Design of a self-adaptive gripper with rigid fingers for Industrial Internet
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Abstract
Grippers are widely used in Industrial Internet for facilitating various operations such as logistics, materials handling, assembly, etc. Current grippers are specifically designed for a specific application so that it is difficult to adapt to a wide variety of shapes and sizes. Soft grippers have been developed to grasp objects with high surface complexity in Industrial Internet. Some challenges such as low controllability and long response time still exist. Rigid robot gripper shows good characters like robustness, accuracy and short response time. This paper thus presents a robot self-adaptive gripper using rigid fingers, where four rigid fingers are connected by springs that are tied to a screw rod. The screw rod is actuated by a rotary motor. Tip force of the fingers could be precisely controlled by the linear movement of the screw rod. The shapes and sizes of the object could be adaptively grasped due to the elasticity of the connecting springs. The proposed gripper is tested and verified to be highly flexible and controllable so that it could be suitable for most of the applications in production systems in the context of Industrial Internet.
Keywords: Self-adaptive, rigid gripper, fingers, springs, hysteresis, Industrial Internet.
[bookmark: _GoBack]1. Introduction
In recent years, there have been great advances in industrial Internet of Things (IIoT) and its related domains, such as industrial wireless networks (IWNs), big data, and cloud computing. These emerging technologies will bring great opportunities for promoting industrial upgrades and even allow the introduction of the fourth industrial revolution, namely, Industry 4.0 [1-3]. In the context of Industry 4.0, more and more types of robot arms and manipulators are proposed to finish repetitive work in the industrial process so as to reduce workload of human workers [4, 5]. Industrial robotic grippers have a pivotal role in modern automation since they constitute the end-of-arm of robotic manipulators and thus, they are in direct contact with the workpiece. Grippers as end-of-arm tools have to perform their tasks under demanding requirements in modern mass production because handling operations [6, 7].Besides, with the development of remote control and cloud computing, self-adaptive gripper is demanded, which would reduce the control precision and workload [8].
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]However, the increasing demand in modern society pushed the manufactory of complex products with a large variety of sizes and shapes [9, 10]. Current grippers are specifically designed for a single application and they are not flexible enough to adapt to a wide variety [11, 12]. In order to cover the industrial process with increasing complexity, novel types of mechanical end effecters with high flexibility, robustness and short response time have been investigated and developed to take the place of traditional low-flexibility end effecters [13, 14].
Among the end-effecters developed before, soft-bodied gripper and rigid-bodied gripper are two main structural schemes adapted to achieve the grasp of objects. Soft gripper has been developed and known that it has made full-automatic production line more possible [15, 16]. With new materials and new grasping scheme developed recently, the flexibility of soft gripper improved a lot. Generally, there are three types of grasping schemes: gripping by actuation, gripping by controlled stiffness, and gripping by controlled adhesion [17]. The soft grippers applying the scheme of gripping by actuation are FEAS [18-20], DEAs [21, 22], IPMCs [23], etc. There remain many challenges for gripping by actuation, including obtaining sufficient forces, controlling force and force distribution, especially for handling deformable objects. However, flat objects are not suited to this method [24, 25]. The under-actuated robotic gripper is also flexible [26, 27].Because it has only two fingers, which can grasp objects of limited shapes. The soft grippers applying the scheme of gripping by controlled stiffness are LMPAs, SMPs, etc. The stiffness of such grippers can be easily tuned. However the response time of thermal system is too long [28]. The soft grippers applying the scheme of gripping by controlled adhesion are [29, 30]. There is no existing soft end effecter that shows good controllability of the tip force. Besides, most types of soft grippers have a relatively long response time. Besides, there is a novel type of robot and underactuated hand based on soft robotic technology [31]. Although this kind of robot hand can well imitate human movements, it is troublesome to operate. It requires adjusting the air pressure of five fingers when picking accurately. 
[bookmark: OLE_LINK7]Therefore, we proposed a novel rigid-body adaptive gripper with relatively high flexibility zero response time and good control ability is proposed in this work, which is expected to be an applicable gripping scheme in industrial Internet of Things (IIoT) and its related domains. In the test, the novel gripper also shows good robustness and load performance. Structural stiffness and fraction property could be further improved by applying new materials in later works. The rest of this paper is organized as follows. Section 2 talks about the design in terms of the function, structure and working principle, as well as parameter setting. Section 3 reports on the analysis from different perspectives. Section 4 presents the characteristic of the self-adaptive gripper. Section 5 concludes this paper by giving our contributions and future work.
2. Design of the self-adaptive gripper for Industrial Internet
This section presents the design of the proposed self-adaptive gripper, including the design of function, structure, and parameters.
2.1. Function
The proposed self-adaptive gripper is designed to grip objects of various shapes, sizes, weights, stiffness, and orientations safely in order to suit the situations under Industrial Internet. Four fingers and a holder are integrated in the gripper. The fingers are installed on the holder by hinges as is shown in Fig. 1(a).
For small objects, the gripper can pinch them with the four fingertips (Fig. 1(b)) or grasp (fully grip) them by closing all fingers (Fig. 1(i)). For large objects, the gripper opens the fingers with enough span first and then pinches or grasps them (Fig. 1(e)). For some soft objects, the gripper pinches or grasps them by tuning the force (Fig. 1(h)). For sheet objects, the gripper pinches them on the tip of fingers (Fig. 1(d)). For complex objects, the fingers can shift the angle to fit the surface of object (Fig. 1(f)). For objects with an open cavity such as cups and tanks, the gripper can grip them on their inner surface by extension motion of the fingers (Fig. 1(g)). For grasping and placing objects in different angles, the gripper has good adaptability to the working environment (Fig. 1(j), 1(k), 1(m)). 
Gripping force can be controlled by different kinds of springs with different stiffness coefficients and the place of movable block which help the gripper grip objects of various weights. The number of fingers and the end of fingers shape can also be changed to help pinch objects.
[image: ]
Fig. 1 Different motions are achieved by opening different angles.
[image: ]
Fig. 2 Structure and dimensions of the self-adaptive gripper. (a) 1/3 cutaway view of the gripper assembly. (b) Geometric parameters in front view.
2.2. Structure and working principle 
Fig. 2(a) shows the assembly of the self-adaptive gripper, which is mainly composed of four rigid fingers (made of polymethyl methacrylate). Please note that the shell shown in Fig.2 is a simplified 3D model. The real shell used in the test is made of Acrylic sheet, as is shown in Fig.3. The screw nut and linear bearing are installed in the movable block. The linear movement of the movable block is supported by the axle and the linear bearings. The middle part of the finger and the movable block is connected by spring 1. The upper end of the finger and the movable block is connected by spring 2. The working principle is introduced as follows. (In order to simplify, the process of fetching is shown in Fig. 1(i))
1) The self-adaptive Gripper driven by the robotic manipulator approaches the target object.
2) The upper motor of the gripper drives the screw nut to move up. Spring 2 restore the original length and spring 1 gets stretched. The tip of fingers moves towards the center and contacts the surface of the object.
3) The screw nut continues to move up to increase tip force of the fingers. At the same time, if the morphology of the object is complex (Fig. 1(f)). The center of the finger will move to adapt to the outline of the object. The net force of frictional and grasping forces on the tip of the gripper keeps the object stable. Finally, the object leaves the desk due to the movement of the robot arm.
The core gripping principle of the self-adaptive gripper is described as follows. 
1) When the fingers expand outward, the spring 1 is stretched and the spring 2 is returned to keep the object from falling. Moreover, when the fingers gather inward. The springs can also hold the object when the gripper is not vertically downward (Fig. 1(j), 1(k), 1(m)). 
2) Some fingers will firstly touch the object and others later when grasping a complex surface object. The length of each spring will be different. Therefore, the grasping force of the fingers of the object will be different.
2.3. Parameters Setting
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Geometric parameters of the proposed self-adaptive gripper are shown in Fig. 2(a) and Fig. 2(b). These parameters are mainly designed according to common size of griper appeared in recent works. For example, to ensure proper variable range of open span, the length of the fingers should be designed suitably. The grasping force as well as the open span are closely related to the length of each finger. Literally, the longer the fingers, the wider the open span would be. But the grasping force would decline as the length of the fingers increases. Besides, other factors like the attribute of spring and fractional coefficient on the tip of each finger also attribute to the self-adaptive gripper. The Geometric Parameters of the proposed gripper and the attribute parameters are listed in Table 1. The circumstances of gripping objects with different shape are shown in Fig.3, where (a)~(c) shown gripping gesture with the screw nut set at different position, (d)~(e) shown Working conditions in different angles.
Table 1．Geometric Parameters of the self-adaptive gripper
	Parameters
	Symbol
	Values

	Effective length of the finger
	
	65mm

	Sectional of the finger
	
	8mm x 5mm

	The length of the spring 1
	
	55mm

	The length of the spring 2
	
	40mm

	The length from the spring 2 connection to the hinge
	
	10mm

	The length from the spring 1 connection to the hinge
	
	70mm

	The length from the spring 1 connection to the end of finger
	
	70mm

	Effective length of the screw rod
	
	80mm

	Overall size
	
	

	Total weight
	G
	833g

	The spring rate of spring 1
	
	0.2N/mm

	The spring rate of spring 2
	
	0.2N/mm

	The static friction coefficient of the end of finger
	
	0.5


[image: ]
Fig. 3 Images of the self-adaptive gripper. (a) The movable block is at the middle of the screw rod, the fingers keep normal. (b) The movable block is in the top of the screw rod, the fingers closed. (c) The movable block is in the end of the screw rod, the fingers opened. (d)  and (e) is Working conditions in different angles. 
3. Analysis
To demonstrate the structural stiffness and the workspace of the self-adaptive gripper, we modeled the force condition of one of the fingers, as is shown in the section Statics. Besides, the stress of the material is analyzed using SOLIDWORKS/SIMULATION, which is proposed in section Stiffness. The workspace of the self-adaptive gripper is analyzed in section Workspace.
3.1. Statics
To better illustrate the geometry feature of the gripper, the target object is considered as spherical, all the components are considered as rigid body. And the mass of each component is regarded as 0 during the calculation. As the four fingers are placed symmetrically, only one finger is modeled, as is shown in Fig.4.
[image: ]
Fig. 4(a) Geometric parameters. (b) Force condition.

The linkage of spring 2 and finger is A. The linkage of spring 1 and finger is B. The fixed hinge is C. The contact point of object and the tip of the finger is D. AB=, BC=, DC=, the diameter of the object is d. The distance between the spring 1 , spring 2 and movable block from the centerline link to C is , and the distance from the link to C is ; The angle of spring 1 and finger is , The angle of spring 2 and centerline is ; The angle of finger and centerline is . The force from object to fingers is ; The force from spring 2 to finger is ; The force from spring 1 to finger is ;  is horizontal force in hinge C, and the vertical force is , the friction force between the object and the end of finger. T is the force of the screw rod on the moving block. 
According to the statics analysis, the force condition of the moveable block could be expressed as:
					 (1)
						     (2)
                	     (3)
              	     (4)
Force condition of each finger could be expressed as:
   			 (5)
 		    	 (6)
       		    	 (7)
                                       	         (8)
Combine equation (5) ~ (8), the frictional force f on the tip of each finger could be expressed as:
                                                   (9)
                            	             (10)
                         		           (11)
                            	           (12)
                         			    	   (13)
Combine equation (9) ~ (13), the frictional force f on the tip of each finger could be expressed as:
               	                    (14)
According to (2) and ，the mass of the target object could be expressed as:
	                    (15)
Where n is the number of the gripper and F2 could be described as: 
                    (16)
[bookmark: OLE_LINK2]Where  is the spring rate of spring 1,  is the net force of tension of each finger.
3.2. Stiffness
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]When objects of different size and shape are grasped, the stress condition of each finger differs. For instance, when grasping small size objects, the stress surface would be the end of the tip area of each finger, as is shown in Fig. 5. The combination of fraction and thrust keeps the object from falling. The stress condition of one finger when grasping the same object in different positions of finger ends are listed in Fig. 6. The stress surface can be divided into eight areas shown in Fig. 7(b). The eight areas are marked with a ~ h respectively. And the Von Mises stress of different area are listed in Fig. 7(c) according to simulation results.
[image: ]
Fig. 5 Actual force in different positions of finger ends. (a), (c) and (g) shows the middle part of the end of the finger being stressed. (b) and (e) shows the tip part of the end of the finger being stressed. (d) and (f) shows the bottom part of the end of the finger being stressed.
[image: ] 
Fig. 6 Simulation of Von Mises stress on finger ends at different positions.
[image: ]          
[bookmark: OLE_LINK1][bookmark: OLE_LINK10][bookmark: OLE_LINK11]Fig. 7 (a) Parameters of the finger ends. (b) Division of each part of finger ends. (c)The Von Mises stress of plastic deformation at each part of finger ends.
[bookmark: OLE_LINK12]In the simulation, we use a ~ h part of finger ends to grab a size of 60mm sphere. When the screw nut is at the top of the screw rod, the force of gripper is maximum, where ,  and . According to (3) and (4), , . According to the simulation of Von Mises stress on finger ends at different positions shown in the Fig. 6. The Von Mises stress is continuously increasing when pressure point is located at c ~ d of the finger ends, where the clamping force and frictional force are the main contributing forces. The Von Mises stress increases rapidly when pressure point is located at e ~ f of the finger ends, where clamping force, frictional force and supporting force are the main contributing force of the object. However, at g ~ h, the Von Mises stress increases, mainly due to the morphology of the structure. Since part a is at the bottom of the finger ends, the stress concentration points are located at a, as can be seen in Fig. 6 a.
3.3. Workspace
Usable workspace of the gripper includes open span of the ﬁngers. The relation between the success rate and the number of the fingers installed on the gripper is shown as follows:
[image: ]
Fig. 8(a) Grapping space at the front of gripper. Red lines are special positions of the fingers. (b)The cyan area is the range of workspace.
The maximum range of grasping is a circular area with the radius of L. The success rate of grasping object varies with the number of the fingers. The diameter of the target object is marked with D the maximum and minimum diameter of the grasping object is marked with  and  respectively, as is shown in Fig. 8(b). When diameter D is in the range of  and , the object can be possibly picked up or dropped. The usable and unusable grasping areas are marked with and  respectively.
The ratio of usable workspace to the whole reachable space is known as: 
      							    (17)
Where
 			     		    (18)
        			   			        (19)
When  . Then
     				       	 (20)
When  > , the grasping object would certainly be picked up, the success rate of grasping is 100%,  = 1.
To find out the relation between the success rate and the number of the fingers, simulation was conducted on the gripper, when ，and n = 4,5,6,7,8, respectively, the ratio between the diameter D and the success rate of grasping is depicted in Fig. 9(a) by simulation. When  = 1, the relation between the diameter D and the ratio of D to the whole grasping area is shown in Fig. 9(b).

[image: ]
Fig. 9(a) The relationship between the number of fingers and success rate. (b) The relationship between the number of fingers and the diameter of objects when the success rate i=1. 
The relationship between the number of fingers and success rate is shown in Fig. 9(a). The success rate varying with the size of the object is also shown in Fig. 9(b). When D <  and the range of the whole reachable workspace is constant, the usable workspace increases as the number of the finger increases. When i=1, the minimum diameter decreases as the number of the finger increases. As is shown in Fig. 9(b), the success rate of grasping is always higher than 60% when n > 3. So the proposed gripper has a relatively large range of grasping.
4. Gripping functions
This section presents the characteristic of the self-adaptive gripper, including the test of size, shape, flexibility, orientation and controllability.
4.1. [bookmark: OLE_LINK21][bookmark: OLE_LINK22]Common characteristic test
[image: ]
Fig. 10 Gripping objects of different shapes that are common in daily life. (Mouse, watch, Tin solder wire, line, knife, pincers, scissors, phone, headset, toilet paper and so on.)
[image: ]
Fig. 11 Gripping objects of different orientations. (a) The angle between the self-adaptive gripper and the horizontal direction is 90 degrees. (b) The angle between the self-adaptive gripper and the horizontal direction is 45 degrees. 
[image: ]
Fig. 12 Griping poises of different weight and size in different poses. (a) ~ (g) Pinch poise ((a)1g, φ6mm; (b) 2g, φ6mm; (c) 5g, φ8mm; (d) 10g, 10mm; (e) 20g, φ12mm; (f) 50g, φ18mm; (g) 100g, φ22mm;) ；(h) grasp poise (200g,φ28mm) ； ( i ) grasp poise of heavy weight (500g, φ38mm). 
The gripping functions presented in the Function section (Fig. 1) is tested in this part. The proposed self-adaptive gripper can grip objects of different shapes and sizes using different gripping methods, as is shown in Fig. 10. Gripper can grasp objects in all directions of space, as is shown in Fig. 11. Further, the gripper can grip objects of different weights and sizes by different gripping methods and gripping force, as shown in Fig. 12. Therefore, the proposed self-adaptive gripper is verified to be versatile and adaptable to gripping objects of various shapes, sizes, weights, and orientations. In addition, this self-adaptive gripper using rigid fingers does not need pneumatic control, which is suitable for the industrial Internet of Things (IIoT) and its related domains.
4.2. [bookmark: OLE_LINK20]Controllability test
[image: ]
Fig. 13 (a)Experiment setup for testing the finger tip of self-adaptive gripper. (b) The results of the experiment. 
Fig. 13 shows the experiment setup for testing controllability. To test the tip force, a load cell (AT8502, China, scale 3kg, accuracy 0.06%) is used, which is fixed on an aluminum frame. The screw nut on the screw rod is driven upward by the motor, driving the fingers to contract and touch the load cell fixed on the aluminum frame though the connecting springs. The experiment was repeated several times to better test the tip force. The relationship between the tip force and the angle of motor rotation is depicted in Fig. 13 (b). According to the curve shown in Fig13 (b), The response time is supposed to be short, while other kinds of soft gripper where pneumatic actuator are applied need longer time to acquire certain working pressure before movement[17]. As the curve shows, the response time is verified to be short. The relation of tip force and rotation angle is shown to be non-linear when finger just touched the load cell, which is probably due to assembly error. When the rotation angle increases continuously, tip force and rotation angle show a linear relation, and the results of repeated tests almost coincide with this relation. The result means that the force distributed on the finger can be accurately controlled by the motor without delay. Thus, the proposed rigid gripper has a better controllability and shorter response time than most soft grippers existed, which has high nonlinearity, serious hysteresis, and poor repeatability. The nonlinearity is mainly determined by nonlinear mechanics of the soft materials, such as hyper elasticity of the latex bladder[32], which is never a problem for a rigid self-adaptive gripper.
5. Conclusion
This paper proposed a self-adaptive gripper using rigid fingers. The fingers are connected to a movable block that is attached to a screw rod with screw nut. The screw rod is actuated by a rotational motor. The screw nut attached to the screw rod can move linearly. The gripping function is achieved by the centripetal contraction of the fingers driven by the linear movement of the screw nut. The gripper is adaptable to gripping objects with a variety of sizes and shapes due to the elasticity of the springs. Compared with soft grippers, the rigid gripper proposed in this work has a shorter response time and a relatively equal adaptability. Correlated analysis and test of the adaptability are conducted on the gripper. 
[bookmark: OLE_LINK4][bookmark: OLE_LINK19][bookmark: OLE_LINK13][bookmark: OLE_LINK14]Analysis shows that the maximum open span is a 230mm with an initial value of 110mm. The success rate of gripping is positively related to the number of the fingers and the diameter of the gripping object. The tests show that the proposed gripper can be accurately controlled when grips objects of various sizes and shapes in time. The objects can be gripped in various orientations. The maximum weight of the gripper in the vertical direction is 500g. The contributions of this work include: (1) a development of a self-adaptive gripper with rigid fingers with a combination of rigid fingers and springs; (2) the analysis of gripping force by finite element analysis and gripping test; and (3) common characteristic test of gripping objects of all kinds of shapes. The proposed novel self-adaptive gripper has high rigidity and flexibility, which makes it has good robustness and load performance. Besides, the novel self-adaptive gripper is capable of self-locking. After successfully gripping the object, the gripper can use its self-locking property to maintain the state of gripping. This is a good application for industrial robots that need to gripping objects for a long time. When more than 3 fingers are installed on the gripper, the success rate of gripping will be more than 60%. Thus the proposed self-adaptive gripper is verified to have high flexibility, controllability and robustness. The present model is helpful to design rigid-body adaptive gripper and expected to be a applicable gripping scheme in industrial Internet of Things (IIoT) and its related domains. 
The future work will be carried out from the following aspects. Firstly, it will be focused on modeling of the self-adaptive gripper and its force and motion control methods. Tensile tests of the elastic materials will be conducted, and then, the stress-strain relationship can be applied to construct a quasi-static or dynamic analytical model to predict gripping force and motion of the gripper in different working conditions. Secondly, based on the model, an open-loop control method can be used to control gripping force and motion of the gripper. If the open-loop method performs not well, a closed-loop control method will be considered. Then, sensors for capturing the gripping force and motion will be needed. Lastly, the adaptability shown in grasping experiment still has limitations. Therefore, we will further optimize the structure. In addition, we will also find effective control methods of the self-adaptive gripper.
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