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Abstract

:

As a result of the severe natural environment with oxygen deficit in the Antarctic, using conventional manual work to screw and unscrew the drill pipe increases the labor intensity tremendously and causes an efficiency reduction. Therefore, it would be useful to design a clamper inside the drilling shelter, which could help to assemble and disassemble the ice core barrel with screw connection. This paper describes the design of and experiments with the clamper inside the movable drilling shelter. A related testing stand was also designed and built to experiment on relationships between the clamper motor current versus clamping torque and force. Through experimental data collation and calculation analysis, the following conclusions could be drawn: (1) according to the rotary ability of the Ice and Bedrock Electromechanical Drill (IBED) to calculate and determine the torque of clamper, the clamping torque required to provide by the clamper is 100 N·m; (2) finite element simulation and analysis of the non-standard transmission chain showed that the mechanical reliability of the subparts; (3) the experimental results showed the range of the clamping force and clamping torque of the clamper. The clamping force and clamping torque increased with the increase of clamper DC motor current, presenting proportional linear relationships. The clamper can meet the clamping requirements of IBED for screwing, unscrewing, and clamping, which will be greatly helpful when it is tested in the field.
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1. Introduction


Drilling ice and subglacial bedrock in the Gamburtsev Mountains has valuable scientific significance in researching the formation of the Antarctic, Australia and South America, which also offers unique opportunities for examining processes acting at the bed of Gondwanaland [1,2,3,4]. Nevertheless, it is very difficult to retrieve a bedrock sample under the ice sheets and glaciers because of the terrible working conditions, such as the low temperature, lack of signal, dangerous crevasse road and limited logistical support, as well as some other effects caused by low temperature. Until now, only Russia and America had successfully retrieved a subglacial bedrock sample from beneath the Antarctic continent [5,6,7].



To drill through ice and subglacial bedrock, a new, modified version of the cable-suspended Ice and Bedrock Electromechanical Drill (IBED) series was designed and tested in the Polar Research Center at Jilin University. To overcome some current problems of this set of IBED, such as poor movability and the long preparation period, related affiliated equipment for drilling in ice and subglacial bedrock were also designed and integrated in a movable drilling shelter. Most operations could be finished inside the shelter. Figure 1 shows the 3D structure of the drilling shelter. The roundtrip of this kind of IBED is 2.5 m, and therefore, penetrating at 1000 m thickness ice requires at least 400 roundtrips to lower down and lift up the drill, disassemble the ice core barrel, and take out the ice core from the core barrel. Considering the severe natural environment with the oxygen deficit and restricted working time in the Antarctic, using conventional manual work to screw and unscrew the drill pipe tremendously increases labor intensity and causes a low efficiency. It is necessary to design a clamper device inside the drilling shelter; after the whole drill body is lifted out from the borehole, the clamper can clamp the upper part of the drill tightly and then the screw-unscrew vehicle can unscrew out the core barrel from the drill body.



This paper describes the design of and experiments with the drill clamper for the IBED series, based on the inside installation size requirements of the movable drilling shelter. It includes: (1) theoretical calculation on key parameters, including the clamping torque and clamping force; (2) finite element simulation and analysis on the stress distribution of non-standard transmission chain of the clamper structure, parameter optimization of subpart; (3) building a test stand to explore relationships between the motor current versus clamping force and torque, respectively.




2. Concept Design of the Clamper Device


Facilities in the drilling shelter for core barrel assembling and disassembling include the clamper device and the screw-unscrew vehicle. After the whole drill body is lifted into the drilling shelter, the clamper device can tightly hold the drill upper part, then the screw-unscrew vehicle can unscrew and remove the core barrel with core for subsequent operations. Total length of the IBED ice core drill is 7.5 m and the core barrel length is 2.5 m, which means that the clamper should be installed more than 2.5 m above the shelter floor. Since the interior height from shelter floor to the ceiling is 2.8 m and the tower needs to be leveled down during then traction state, we chose the second steel beam as the clamper install position (Figure 2). Furthermore, for accurate screwing and unscrewing operations, the cylindrical axis of the two chuck jaws should be homocentric with the drill central axis. In this case, the clamper can execute its action easily and lower the risk of thread stuck caused by drill inclination. Figure 2 shows the clamper installation position in the drilling shelter. Once the clamper is installed, its mechanical assembly will be fixed in the drilling tower, and all pipe clamping and opening motions could be executed by one person through the customized control system.



The interior section of the drilling tower is a steel beam square, with 1 m × 1 m inside space. However, the top pulley takes the drill central axis away from the tower central line, which causes the distance from drill central line to the steel beam to be only 287 mm. Therefore, the clamper should be compactly designed, and the distance from the chuck jaw cylindrical axis to the streel beam inside edge limited to no more than 287 mm.



In view of the extremely natural environment in the Antarctic and the installation dimension requirement of the clamper inside the movable drilling shelter, the implementation scheme of the clamper was proposed, a double-arm clamper driven by motor through transmission chain; Figure 3 shows the working principle diagram of the clamper. When the clamper needs to clamp the drill, the motor rotates in a forward direction, and the torque is transmitted from the motor shaft to the lead screw through the gears. The positive and negative thread are designed on the left and right sides of the lead screw, respectively. Therefore, the forward rotating lead screw drives the two sliding nuts to move away from each other. Meanwhile, the moving nuts on each side turn the respective swing arms through the connecting rod, and finally the two chuck jaws close to each other to clamp the drill pipe. With the similar working principle, the clamper can release drill pipe from chuck jaws holding states by motor reverse rotation.




3. Calculations on Key Parameters of Clamper


The clamping force and maximum clamping torque of the chuck jaw are the two key parameters on the design of the clamper. Therefore, it is necessary to analyze the technical requirements of the clamper before it is designed. According to the actual needs, the clamping force and the maximum clamping torque of the clamper need to be calculated to ensure reliability and effectiveness of the mechanism assembly.



3.1. Clamping Torque of Clamper


One of the clamper functions is to hold the drill upper parts tightly to ensure no relative rotation between them. Therefore, the clamper must be able to provide a clamping torque which is larger than the torque produced by drill unscrewing [8]:


Mc>Mu



(1)




where Mc is the maximum clamping torque which the clamper could generate, N·m; and Mu is the torque required for unscrewing the drill, N·m.



In the field ice drilling conditions, due to the complex situation in the borehole, there are many factors affecting the unscrewing torque and it is difficult to determine the true value. In conventional core drilling, the clamping torque of the clamper is always designed according to the maximum torque during drilling. Ideally, the unscrewing torque should be the same as the maximum output torque [8] of the drill:


Mu=Md



(2)




where Md is the maximum output torque of the drill, N·m.



The IBED is equipped a 3 kW AC 3 × 380-V submersible squirrel-cage induction motor of the Grundfos MS4000 type, which can provide maximum rotational speed of 2850 r/min. In order to meet the requirements of rotational speed in different working conditions including ice drilling and subglacial bedrock drilling, two sets of gear reducers are designed: for ice drilling, the rotational speed of gear reducer is 100 r/min; while for subglacial bedrock drilling, the rotational speed of gear reducer is 500 r/min. From the practical experiences on ice core drillings, the required drill torque values approximately 10–20 N·m, which is far less than the drilling torque required for bedrock drilling. Therefore, the maximum rotary torque of the drill can be determined according to the parameters of bedrock core drilling [9,10]. Drill output torque can be derived from the motor driving torque formula in electromechanics [11]:


Md=9550Pndη



(3)




where P is the motor power, kW; nd is the rotational speed of drill bit, r/min; and η is the transmission efficiency, which is assumed to be 0.85.



Bring the above parameters into the Equation (3):


Md=9550×3500×0.85=48.7 N·m



(4)







Through combining Equations (1)–(4), it is found that the clamping torque required for the clamper should not be less than 48.7 N·m.



However, the calculations above are available in ideal conditions, while in a real drilling process, drilling rigs are always very complicated in the hole. As soon as the drill gets stuck, the drilling torque of the drill bit would go up instantly. At that moment, the drilling torque will react to the threaded joint of the drill pipe and produce an additional screwing torque. Therefore, in a real drilling process, the unscrewing torque of the drill should refer to the maximum torque that may appear during drilling.



In order to obtain the actual torque in core drilling, a testing stand for testing drill bits was designed in the Polar Research Center of Jilin University. The testing stand includes an XY-1 type coring drill rig, a mud pump, a rock box and a drilling parameter detection and control system, and so on. Load, rotational speed, torque, and penetration rate can be measured in real time. The rock sample is fixed in the rock box. Experiment personnel controlled the XY-1 drill rig to drill and core the rock samples. The mud pump makes the drilling fluid circulate from rock box to setting tank, storage tank and drill internal space, and finally return back to the rock box. Meanwhile, rock chips are also pumped into the setting tank and deposit at the bottom [12,13,14,15,16]. The schematic diagram of the drilling parameters testing stand is shown in Figure 4.



Four types of drill bits were tested using this testing stand, including surface-set diamond bit, impregnated diamond bit, tooth-shaped diamond bit and bionic diamond bit. In addition, a torque sensor was assembled in the testing stand to measure the real-time torque, which could obtain the torque parameters with different kinds of drill bits. In the testing, three different drilling loads with 3 kN, 4 kN and 5 kN were tested, which were simulated in the actual drilling load range provided by the cable-suspended drill [17,18,19,20,21]. Figure 5 shows the testing results.



The testing results showed that when the drilling load was less than 4 kN, the drilling torques of all kinds of drill bit were less than 40 N·m, while the drilling load of IBED was designed to be less than 4 N·m, which means the maximum screwing torque of the drill was lower than 40 N·m.



Therefore, the clamping torque should be no less than 48.7 N·m according to the drilling capacity, while the clamping torque according to the real drilling torque should be higher than 40 N·m. Among the two values, the bigger one was chosen and set to integer, with a safety factor values 2.0. Finally, the required clamping torque of clamper was value-estimated as 100 N·m.




3.2. Clamping Force of the Clamper


Conventional clampers contain two main functions: to balance the unscrew torque when disassembling the drill screw joints, and to provide a suspension force to balance the drill body weight. According to the feature of a cable-suspended electromechanical drill, the self-weight of the drill is balanced by the armored cable. Therefore, the clamping force of the clamper only needs to overcome the unscrewing torque of drill. Under conditions that the friction coefficient between the chuck jaw and the drill is constant, the clamping torque will increase in proportional to increasing of the clamping force. The larger the clamping force, the larger the clamping torque could be provided, and the same applies conversely with a smaller clamping force. Therefore, it is necessary to analyze the force conditions of the clamper, when the clamper holds the drill. Figure 6 shows the stress analysis diagram after chuck jaws tightly clamped the drill pipe.



Assuming that the clamping force required to overcome the torque of unscrewing the drill on each chuck jaw is F1, according to the formula of dynamic friction:


f=μF1



(5)




and the formula of torque:


MC=nfd2



(6)







Combine Equations (5) and (6) and F1 can be obtained:


F1=2Mcdnμ



(7)




where Mc is the clamping torque provided by the clamper, N·m; d is diameter of the drilling tool, m; n is the number of frictions between chuck jaw and drill pipe; and μ is the friction coefficient between chuck jaw and drill pipe.



According to the calculation in Section 3.1, the clamping torque required by the clamper is 100  N·m. The drill pipe is built by stainless steel 304, and the outer diameter is 127 mm. There are three hard alloy blocks inlaid in each two semicircle chuck jaws, so the number of frictions between chuck jaw and drill pipe is 6. According to the research of Tian et al., when the contact pressure between chuck jaws and drill pipe is larger than 300 MPa, the friction coefficient between the chuck jaws and drill pipe can be as high as 0.9 [22], while according to the research on the equivalent friction coefficient of the single tooth theory of Zhang et al., the friction coefficient of the embedded chuck jaw is about 1.1–2 [23]. The chuck jaw is built by hard alloy material and processed interlaced surface structure, therefore, the μ was assumed to be 1.2 for calculation.



Bring the above parameters into Equation (7), F1 values 218 N.



There are three hard alloy blocks inlaid in each semicircle chuck jaws; therefore, the clamping force from the clamper is three times of F1, which is 650 N.





4. Mechanism Design of Clamper and Control System


According to the parameters of clamping force after calculation, the mechanical design and the motor type selection of the IBED were carried out. The designed clamper adopts the motor to drive the lead screw rotation through the gear reducer mechanism to realize the clamping and loosening actions. Figure 7 shows the mechanical structure of the clamper.



Due to the advantages of direct current (DC) motors, such as constant torque output, small size, and low power consumption, a DC geared motor was selected as the power source of the clamper. This DC-geared motor included a brushless permanent magnet DC motor and a gear reducer with a deceleration ration of 10:1. The motor parameters are shown in Table 1. According to the selected electric motor and the parameters of clamping force after calculation, the gear reducer box and screw were calculated and the strength checked. Finally, a straight tooth gear reducer with deceleration ratio of 1:2:4 and a single-line trapezoid thread with pitch of 2 mm were selected as the transmission parts.



The IBED pipe is made of stainless steel 304, which is relatively soft and easy to deform and damage under the action of large external forces. In order to ensure that the chuck jaws can effectively clamp the drill but will not deform the drill pipe under excessive clamping force, a current control system of the clamper was designed and developed. When the DC motor drives the chuck jaws clamping the drill pipe, the output torque of motor instantaneously increases. At the same time, the corresponding current rises sharply, which means the current of motor will increases with the motor output torque and the chuck jaw clamping force, simultaneously. Therefore, the clamping force can be controlled by current adjustment of the DC motor. With this method, we proposed and built the control system for the drill pipe clamper, which can make the chamber produce enough clamping force but will not destroy the pipe surface. Figure 8 shows the electrical schematic diagram of the control system, and Figure 9 shows system structure and electrical distribution.



The control system of the clamper includes a contactor, an air switch, a time relay, an overcurrent relay, a terminal block and two power modules which can transform 220 V voltage into 24 V and 12 V, respectively. With the exception of the two power switches fixed on the control box interface, a handle controller is set outside of control box for more convenient controlling operations.



A current acquisition module was used as the designed control system to detect the current of the DC motor. When the current of the DC motor is larger than the set value, the control system would cut off the power supply of the DC motor and make the clamper stop the clamping action. Meanwhile, the clamping force between the chuck jaws and the drill pipe could be kept constant due to the self-locking effect of the lead screw. When the clamper is released, the lead screw drives the sliding nuts to move inward until the moving nuts touch the lead screw end surfaces; meanwhile, the end surface hinder the nuts continue moving and the motor current increases sharply. When the current increases to the set value, the motor stops and the clamper completes the releasing action. The above current control method could realize the automatic control of clamping and loosening action of the clamper, which greatly reduces the working risk of the clamper and avoids the possibility of accidents caused by human error.




5. Finite Element Simulation and Analysis


From the working principle of the clamper (Figure 3), at the moment chuck jaw holds the drill pipe, all transmission parts will be loaded, and the output torque of the DC reduction motor transforms to the clamping force between chuck jaw and drill pipe.



During the design process, all parts of the mechanical transmission chain can be designed or chosen base on the strength requirements except of non-standard parts which include: chuck jaws, swing arms and the connecting rods (Figure 10). Therefore, we carried out finite element simulation and analysis of the transmission chain consisted of nonstandard parts.



5.1. Boundary Condition


Based on the power transmission chain shows in the Figure 3, the maximum push force from sliding nut on the pushing block can be derived from following formula [24]:


Fnmax=2πMgmax0ηsp



(8)




where Mgmax0 is the single side maximum output torque frim gear box, N·m; ηs is the transmission efficiency of the sliding screw; p is the screw pitch of the lead screw, m. The Mgmax0 can be derived from formula [25]:


Mgmax0=MDCmaxnipηgb2nop



(9)




where MDCmax is the maximum output torque of the 200 W DC reduction motor, N·m; nip and nop are input and output rotation speed respectively, r/min; ηgb is the transmission efficiency of the gear box.



In this design, lead screw pitch is 2 mm and the maximum torque of the DC reduction motor is 8.572 N·m. Transmission efficiency of the gear box and rectangular sliding screw usually in the range of 0.88–0.92 and 0.3–0.6, respectively. We assume the transmission efficiencies can reach to the maximum value under the ultimate load conditions. Therefore, bring the above parameters into Equations (8) and (9), the maximum push force loads the connecting rod can be derived as the value of 29,730.42 N, approaches to 30 kN. Boundary condition and meshing of the non-standard transmission chain are shown in Figure 11: assuming the groove areas as the fixed constraint where the chuck jaw contacts the standard clamp tooth; using a fixed rigid hinge constraint as the fixed pin at the middle of swing arm, and using two rigid movable hinge constrains as the two movable shared pin; applying 30 kN force on the two half cylinder area as the push force transmit from the traveling nut.



The components of transmission chain are designed with material 40Cr (ISO 41Cr4 steel) which is well known as low temperature steel. Structural and mechanical parameters show in Table 2.




5.2. Deformation Trend and Stress Distribution


Figure 12 shows the deformation (scale factor 20) trend and Von Mises body stress distribution of the non-standard transmission chain model under 30 kN force load. The stress concentration areas of the subparts are: middle groove area of the chuck jaw where clamp tooth installs, the inner obtuse area of swing arm and the grooving area of the connecting rod (Figure 13). The maximum Von Mises stress is 473 Mpa, which is lower than the yield strength of 40Cr steel and happens in the inner obtuse area of the swing arm.



In this model, the thickness of the single swing arm is set as 8 mm. To check the stress sensitivity of the subparts in the transmission chain, load force parametric scanning is added on their stress concentration edges (Figure 14, Figure 15 and Figure 16), which are shown in the Von Mises body stress diagram (Figure 15).



In the edge Von Mises curves diagrams above, the maximum value growth rate with load force of the single swing arm is higher than the chuck jaw and connecting rod. It means that, for the three subparts made by the same material, the swing arm will reach to the yield limit strength before the other two if the load force keeps increasing. In order to make the whole transmission chain work under the safety factor values 2.0, the swing arm structure needs to be optimized.




5.3. Structural Optimization of the Swing Arm


Under the 30 kN force loading condition, if the safety factor values 2.0, the maximum Von Mises stress value on the swing arm should lower than half of the 40Cr material yield strength (392.5 MPa). Transmission chain models are built with different swing arm thickness under load force values 30 kN, and relative curves are obtained in Figure 17.



Surely, in real working conditions, the 200 W DC motor generally works under the ‘non-full-power’ condition with the overcurrent relay in the control interface. Nonetheless, it is meaningful to design the clamper subparts shares the similar safety factor value. Therefore, we choose 10 mm as the arm thickness which size can keeps the whole non-standard chain works under safety factor values 2.0.





6. Clamping Force and Torque Test of Clamper


Aims of the laboratory experiments were: (1) to explore the relationships between DC motor input current and the clamping force, clamping torque provided by the clamper; and (2) to provide a reasonable current upper limit value for the overcurrent relay setting. Therefore, a specific test stand for the clamper was designed and built.



6.1. Clamping Force Test of Clamper


An S-type tension-pressure sensor was used to measure the clamping force. In order to measure the maximum clamping force provided by the clamper, a polytef-made guide ring was custom designed. The pressure sensor was embedded in the guide ring: in this way, the S-type sensor was held in the direction of the maximum diameter of the semi-circular chuck jaws every time, and the two ends of the pressure sensor were slightly larger than the outer diameter of the guide ring. Figure 18 is the testing process of the clamping force. When the clamper held the guide ring tightly, the chuck jaws contact both ends of the pressure sensor slowly under the round shape guiding of the guide ring. In the meantime, the pressure increases until the clamper motor current reaches to the upper limit value and then the clamping action is stopped. During the experiment, the changing curve between the clamping force and current could be obtained by setting different current limit values.



Experimental results showed that: when the current setting was lower than 4 A, the clamper motor could not start due to the transmission power loss of the lead screw, the gear reducer, and other factors. When the current was higher than 12 A, the clamper motor would stop due to overload, which meant that the purpose of controlling could not be achieved. Therefore, the current value of the clamper should be within the range of 4–12 A. Figure 19 shows that the clamping force increases linearly with the increase of current, and the average clamping force ranges 219–402 N.




6.2. Clamping Torque Test of Clamper


The anti-torque system testing stand of the Polar Research Center of Jilin University was improved to test the clamping torque of the clamper. The testing stand was mainly composed by torque detection system and rotating parts (Figure 20). In this experiment, the upper part of the drill pipe was connected with the rotating part through an universal joint, and the lower part of the drill pipe was placed in the central position of the chuck jaws of the clamper, while the clamper was fixed on the base of the experimental platform. After the chuck jaws clamped the drill pipe with the given current value, manually rotated the rocking bar on the top of test stand. The rocking bar would drive the drill pipe to rotate through rotating components. The torque data generated between the drill tool and the clamper chuck jaws were measured by the torque sensor, and the torque signal output was recorded on the upper computer in real time.



The torque generated when the drill pipe rotated relatively to the chuck jaws was identified as the maximum clamping torque provided by the clamper. When the upper limit of current set by the clamper was within the range of 4–12 A, the maximum clamping torque could be provided by the testing stand. The experimental data are shown in Figure 21. It can be seen that the maximum clamping torque increased with the increase of current, and this presented a linear relationship. The maximum clamping torque ranged 56–123 N·m, which could meet the requirements of the IBED [26,27,28,29,30,31].



After inputting the above experimental data of the clamping force and the maximum clamping torque into Equation (7) for calculation, the equivalent friction coefficient between the hard alloy chuck jaw and stainless-steel drill pipe was obtained, with an average value of 2.21, as shown in Table 3. It can be seen from the table that the friction coefficient actually obtained was larger than the value selected in the theoretical calculation. The probable reason was that this drill pipe was made by stainless steel, for which hardness is lower than the conventional geological drill pipes. Therefore, the hard alloy chuck jaws would forcibly be inserted into the outer surface of the stainless-steel drill pipe at a depth under a certain clamping force. When the drill pipe relatively rotated with the static chuck jaws, the input torque needed to overcome the frictional resistance between the two parts and the plastic damage of the drill pipe surface. This is the reason that the equivalent friction coefficient in Table 3 is larger than the theoretical calculation value.





7. Conclusions


	(1)

	
The theoretical clamping torque was calculated and a value of 100 N·m was chosen, according to the technical parameters of IBED ice drill and bedrock drill, with safety factor values 2.0.




	(2)

	
Finite element simulation and analysis of the non-standard transmission chain showed the mechanical reliability of the subparts, and the optimized structure of the swing arm.




	(3)

	
Considering the special natural environment at the South Pole and the size requirements of the clamper installed inside the removable drilling shelter, the clamper was designed using a DC motor to drive the clamping and loosening action of the chuck jaws through the lead screw, and automatic control of the clamping force was realized using current control, which is simple in structure, with less vulnerable parts, and easy to operate.




	(4)

	
The experimental results showed the range of clamping force and clamping torque of the clamper. In the meantime, the clamping force and clamping torque increase with the increase of the current and present a linear relationship. They can meet the clamping needs of the IBED for screwing, unscrewing and clamping, which would be greatly helpful when it is tested in field.




	(5)

	
The chuck jaw designed in this paper was a groove staggered hard alloy chuck jaw. The equivalent friction coefficient between the chuck jaws and the stainless-steel pipe is 2.21, which can meet the practical application needs. However, during the clamping process, some damage would be caused to the drill pipe. Therefore, the next step should be to optimize the shape of the groove on the surface of the chuck jaw to find the most optimal type of chuck jaw which not only can meet the requirements but also protect the external pipe of the drill to the maximum extent.
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Figure 1. Structure of the movable polar drilling shelter. 
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Figure 2. Diagram of the installation position of the clamper. 
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Figure 3. Working principle diagram of the clamper (pipe clamping process). 
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Figure 4. Schematic diagram of the polar drilling parameters testing stand. 
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Figure 5. Relationships between the average torque and drilling pressure force with different drill bits. 
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Figure 6. Diagram of force analysis under the clamping action. 
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Figure 7. Structural schematic diagram of the clamper. (1—chuck jaw; 2—swing arm; 3—shell; 4—direct current (DC) motor; 5—drill pipe; 6—reducer; 7—connecting rod; 8—travelling nut; 9—lead screw). 
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Figure 8. Electrical schematic diagram of the clamper. 
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Figure 9. (a) Control interface and handle controller and (b) internal electrical structure. 






Figure 9. (a) Control interface and handle controller and (b) internal electrical structure.



[image: Jmse 07 00153 g009]







[image: Jmse 07 00153 g010 550]





Figure 10. Mechanical transmission chain consisting of non-standard parts. 
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Figure 11. Boundary condition and meshing of the non-standard transmission chain. 






Figure 11. Boundary condition and meshing of the non-standard transmission chain.



[image: Jmse 07 00153 g011]







[image: Jmse 07 00153 g012 550]





Figure 12. Deformation trend and Von Mises body stress distribution of the non-standard transmission chain model. 
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Figure 13. Von Mises body stress concentration areas of the subparts. 
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Figure 14. Load force parametric scanning of the chuck jaw: (a) edge position, and (b) Von Mises curves. 
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Figure 15. Load force parametric scanning of the single swing arm: (a) edge position, and (b) Von Mises curves. 
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Figure 16. Load force parametric scanning of the connecting rod: (a) edge position and (b) Von Mises curves. 
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Figure 17. Maximum Von Mises stress variation tendency with different swing arm thicknesses. 






Figure 17. Maximum Von Mises stress variation tendency with different swing arm thicknesses.



[image: Jmse 07 00153 g017]







[image: Jmse 07 00153 g018 550]





Figure 18. Clamping force testing experiment and the S-type tension tension-pressure sensor. 
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Figure 19. Curve of the clamping force with current. 
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Figure 20. Clamping torque test stand: (a) structural schematic diagram and (b) appearance photo. 
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Figure 21. Changing curve of the maximum clamping torque with current. 
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Table 1. Parameters of the DC reduction motor.
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	Model
	Power (W)
	Rotation Speed of Motor (rpm)
	Voltage (V)
	Current (A)
	Reduction Ratio
	Maximum Torque (N·m)





	GDM-15SC-10K
	200
	1800
	24
	13.9
	10
	8.572
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Table 2. Structural and mechanical parameters of the 40Cr steel.
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	Density (kg/m3)
	Young Modulus (GPa)
	Poisson Ratio
	Yield Strength (MPa)
	Tensile Strength (MPa)





	7850
	209
	0.3
	785
	810
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Table 3. The equivalent friction coefficient between the hard alloy chuck jaws and stainless-steel pipe.
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I (A)

	
F (N)

	
M (N·m)

	
μ

	
μ¯






	
4–4.5

	
219

	
56

	
2.08

	
2.21




	
5

	
239

	
73

	
2.40




	
6

	
265

	
71

	
2.11




	
7

	
286

	
76

	
2.09




	
8

	
316

	
86

	
2.14




	
9

	
339

	
95

	
2.21




	
10

	
366

	
104

	
2.24




	
11

	
388

	
111

	
2.25




	
12

	
402

	
123

	
2.41
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