

  machines-11-00714




machines-11-00714







Machines 2023, 11(7), 714; doi:10.3390/machines11070714




Article



Analysis of Rigid-Flexible Coupling Characteristics of Pneumatic Modular Soft Joints with Variable Stiffness



Siyuan Liu 1,2,3, Yuhang Bian 1,2,3,*, Chao Ai 1,2,3, Hongmei Sun 4, Yijie Deng 1,2,3, Zilong Chen 1,2,3, Xiaorui Chen 1,2,3 and Jingtao Zhang 5





1



Hebei Provincial Key Laboratory of Heavy Machinery Fluid Power Transmission and Control, Yanshan University, Qinhuangdao 066004, China






2



Key Laboratory of Advanced Forging & Stamping Technology and Science, Ministry of Education, Yanshan University, Qinhuangdao 066004, China






3



National Key Laboratory of Hoisting Machinery Key Technology, Yanshan University, Qinhuangdao 066004, China






4



Beijing Polytechnic, Beijing 100176, China






5



Qilu College of Transportation, Shandong University, Jinan 250002, China









*



Correspondence: byh@stumail.ysu.edu.cn







Academic Editors: Qun Chao, Ruqi Ding and Min Cheng



Received: 7 June 2023 / Revised: 30 June 2023 / Accepted: 3 July 2023 / Published: 5 July 2023



Abstract

:

This paper proposes a new pneumatic modular joint to address the problem of balancing compliance and load-bearing capacity for soft robots. The joint possesses characteristics that allow for omnidirectional deformation and dynamically adjustable stiffness. In this study, mathematical models were established to describe the deformation and stiffness variability of the joint. Corresponding relationships between gas pressure and deformation and magnetic field strength and module stiffness were derived through numerical analysis. Finite element simulations were conducted to investigate the changes in pressure and deformation under different stiffness conditions and the changes in magnetic field strength and joint stiffness under various deformation states. Finally, experimental validation was performed to verify the theoretical calculations and simulation results, demonstrating excellent coupling characteristics between stiffness and compliance for the proposed joint.
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1. Introduction


A soft robot has good flexibility [1], more freedom, adapts to active and passive deformation, and is friendly to dynamic, unknown, and unstructured environments; it is also widely used in military reconnaissance, disaster rescue, and scientific exploration, and other vital fields. However, due to the low stiffness of compliant structures and soft materials [2], the bearing capacity of soft robots could be much higher. More carrying capacity [3] has become the most significant obstacle limiting the application range of soft robots, and it is also a common critical technical problem facing this field [4].



In the current research in this area, various soft robots have been introduced [5]. Natural creatures inspire most of soft robots. The driving methods of the soft robot include pneumatic [6], electroactive polymers (EAPs) [7], shape memory alloy [8], magnetorheological fluid [9], and cable-driven methods [10]. Actuators with a network of chambers and uniformly distributed channels of the PNEU-NET software drive [11] have the advantages of large deformation and high efficiency. It has been widely innovated and applied by researchers. There are several methods for varying stiffness with different techniques, such as variable stiffness materials [12], electrically induced dangerous stiffness materials [13], and pressure-induced unstable stiffness methods [14]. Luojing Huang et al. [15] proposed a variable stiffness pneumatic soft robot based on a magnetorheological lubricant, which can grip and adapt to various object surfaces with high flexibility and accuracy. Revanth Konda et al. [16] proposed a design for using a twisted string actuator to drive the gripper of soft robots. Experimental results demonstrated that this delicate claw has good gripping performance and high load output. Ali Shiva et al. [17] took inspiration from the aggressive behavior of octopus arms and proposed a variable stiffness method that can control the attitude and stiffness of the robot simultaneously by pneumatic and tendon-driven reverse operations. George B. Crowley et al. [18] developed a soft robot gripper with variable stiffness using a novel positive pressure layer jamming technique to adjust the fixture stiffness and manufacturing the fixture in two materials through additive manufacturing. Experimental tests showed that the gripper could change its stiffness about 25 times under positive layer jamming interference and has a higher payload capacity. Yanzhi Zhao et al. [19] proposed an extensive range of variable stiffness self-locking soft continuous robots based on the interference phenomenon. The textile smooth rope restraint mechanism based on the particle interference mechanism uses the low elasticity and high toughness of fiber, the excellent fluidity of spherical particles, and the rigidity of particles themselves. A variable stiffness self-locking soft robot is constructed. The shape of the robot will not change significantly after the stiffness change. Al Abeach, L et al. [20] developed a variable stiffness multi-finger dexterous gripper. The gripper uses pneumatic muscles for compliance, and increasing the pressure on all actuators can improve grip stiffness independently without changing the position of the fingers. However, the deformation recovery could be better. Loai Al Abeach et al. [21] proposed designing, analyzing, and testing a variable stiffness three-finger soft gripper. It uses pneumatic muscles to drive the finger and changes the stiffness of the finger by particle clamping. As the stiffness of the finger increases due to friction caused by the granular interference, the positioning accuracy of the extended finger (i.e., opening the grip) decreases; that is, the muscle is not pulled back to the original extended length. Yujia Li et al. [22] proposed a flexible robot with variable stiffness based on pre-inflation, particle interference, and origami technology. When the origami structure is compressed, the particles are squeezed by the compression force and the increased pressure of the three air chambers, increasing the robot’s overall stiffness. Tao Wang et al. [23] proposed a new layer interference variable stiffness technology, which uses electrostatic attraction to squeeze the material layer to generate friction, which creates interference. It is characterized by high stiffness variation and space saving. However, the formation of local low-pressure areas between the contact surfaces results in a degree of randomness in the stiffness generated under applied voltage. Liu Zhaoyu et al. [24] proposed a method combining soft crawling robots with variable stiffness technology to achieve the obstacle avoidance movement of soft crawling robots. When a modular biomimetic soft robot with variable stiffness adjustment passes through obstacles of the same height, there will be no apparent collision with obstacles. Although there are many research results on variable stiffness, the coupling characteristics of deformation and variable stiffness need be studied more deeply [25,26]. However, considering soft robots’ flexibility and bearing capacity simultaneously requires good rigid-flexible coupling characteristics [27,28]. From the research literature, there are few reports on this aspect.



Therefore, this study focuses on the innovative new modular soft robot joint with variable stiffness and researches the coupling characteristics of joint deformation and variable stiffness. We have established and solved a variable stiffness model for modular smooth joints, which includes deformation and correlates with gas pressure and joint stiffness with an applied current. The finite element analysis method is used to simulate and analyze the deformation characteristics and variable stiffness characteristics of modular joints based on the Yeoh model, and the rigid-flexible coupling characteristics of modular joints are revealed through deformation and variable stiffness tests.




2. Structure Principle


The new variable stiffness modular soft robot joint body material is made of 50 A silicone rubber. The performance of silicone rubber 50 A is shown in Table 1; the whole modular joint consists of four driving modules. As shown in Figure 1, each driver module is divided into three parts: It is composed of a variable stiffness system, a flexible deformation system, and a connecting end cover. As shown in the upper left view and upper right view of Figure 1, the axis of the flexible joint is the first channel for installing polyurethane foam pads, the outer circumference of the flexible joint is provided with a second channel for installing wires, and between the first channel and the second channel there are four embedded pneumatic network channels at 90° to each other, distributed in the entire structure of the joint, and, through the combination of positive and negative pressure gas changes of different pressures of the four channels, different degrees of bending in all directions can be realized.



The variable stiffness system consists of electromagnets at both ends of the joint and polyurethane foam pads filled with magnetorheological fluid, which are centrally placed at the pivot position of each joint. The DC power supply powers the electromagnet. The current in the electromagnet circuit is adjusted by changing the resistance of the varistor in the electromagnet loop, so that the electromagnet produces different magnetic field strengths. The magnetic field strength’s [29] size changes the viscosity of the magnetorheological fluid to realize the dynamic and continuous adjustment of modular joint stiffness.



The flexible deformation system includes a pneumatic flexible pneumatic joint, which can bend and deform with the change of air pressure, and a pneumatic system that provides an air source for the joint. Each air chamber of the common is connected at the bottom. Each drive module has four air pipes, which are inserted into the pneumatic channel connecting the end cover. When inflating, the air passes through the inflatable tube to each chamber of the soft joint. Each compartment expands as the chamber pressure increases, causing the smooth joints to bend [30]. Figure 2b shows the air chamber after expansion.



The end caps of the two ends of the flexible joints are 3D printed with PLA material and placed on polyurethane foam pads filled with magnetorheological fluid. Embedded pneumatic network channels in two adjacent loose joints are connected through quick joints and hoses in the end covers.




3. Modeling and Solving


Deformation and variable stiffness are two important indexes to evaluate modular joints. The modular joint is modeled mathematically from these two aspects.



3.1. Deformation Modeling


As shown in Figure 2a, the cavity in the exhausted state is rectangular, and the elongation of a single embedded pneumatic network channel of the joint after inflation and expansion is less than the elongation away from the axis layer so that the joint is convex and bent away from the axis layer.



To simplify the model, the following assumptions are proposed: (1) the material used cannot be compressed; and (2) the soft joint keeps constant curvature bending during bending. The parameters of the air chamber [31] are shown in Figure 3a, and their values are shown in Table 2.



During joint design, each air cavity is designed with a symmetric structure, and the structural parameters are consistent, as shown in Figure 3a. Therefore, when ventilating an embedded pneumatic network channel, in the medium is subjected to the same pressure and bending angle.



As shown in Figure 3b, the total number of air cavities in this channel is  n , where the bending angle of each air cavity is  ω , then the whole bending angle is:


  θ = n ω  



(1)







The relationship between gas pressure and bending angle can be solved by the structural parameters of a single air cavity, assuming that the neutral axis length is unchanged when the modular joint is deformed. The bending deformation changes uniformly in the length direction to establish an ideal physical model of the joint structure. As shown in Figure 3c, the relationship between gas pressure and bending angle can be converted into the relationship between gas pressure and deformation.



Under the condition of ignoring the self-weight of the joint and its external force, it can be seen from the law of conservation of energy that the work performed by the pneumatic system to inflate the embedded pneumatic network channel is completely converted into the power of silica gel deformation, that is, the work performed by the gas pressure is equal to the energy of the deformation of the soft joint, which is expressed by its formula as:


  P d  V a  =  V r  d U  



(2)







Among them,  P  is the gas pressure of the pneumatic system to inflate the embedded pneumatic network channel,    V a    is the volume of the air cavity after inflation,    V r    is the volume of the silica gel after inflation, and  U  is the strain energy. Since it is assumed that the silica gel is incompressible before and after inflation, its volume remains the same, so it can be obtained:


   V r  = g  (  2 d + e  )   (  b + c + a  )  + g  (  d + f  )   (  a + b + d  )  − e  (  b + c − d  )   (  g − 2 d  )   



(3)







 V  is the total volume after inflation, so    V a  = V −  V r   , thus:


   V a  =   g  (  1 + β  )   (  2 d + e  )   (  b + c + a  )   2  +   g f  (  a + b + d  )   2   



(4)




where  β  is the primary elongation in the direction of the air cavity length,   β =   R ω   R sin ω   =  ω  sin ω    , and  R  is the curvature radius of joint bending. Taking the derivative of  ω  and combining Equations (3) and (4), the relationship between the bending angle of a single air cavity and the gas pressure can be obtained:


  P =   2    (  s i n ω  )   2   V r    d U   d ω      [   (  2 d + e  )   (  b + c + a  )  + f  (  a + b + d  )   ]     1  g  (  s i n ω − ω c o s ω  )     



(5)




where   a = 4 , b = 4.5 , c = 14 , d = 10 , e = 5 , f = 7 , g = 44 , h = 25  , silica gel material is a second-order Yeoh model, so   U =  C  10   (  I 1  − 3 ) +  C  20     (  I 2  − 3 )  2   , and, among them,    I 1  =  I 2  =  β 2  +  1   β 2    + 1  . When the gas pressure is set to 0 kPa, 25 kPa, 50 kPa, 75 kPa, 100 kPa, and 125 kPa, respectively, the bending angle results of corresponding joints are solved, as shown in Table 3.



As shown in Figure 3c, when the gas with a certain pressure is injected into the joint, the relationship between the deformation and bending angle is as follows:


   {     R 1  =    L 0   π  ⋅   180 °  θ       L 1  = 2 π  (   R 1  − R  )  ⋅  θ  360 °        



(6)






   L 0  −  L 1  =   π R θ   180 °    



(7)




where  R  is the distance of the edge of the joint from the neutral axis,    L 0    is the initial length of the joint,    L 1    is the length after joint deformation,  θ  is the bending angle of the joint, and    R 1    is the bending radius of the joint.



The bending angle in Table 3 above is converted into the deformation amount by Formula (7), and the deformation amount is used to reflect the deformation effect of the modular joint. The relationship between the deformation amount and gas pressure in the theoretical model is shown in Figure 3d.



The image of the relationship between gas pressure and joint deformation obtained by kinematically modeling the modular joint conceptual model is shown in Figure 3d. When the gas pressure changes from 0 to 100 kPa, the deformation increases approximately linearly with the increase of gas pressure. The gas pressure increases slightly after 100 kPa, the deformation has a large increase, and the maximum pressure of the drive module does not exceed 125 kPa [32] after strength verification, and therefore the expected deformation effect can be achieved.




3.2. Variable Stiffness Modeling


After the soft joint is deformed, a certain stiffness is required to enhance the bearing capacity, and the greater the stiffness is, the stronger is the bearing capacity. The robot’s stiffness includes various rigidities, such as static stiffness, dynamic stiffness, servo stiffness, and mechanical stiffness. Considering that the bending deformation process of soft actuators has little influence on dynamic stiffness, this paper only analyzes the change of static stiffness [33]. Electromagnetic field’s magnetic induction intensity reflects magnetorheological fluid’s variable stiffness. The following series of derivations shows that the stiffness characteristics of the variable stiffness system model can be obtained by introducing different currents.



The transformation of force and motion is introduced to establish a variable stiffness model of modular joints. Under the action of external force  f , the rotational momentum of the joint is  θ . When the external energy and the rotational speed of the common are small enough, they can be regarded as an approximately linear relationship:


  k =  f θ   



(8)




where  k  represents the stiffness of the joint.



For the static stiffness of the drive module, the modular joint can be regarded as a system. When the joint is stationary, the velocity and angular velocity are zero. Therefore, the angular velocity,   θ ˙   is equal to zero, and the angular acceleration,   θ ¨  , is equal to zero. Therefore the torque,  τ , acting on the joint satisfies:


   k s  =  τ θ   



(9)







Among them,    k s    is the static stiffness of the modular joints.



The operating mode of the variable stiffness model in the drive module is shown in Figure 4a. When the electromagnet is not energized, magnetorheological fluid is not magnetic. Currently, magnetorheological fluid is liquid, with low viscosity and almost no damping moment. The effect of variable stiffness in flexible joints is virtually zero. When the electromagnet is energized, magnetorheological fluid particles generate magnetism and connect into a chain structure, and magnetorheological fluid can become a semi-solid state with high viscosity within milliseconds [34]. When the magnetic field encountered by the magnetorheological fluid increases, the magnetorheological fluid becomes a solid-like form. In this change, the shear stress of the magnetorheological fluid gradually increases, resulting in damping torque. The damping torque diagram of the structure is shown in Figure 4b.



To solve the flow of the magnetorheological fluid in the driving module, the following assumptions are made [35]:




	(1)

	
The magnetorheological fluid cannot be compressed in the flow process and can maintain long-term stability;




	(2)

	
The flow effect of magnetorheological fluid in both axial and radial directions of the joint is negligible;




	(3)

	
The flow velocity of the magnetorheological fluid in modular joints is only related to the joint radius;




	(4)

	
The magnetorheological fluid has the same pressure in the radial direction of the joint.









The distribution of the damping torque is concentric circles with a small radius,  r , and a large radius,  R . When the modular joint moves with angular velocity  ω , the joint will produce a torque,    Γ     , in the direction opposite to the angular velocity. Let the annular area of the disk be   d a   and the damping torque produced by the disk be    Γ     .


  Γ =  Γ H  +  Γ N  =  2 3  π τ ( H ) (  R 3  −  r 3  ) +   π η ω   2 h   (  R 4  −  r 4  )  



(10)




where    Γ H    is the magneto-induced torque generated by the action of the applied magnetic field on the viscosity of the magnetorheological fluid, and    Γ N    is the non-magneto-induced torque generated by the density of the magnetorheological fluid after yield.



From the above formula, it can be seen that the stiffness change of the drive module is related to the change in magnetorheological fluid viscosity. When the electromagnet is not energized, the magnetorheological fluid is not magnetic, and the magnetorheological fluid at this time is a liquid form with low viscosity, and the constitutive relationship at any point is:


  τ = η  γ ˙   



(11)




where  τ  is the shear stress generated by the magnetorheological fluid in modular joints,  η  is the viscosity of the magnetorheological fluid in the absence of a magnetic field, and  γ  is the shear strain caused by the magnetorheological fluid viscosity in modular joints.


  τ =  {    sgn  (  γ ˙  )   τ y   ( H )  + η  γ ˙    τ ≥  τ γ      0                 τ <  τ γ       



(12)




where    τ y    is the shear yield stress generated by the magnetorheological fluid in the modular joint. The magnitude of the magnetic field generated by the electromagnet is positively correlated with the shear yield stress caused by the magnetorheological fluid.



Therefore, electromagnetic field magnetic induction strength analysis can reflect the variable stiffness characteristics of magnetorheological fluids. The magnetization curve of magnetorheological fluid is shown in Figure 5.



The stiffness change of the driving module is related to the viscosity change of the magnetorheological fluid. It can be seen from Figure 5 that the magnetic induction intensity,  B , increases linearly with the increase of the magnetic field intensity within 400 kAmp/m, so the magneto-induced yield stress,  τ , and the external magnetic field intensity, H, have an approximately linear relationship:


  τ = α H  



(13)







The permeability,    μ m   , of fluid is:


   μ m  =  Β H   



(14)







Through Equations (10) and (11), we can obtain:


  τ ( B ) =   α Β    μ m     



(15)







Magnetic field strength calculation formula:


   H =    N I    L e     



(16)







Substituting Equation (13) into Equation (10), we can obtain:


  τ ( I ) =   α N I    L e     



(17)







Equation (17) shows the relationship between magneto-induced shear yield stress, electromagnet parameters, and applied current.





4. Simulation Analysis


The finite element method is used to establish a model, simulate and analyze the aerodynamic loading process of the pneumatic soft robot, and investigate the deformation effect of the flexible joint by introducing different gas pressures into the channel under the same magnetic induction strength. The shear modulus of the joint investigates the variable stiffness effect under different magnetic induction strengths.



The finite element software used for simulation is ANSYS workbench. Boundary conditions for simulation are as follows. Two bodies are imported into workbench mechanical: one is a pneumatic software channel, and the other is a magnetic flow layer with shear modulus, density, and mass set. The two bodies are set as the same part, that is, the grid common nodes of the two bodies are realized. Set one end of the joint as a fixed support end and the other as a free end, and apply a pressure load on the inner wall channel.



Simulated mesh size: set the mesh size to 2 mm.



Simulated grid cells: these are set to automatic for intelligent partitioning.



The steps are:




	
Pneumatic soft channel and magnetic fluid structure are set up. The material density of the pneumatic soft channel is 1200 kg/m3. The Yeoh elastomer model is adopted, C10 = 0.11, and C20 = 0.02. Create a new MDL material and set the shear modulus as shown in G in Figure 6. Poisson’s ratio is 0.45, and density is 3450 kg/m3.



	
Import the model and divide the grid. Set the mesh shape to tetrahedron and the cell size to 2 mm.



	
Apply load and constraint: set the right end plane of the soft joint as fixed support and the left end as free end. The load form is pressure, and the acting surface is the wall of the pneumatic channel.



	
Open the large deformation mode (for the simulation of elastomer with large deformation), and set the maximum number of iteration sub-steps to 10,000.



	
Start simulation calculation to obtain strain and stress data and cloud image








4.1. Parameter Settings


The viscosity parameter at a certain magnetic induction strength is converted into the material’s shear modulus, replacing the magnetorheological fluid’s properties to determine the influence on the system deformation under different working conditions through simulation.



A disc-type electromagnet is selected, and its structural parameters are shown in Table 4.




4.2. Deformation Simulation


4.2.1. Deformation Simulation without Magnetic Field


The constitutive model is established through the Yeoh model, and its density function is expressed as binomial parameters in the form of:


  W =  C  10   (  I 1  − 3 ) +  C  20     (  I 1  − 3 )  2   



(18)




where    I 1  =  λ 1  +  λ 2  +  λ 3   ,    λ 1    is the axial stretch ratio,    λ 2    is the radial stretch ratio,    λ 3    is the circumferential primary stretch ratio, and    C  10     and    C  20     are the constant coefficients of the Yeoh model silica gel materials. Make the material constant coefficients    C  10   = 0.11  , and    C  20   = 0.02  .



The theoretical model of a single soft joint is taken as the object, and the bending deformation angle is observed by applying 0–125 kPa gas pressure to a single channel of the flexible actuator, as shown in Figure 7.



It can be seen from Figure 7 that the bending angle of the soft body joint gradually increases with the increase of gas pressure, the stress concentration appears on the side close to the gas source, and the stress gradually decreases on the side away from the air source. With the increase of deformation, the stress concentration area begins to expand inward. The relationship curve between gas pressure and joint deformation is shown in Figure 8.



It can be seen from Figure 8 that, when the gas pressure changes from 0 to 111 kPa, the deformation is roughly linearly related with the increase of gas pressure, and the deformation is significantly deformed with the increase of gas pressure after 111 kPa, which is prone to excessive material stress concentration and the risk of material rupture caused by over-deformation.




4.2.2. Pressurize Single Channel with Different Magnetic Fields


The coupling of the soft gas channel and magnetorheological fluid is simulated by the fluid-solid bidirectional coupling method, which requires much calculation and has low simulation efficiency.



After analyzing the properties of the Mr fluid layer, it is found that the properties of the magnetic fluid are closer to those of the solid when the viscosity of the magnetic fluid is more significant, so the magnetic fluid properties are considered to be transformed into the viscoelasticity of the stable. In the bending deformation of the pneumatic channel, the internal magnetic fluid is mainly subjected to the shear load imposed by the inner wall of the track. When the stiffness of the magnetic fluid is more muscular, the response to the shear load is more robust, and the shear modulus of the solid is larger. Therefore, according to the positive correlation between the shear modulus of the magnetic fluid and its viscosity, the material of the magnetorheological liquid layer is set as a solid with a different shear modulus. In statics, the shear modulus of solid material is used to simulate the viscosity of the magnetic fluid, and the simulation of deformation under different viscosities of magnetic fluid is completed. The contact form between the magnetorheological liquid layer and the software channel:friction constraint is adopted; that is, normal separation and tangential slip are allowed. The validity of the model was also confirmed in the subsequent experimental phase.



Table 5 shows other gradient gas pressures for a single track.



As shown in Figure 9, when the viscosity is 55 Pa·s and the gas pressure is 25 kPa, 50 kPa, 75 kPa, 100 kPa, and 125 kPa, respectively, the deformation amount of soft joint gradually increases with the increase of air pressure.



When a single channel is introduced to a gas pressure of 75 kPa, there are bending and stress changes, as shown in Figure 10, and the viscosity increases gradually as the magnetic field increases. By comparing the bending degree of soft joints with viscosities of 0.15 Pa·s, 15 Pa·s, 38 Pa·s, 55 Pa·s, and 72 Pa·s, it can be seen that the greater the viscosity is, the less obvious is the joint deformation, the less obvious is the surface stress, and the greater is the shear force.



Similarly, since the working conditions of channel 1, channel 2, channel 3, and channel 4 are the same, the analysis results of gas pressure entering other media can be obtained by the same analysis method.




4.2.3. Pressurize the Two Channels under Various Magnetic Fields


To study the influence of variable stiffness on omnidirectional deformation, conditions of 1–5 were applied to adjacent channels one and 2, as shown in Table 6. The two adjacent channels with viscosity 55 Pa·s simultaneously pass the gas pressures of 15 kPa, 30 kPa, 45 kPa, 60 kPa and 75 kPa, and the bending angle and stress simulation diagrams of the soft joint are shown in Figure 11.



When the gas pressure of 75 kPa is introduced into the adjacent two channels, there are bending and stress changes, as shown in Figure 12, and the viscosity increases gradually as the magnetic field increases. By comparing the bending degree of soft joints with viscosities of 0.15 Pa·s, 15 Pa·s, 38 Pa·s, 55 Pa·s, and 72 Pa·s, it can be seen that the greater the viscosity is, the less obvious is the joint deformation, the less obvious is the surface stress, and the greater is the shear force.





4.3. Variable Stiffness Simulation


In this section, the variable stiffness model is established for stiffness simulation analysis, and the stiffness analysis method is determined in Section 3.2. In measuring the variable stiffness characteristics, the magnetic induction strength of the electromagnetic field is used to reflect the variable stiffness characteristics of the magnetorheological fluid.



When the driving module is fed with 75 kPa air pressure, the variable stiffness system is under the applied currents of 0.1 A, 0.2 A, 0.3 A, 0.4 A, and 0.5 A, respectively. As shown in Figure 13, with the increase of the external magnetic field strength, the stiffness of the drive module increases, and the deformation decreases.



Under the magnetic field of a 0.4 A applied current, when the pressures of the drive module are 0 kPa, 25 kPa, 50 kPa, 75 kPa, 100 kPa, and 125 kPa, as shown in Figure 14, with the increase of deformation, the magnetic field at the center of the two electromagnets changes from strong to weak and then to vigorous.





5. Test


5.1. Experimental Design


To verify the correctness of the theoretical and simulation results, a test platform for the analysis of rigid and flexible characteristics of modular soft joints was built. As shown in Figure 15, two brake clamps constrain the inflatable end and the magnetorheological liquid end, so that the whole structure is in a horizontal state. The bending sensor, a flex sensor 4.5, is attached to the axial direction of the joint to measure the bending angle. When the flex sensor 4.5 is bent, its resistance value changes. The bending state is detected by measuring its resistance. Thus, by changing the magnetic field strength of the electromagnet, its stiffness is variable.



Several experiments were conducted to verify the deformation and variable stiffness effects. Two sets of deformation tests were conducted to test the influence of the combination of positive and negative pressure gasses with different pressures on the deformation characteristics of the modular joint. The relationship between gas pressure and joint deformation was tested, and the degree of bending deformation in different directions was measured. Through the variable stiffness experiment, the influence of the variable stiffness characteristic on the bearing capacity of the drive module was tested.



5.1.1. Deformation Test


Firstly, the effect of the combination of positive and negative pressure gas changes at different pressures on the deformation characteristics of modular joints is tested. The air pressure of the positive pressure reducing valve is adjusted to 100 kPa. The air pressure of the negative pressure reducing valve is adjusted to −50 kPa. The action of the reversing valve group in the pneumatic system is adjusted in turn, and the actual joint deformation effect is shown in Figure 16, and the deformation is shown in Table 7.



As can be seen from Table 7, 100 kPa gas pressure is injected into channels 1, 2, 3, and 4 from state 1 to state 4, the joint deforms to the positive direction of the Y axis, the positive direction of the X axis, the negative direction of the Y axis, and the negative direction of the X axis, respectively, with a deformation amount of 10 mm. States 5~8 are the joint channel combined into 100 kPa gas pressure. The soft joint deformation to the first quadrant, the second quadrant, the third quadrant, and the fourth quadrant of the diagonal direction of deformation is 10 mm. According to the size of the gas pressure through the two channels to determine whether the bulging tip is biased to the X axis or Y axis, if the gas pressure through the two channels is the same, the joint will undergo convex deformation in the direction of the quadrant angular bisector. In states 9 to 12, based on states 1 to 4, −50 kPa gas pressure is applied, and the deformation of soft joints is 13.5 mm. The bulging deformation effect is enhanced.



To test the relationship between gas pressure and joint deformation and the degree of bending deformation in different deformation directions, an embedded pneumatic network channel is selected in the experimental flexible joint, and embedded pneumatic network channel 1 is set in this experiment. The pressure-reducing valve controls the pressure gradient of input channel 1, as shown in Figure 17.



The resistance values fed back by bending sensors of different gas pressures in Table 8 are converted into bending angles through the related images of bending sensor resistance values and bending angles, as shown in Figure 18a. Then the bending angle is converted into the deformation amount through Equation (7) to obtain the image between the gas pressure and the experimental deformation amount, as shown in Figure 18b.



It can be seen from Figure 18b that the deformation of the experimental flexible joint gradually increases with the gas pressure increase, and its change trend is basically the same as the modeling and simulation results. Using the above method of verifying the relationship between gas pressure and deformation of channel 1, the relationship between gas pressure and deformation of channel 2, channel 3 and channel 4 can be obtained similarly. The relationship between gas pressure and deformation in theory, simulation, and test results is compared, as shown in Figure 18c.



It can be seen from the figure that the relationship between gas pressure and deformation of channel 2, channel 3 and channel 4 has the same change trend as the relationship image of channel 1, and the deformation of experimental flexible joints gradually increases with the increase of gas pressure. In the comparison of theory, simulation, and test results, the deformation of soft joints gradually increases with the increase of gas pressure. The change trend is consistent, and the test results are consistent with the modeling and simulation results.




5.1.2. Variable Stiffness Test


To analyze the effect of variable stiffness on the bearing capacity of soft body joints, the test setup equates the variable stiffness structure to a simple support beam structure, hangs a stage at the midpoint of the joint, and places weights to apply a constant force to measure the bending angle of the joint through the bending sensor. The relation between the bending angle,  θ , and the elastic modulus,  E , of the flexible joint is:


  E =   F  L 2    16 θ I    



(19)




where  F  is the concentrated force, namely the gravity of the weight,  L  is the length of the flexible joint, and  I  is the moment of inertia. According to Equation (18), the larger the flexural angle of the test flexible joint is, the smaller is the elastic modulus, and the smaller is the stiffness. According to the above principles, the influence of different applied currents on the stiffness characteristics is analyzed.



Use crab clamps to restrain both ends of the flexible joint to align it in a horizontal position, record its initial position without load through the bending sensor, and then adjust the resistance values of the rheostat to 60  Ω , 70  Ω , 80  Ω , 90  Ω , 100  Ω , and 110  Ω , respectively, place 1 kg and 2 kg weights on the stage, and after it is stabilized record the final position of the flexible joint after the load is applied by the bending sensor to obtain the flexible joint bending angle under different loads. Figure 19a shows the state before the flexible joint becomes stiff, and Figure 19b is the state after the flexible joint becomes stiff.



By converting the rheostat resistance into applied current through the relationship between electromagnet resistance and current, the bending angle of flexible joints with 1 kg load and 2 kg load under different applied currents can be obtained, and the result is shown in Figure 20.



As can be seen from Figure 20, the bending angle is approximately linear with the change of applied current. When the load is 1kg, and the applied current is 0.47 A to 0.57 A, the bending angle changes gently. With the increased applied current, the weak joint’s bearing capacity and bending strength are enhanced. With the applied current’s rise, the flexible joint’s bending angle gradually decreases. The stiffness effect gradually increases, consistent with the theoretical results.






6. Conclusions


In this paper, a pneumatic modular joint with full deformation and dynamic stiffness adjustment is designed and fabricated. Its deformation and variable stiffness characteristics are analyzed theoretically, simulated and experimentally, and the rigid-flexible coupling characteristics of the soft joint are revealed. Specific conclusions are as follows:




	(1)

	
The deformation and variable stiffness models are established, and the gas pressure and deformation amount, and the correspondence between the magnetic field strength and the stiffness of the drive module, are obtained.




	(2)

	
Through finite element simulation analysis, the change law of pressure and deformation under different stiffness conditions is obtained, and the change law of magnetic field strength and joint stiffness under different deformation conditions is considered.




	(3)

	
Experiments verify the theoretical analysis, and the experiments show that, under the simultaneous action of deformation and variable stiffness, the compliance and bearing capacity are taken into account, and the experimental results of the drive module are in good agreement with the calculation and simulation results of the theoretical model.
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Figure 1. Modular joint. 






Figure 1. Modular joint.
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Figure 2. Section of air chamber. 
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Figure 3. Articular structure. 






Figure 3. Articular structure.
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Figure 4. Change under a magnetic field of magnetorheological liquid. (a) Schematic diagram of magnetorheological fluid flow without magnetic field; (b) damping torque of strong magnetic field. 
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Figure 5. Magnetization properties of magnetorheological fluids. 
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Figure 6. Shear modulus of magnetic fluid under different magnetic induction intensities. 
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Figure 7. Strain maps of joints at different pressures. 
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Figure 8. Variation of deformation with gas pressure. 
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Figure 9. Deformation of a single channel with different gas pressures (τ = 15 Pa·s). 
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Figure 10. Deformation simulation of different viscosities (P = 75 kPa). 
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Figure 11. Deformation simulation of two adjacent channels with different gas pressures (τ = 55 Pa·s). 
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Figure 12. Corresponding deformation of two adjacent channels at different viscosities (P = 75 kPa). 
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Figure 13. Distribution of magnetic field under different currents at 75 kPa. 
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Figure 14. Magnetic field distribution with different gas pressures at 0.4A current. 
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Figure 15. Analysis test of rigid-flexible coupling characteristics. 
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Figure 16. Actual deformation effect of flexible joint. 
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Figure 17. Flexural degree of flexible joint under different air pressure. 
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Figure 18. Deformation correlation graph. 
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Figure 19. Experimental setup before and after variable stiffness. (a) Before changing stiffness; (b) after varying stiffness. 
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Figure 20. The relationship between applied current and flexible joints bending angle under different loads. 
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Table 1. Performance of silicone rubber 50 A.
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	Property
	Argument





	Hardness
	50 A



	Tensile strength
	7.5 MPa



	Elongation at break
	350%



	Tear strength
	18 N/mm



	Shore hardness
	65



	Flame retardant grade
	UL94 V-0



	Operating temperature range
	−60 °C to +200 °C



	Dielectric strength
	20 kV/mm



	Volume resistivity
	1 × 1014 Ω-cm
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Table 2. Structural parameters of the air cavity.
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	Parameter
	Value





	The thickness of a single air chamber constraint layer
	  a  



	The thickness of the cavity wall in the length direction of a single cavity
	  d  



	Cavity wall thickness in the height direction
	  d  



	Cavity wall thickness in the width direction
	  d  



	The length of the cavity in the direction of the height of a single air cavity
	   b + c − d   



	Single air cavity length direction empty cavity length
	  e  



	Width direction cavity length
	   g − 2 d   



	The spacing between air cavities
	  f  



	Width of vent between air cavity and air cavity
	  h  
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Table 3. Bending angles of joints under different pressures.
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	P (kPa)
	0
	25
	50
	75
	100
	125



	θ (°)
	0
	27.8
	51.4
	120.3
	165.4
	335.3
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Table 4. Structure parameters of the electromagnet.
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	Diameter

(mm)
	High (mm)
	Table Magnetic Intermediate Magnetic Field Strength (T)
	Nominal Voltage (V)
	Weight (g)





	35
	30
	0.1
	24
	200
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Table 5. Parameter setting of simulation conditions for pressurizing single channel.
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	Working Condition
	Viscosity (Pa·s)
	Gas Pressure (kPa)
	Gas Pressure (kPa)
	Gas Pressure (kPa)
	Gas Pressure (kPa)
	Gas Pressure (kPa)





	1
	0
	25
	50
	75
	100
	125



	2
	15
	25
	50
	75
	100
	125



	3
	38
	25
	50
	75
	100
	125



	4
	55
	25
	50
	75
	100
	125



	5
	72
	25
	50
	75
	100
	125
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Table 6. Simulation condition parameter setting for double channel pressurization.
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	Working Condition
	Viscosity (Pa·s)
	Gas Pressure (kPa)
	Gas Pressure (kPa)
	Gas Pressure (kPa)
	Gas Pressure (kPa)
	Gas Pressure (kPa)





	1
	0
	15
	30
	45
	60
	75



	2
	15
	15
	30
	45
	60
	75



	3
	38
	15
	30
	45
	60
	75



	4
	55
	15
	30
	45
	60
	75



	5
	72
	15
	30
	45
	60
	75
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Table 7. Deformation analysis.
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Channel

Number

	
1

	
2

	
3

	
4

	
The Deformation

L0-L1

(mm)




	
State

	






	
1

	
+

	
0

	
0

	
0

	
10




	
2

	
0

	
+

	
0

	
0

	
10




	
3

	
0

	
0

	
+

	
0

	
10




	
4

	
0

	
0

	
0

	
+

	
10




	
5

	
+

	
+

	
0

	
0

	
10




	
6

	
0

	
+

	
+

	
0

	
10




	
7

	
0

	
0

	
+

	
+

	
10




	
8

	
+

	
0

	
0

	
+

	
10




	
9

	
+

	
0

	
-

	
0

	
13.5




	
10

	
0

	
+

	
0

	
-

	
13.5




	
11

	
-

	
0

	
+

	
0

	
13.5




	
12

	
0

	
-

	
0

	
+

	
13.5








Note: Positive pressure is “+,” negative pressure is “-”, impassability is “0”.
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Table 8. Resistance values of bending sensors with different gas pressures.






Table 8. Resistance values of bending sensors with different gas pressures.





	Air pressure (kPa)
	0
	25
	50
	75
	100
	125



	The sensor (KΩ)
	25
	26.5
	27.2
	28.1
	31.8
	34.2
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