposed actuator’s energy consumption has been validated, and the related experimental results are shown in Figure 8. The energy consumption E decreases with the increase of pre-charged pressure   P I  . It can be explained as that the torque of the air pressure and the torque caused by the tendon pulling force lead to the bending motion, namely, the initial pre-charged pressure   P I   would facilitate the bending process of the proposed actuator. Meanwhile, the proposed theoretic model can effectively predict energy consumption during the bending period. However, the computational results are smaller than the experimental results. The reason for this phenomenon is that only the tendon contact on the distal cap and the tendon guides are considered. In addition, pulling the tendon with the uniform and small velocity is an ideal condition. Therefore, the value of the actual pulling force is larger than the force obtained in (38); accordingly, the actual energy consumption is larger than the theoretical value.




4.3. Influence Factors


In addition to the tendon displacement, the design parameters, such as pre-charged pressure, particle thickness, and layer thickness, also have influences on the restoring angle. It is worth mentioning that the dotted line in Figure 9 represents the bending angle before restoring, and the thickness of the layer separating the jamming particle chamber and air chamber   d 2   is same in all our experiments. First, we conducted the first group experiments to evaluate the influences of the pre-charged pressure. The actuator was pre-charged at 10 KPa intervals from 30 to 80 KPa at pressure, which has the same structure parameters and particles as the one used in the model validation experiment. The variation of the bending angle after tendon release is plotted in Figure 9B. It can be observed that the restoring angle decreases as the pre-charged pressure rises on the condition that the tendon displacement is given. The reason for this deviation is that the larger pre-charged pressure contributes to the larger differential pressure between the two chambers at the same restoring angle during the restoring process. According to the analysis in Section 3.2.1, the increase of the pressure difference between the two chambers leads to the increase of particle jamming torque and air pressure torque. Therefore, the restoring angle decreases according to the torque equilibrium in Section 3.3. In addition, assuming the pre-charged pressure is given, the restoring angle has a positive correlation with the tendon displacement. This is because that large tendon displacement results in the increase of the initial bending angle  α . As a result, the torque due to elastic stress rises simultaneously, which causes further restoring of the actuator.



The second group of experiments was used to explored the effect of wall thickness on the actuator restoring angle. The wall thicknesses of the actuators were set ranging from 3 to 5 mm, while the other parameters and the particles were the same as the actuator adopted in the model validation experiment. The variation of the bending angle is shown in Figure 9C. The result reveals that the restoring angle also has a positive correlation with the wall thickness. This phenomenon can be illustrated as a thick wall that directly increases the torque due to elastic stress, and the restoring angle increases.



In the meantime, to explore the effect of particles on the actuator restoring angle, a series of particles were filled into the actuator adopted in the model validation experiment, as shown in Figure 9D. The actuator without particles, which is similar to the SSPA proposed in [34], was also used for comparison. All actuators were pre-charged at air pressure of 60 KPa, and the experimental resultsreveal that the differences of particles do not effect the trend of restoring angles with tendon displacement. Compared with the actuator without particles, the particles can reduce the restoring angle significantly. It is worth noting that the restoring angle of the actuator with corn particles is only one-fourth of the actuator without particles when the tendon displacement is small. The restoring angles of the actuators with plastic spherical particles are larger than the actuator with corn ones and desiccant ones, which is attributed to the friction coefficient differences and regularity of particles. The surface roughness of corn particles and desiccant particles are much larger than that of the plastic spherical particles, while the corn particles are more irregular than the desiccant particles. Accordingly, the torque due to the particles jamming of the actuator with corn particles is larger than the others, which leads to the smallest restoring angle.



According to the three groups of experiments, it can be found that a larger pre-charge pressure, thin wall structure, irregular shape, and large roughness of particles contribute to the small restoring angle of the actuator, which can be considered as the guideline to design an SSSA with high performance.




4.4. Grasping Demonstration


To verify the grasping performance, three SSSAs with 3 mm wall thickness filled with corn particles were pre-charged at air pressure of 80 KPa, which were designed according to the guideline. Then, the three actuators were assembled into a gripper, which is shown in the video attachment. Three stepper motors (model 42BYGH39-401A), which were produced by PUFEIDE Co., Ltd., Chendu, China connect with the tendons to drive the corresponding SSSA. Figure 10A,B demonstrates the grasping of a cup, a lemon, which verifies the good adaptivity and flexibility for both irregular and fragile objects. Since there still exists a small restoring angle, the gripper based on SSSAs is more suitable for objects with an elastic or soft body.



To test the energy consumption of the SSSA, both grippers based on an SSPA and the gripper based on an SSSA with the same design parameters and pre-charge pressure conducted the grasping motion, and a Sentron PAC3200 was adopted to measure the power of the stepper motors. Both grippers were driven by the stepper motors to reach the same grasping configuration to grasp the same loads from 100 to 600 g, and we maintained the grasping configuration to hold the loads. To capture the power variation, both the grasping and holding periods were set for 20 s. The gripper based on the SSPA and SSSA grasped the load of 300 g weight, as shown in Figure 10C, and the power curves of two grippers are shown in Figure 10D,E. During the grasping period, the power curve of both grippers is similar, and the gripper based on the SSSA is slightly larger than the gripper based on the SSPA. This is because the particles contribute to the resistance to bending of the actuator. In the holding period, the gripper based on the SSPA constantly consumed energy to maintain the grasping configuration, while the gripper based on the SSSA did not consume any energy due to the self-stable property. Both grippers grasped loads from 100 to 600 g three times, and the average energy consumption is shown in Figure 10F. The gripper based on the SSSA costs about 45% less energy for the whole process, and the energy-saving effect would be more significant once the holding period lasts longer.





5. Conclusions


In this article, a soft self-stable actuator driven by a tendon was proposed, which only needs input stimulus to achieve the grasping configuration, and the actuator can maintain the grasping configuration without any energy consumption based on the self-stable property of the SSSA. The contributions of this article are summarized as the following. First, a soft self-stable gripper driven by a tendon was proposed based on the self-stability property, which can conduct high energy efficiency grasping compared with traditional grippers. Then, theoretical models were developed to forecast the behavior of the actuator during the self-stable state and the energy consumption during the bending period. Moreover, the influences of structure parameters, particles, and pre-charge pressure were analyzed, which can guide the design of the SSSA. Finally, we conducted several experiments to prove the validity of the proposed design and model. The proposed gripper can achieve low energy consumption grasping, which can provide an especial and fantastic alternative to energy-limited or energy-scarce environments.



However, it is worth noting that the restoring angle always exists, and it can even be reduced significantly by proper design once the self-stability is achieved based on the restoring of the actuator. Thus, the proposed actuator is more suitable for grasping soft or flexible objects rather than rigid objects, which is the main limitation of the proposed actuator. In future work, we will add sensors and feedback control to our fingers to resolve the problem with a restoring angle of the proposed actuator.
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Figure 1. Principle of the proposed SSSA. (A) SSSA at initial state. (B) Bending motion of the SSSA due to pulling tendon results in the airflow to the air chamber. (C) Once the tendon is released and the valve is closed, restoring motion results in the differential pressure, and the SSSA will achieve a self-stable state. 
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Figure 2. Actuator design and prototyping. (A) Structural parameters of SSSA. (B) A prototype of SSSA. 
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Figure 3. A plane coordinate for force analysis. 






Figure 3. A plane coordinate for force analysis.



[image: Actuators 11 00107 g003]







[image: Actuators 11 00107 g004 550] 





Figure 4. (A) Force analysis of the top semicircular layer of air chamber. (B) The coordinate of the proposed actuator. 
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Figure 5. Analysis of   F p  . 
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Figure 6. Experimental Validation. (A) Experimental setup (pull the tendon along horizontal direction through a pulley). (B) Actuator bending angle  α , restoring angle  δ , and trajectory. 






Figure 6. Experimental Validation. (A) Experimental setup (pull the tendon along horizontal direction through a pulley). (B) Actuator bending angle  α , restoring angle  δ , and trajectory.



[image: Actuators 11 00107 g006]







[image: Actuators 11 00107 g007 550] 





Figure 7. The comparison between computational and experimental results of restoring angle  δ  without external force F. 
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Figure 8. The comparison between computational and experimental result of energy consumption E without external force F. 
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Figure 9. Influences of different pre-charged air pressure, wall thicknesses, and particles. (A) Actuators with different design parameters: (1) Three actuators were set differential wall thickness 3 to 5 mm with same other structure parameters; (2) Three actuators were filled with differential particles while the other structure parameters were the same. (B) The actuator was pre-charged at air pressure ranging from 30 to 80 KPa at an interval of 10 KPa. (C) The restoring angle response for the actuators with different wall thicknesses. (D) The restoring angle response for the actuators with different particles. 
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Figure 10. (A,B) Grasping a cup, a lemon. (C) Grasping the load of 300 g. (D,E) Power curves of grippers load of 300 g based on the SSPA and the SSSA. (F) Energy consumption comparison of grippers based on the SSPA and the SSSA. 
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