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Abstract

:

This work outlines a design for a wire rope maintenance device that is based on commonly used, low-dropping point lubricating grease for wire rope lubrication and operates along the strand’s twist direction. Unlike similar existing devices, this device scrapes abrasives from the wire rope’s surface along the strand’s twist direction and applies lubricating grease in the same direction. It addresses issues related to the accumulation of old lubricating grease between strands, as well as the problems of a heavy weight, high traction force requirements, complex operation, unstable motion, potential surface damage to the wire rope, and the strong pollution found in existing products. The wheel system of this device was kinematically modeled and subjected to force analysis, and its accuracy was verified through simulations and experiments. Test results show that when this device is used for cleaning and lubricating wire ropes, it requires less than 150 N of traction force, maintains a stable speed of 0.6 m/s, and ensures coaxiality within ±0.1 mm, thus meeting the maintenance requirements of ropeway wire ropes. In future work, the effects of different factors, such as changes in scraper shape and size, lubricating grease application speed, and temperature and pressure inside the grease storage chamber can be studied to understand their influence on the application of grease to wire ropes.
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1. Introduction


Wire rope is a key component in ropeway equipment. Due to the fact that ropeway equipment is mostly built in harsh mountainous or seaside climates, wire ropes used in ropeway often deteriorate due to large temperature and humidity changes during use. The impurities produced not only cover the surface of the wire rope, but also penetrate into the wire rope over time. During use, the wire rope also generates heat due to friction with the wire rope grip, which accelerates oxidation, carbonization, or condensation into coke, forming hard scales and abrasives. This can cause wear and tear on the wire rope’s grip jaws, as well as burrs on the inner surface, resulting in a vicious cycle.



To achieve optimal performance, most ropeway wire ropes require constant maintenance during use, usually by spraying lubrication with a spray lubrication machine once a year, but the dirt inside the wire rope cannot be removed. This approach is not only costly and inefficient, but also potentially dangerous in some situations, and often fails to achieve the desired results. Poor maintenance can lead to frequent replacement of wire ropes or even cause serious accidents due to ropeway breakage. Therefore, the study of wire rope maintenance devices can greatly improve work efficiency, reduce labor costs, and reduce the risk of using and maintaining ropeways, which is of great significance.



The research object of this paper is an overhead cableway wire rope maintenance device, which has certain differences from the maintenance of port wire ropes [1] but is similar to the structure required for climbing robots. This work primarily investigates rope-climbing robots such as the six-wheeled vertical cable-moving robot [2,3], dual-wheeled vertical rope-climbing robot [4], expandable-wheel horizontal cable obstacle-surmounting robot [5], four-wheeled horizontal cable-moving robot [6], spring-clamping-wheel inclined cable inspection robot [7,8], and pole-climbing robots with designs based on vertical poles with significant diameter variations and surface obstacles [9], as well as track-type, pole-climbing robots [10]. Their respective advantages and disadvantages are summarized. Furthermore, considering the application scenarios of this study, improvement proposals are presented based on existing climbing robot structures.



Kim, H.M., and colleagues conducted research on the design of a six-wheeled bridge cable inspection robot [11]. One of its primary advantages is the adjustable cable gripping capability during cable climbing. This is achieved by controlling the movement of the linkages through motorized forward and reverse rotations, allowing for the adjustment of the clamping force based on the cable’s surface conditions. This enables the robot to adapt to cables of different diameters. Subsequently, they improved the robot by equipping it with maintenance equipment and adding a safety landing mechanism [12]. They also modified the wheel-based structure to a track-based structure [13]. Moreover, they increased the effective payload to 9 kg, enhancing the robot’s obstacle-surmounting capabilities and stability when climbing steel ropes [14]. Finally, they conducted on-site tests at the Yong-Jong Grand Bridge in South Korea [15], discussing the actual environmental conditions of suspension bridges and other potential applications of the robot.



Fengyu Xu has developed a novel wheel-based cable inspection robot [16]. This robot is capable of climbing any inclined cable with a diameter ranging from 60 to 205 mm while maintaining stability under a load of less than 4 kg. An effective landing mechanism based on gas dampers restricts landing speed and ensures safe landing on cables inclined at 29 to 90 degrees. Furthermore, structural improvements have enabled the robot to perform inspections on typical spiral cables with diameters ranging from 100 to 205 mm [17]. The dual-sided clamping wheels have been replaced with triple-sided clamping wheels [18], determining the robot’s obstacle-passing capability and two key parameters affecting its obstacle-passing performance: wheel radius and positive pressure. A simulation was conducted for the robot’s obstacle-surmounting path and performance. In the laboratory, effective payload and obstacle-climbing experiments were conducted on the climbing robot [19], and comprehensive climbing load tests were performed under vibration conditions, with the effective payload increased to 10 kg [20].



In summary, researchers have extensively studied the application of climbing robot platforms on fixed wire ropes, but specific wire rope maintenance devices have been rarely discussed. Existing wire rope maintenance devices often require the use of elevators to scrape off old grease, which can cause significant damage to the wire rope itself. For fixed wire ropes, lubrication is typically done through spray lubrication, which cannot effectively remove dirt inside the wire rope and results in excessive lubricant waste, leading to environmental pollution.



This work outlines a design for a wire rope maintenance device that undergoes static, kinematic, and dynamic analysis to ensure the coaxiality of the lubricant application shape with the steel wire rope axis within a specified range. This guarantees that the device can move at a speed of 0.6 mm/s with a traction force below 200 N while simultaneously removing old lubricant and applying new lubricant. Distinguishing itself from existing products, this device incorporates motion along the strand’s twist direction, allowing for a more precise removal of lubricant residues between strands and preventing lubricant accumulation, as illustrated in Figure 1. Furthermore, the accuracy and stability of this device were verified through simulations and experiments. Test results show that after operating the device, the coaxiality of the lubricant coating formed on the steel wire rope surface, following cleaning and lubrication, remains within an acceptable range. Existing products typically employ large hoists to remove old lubricant from steel wire ropes, and while specific traction force values are not provided in the paper, they are significantly higher than what can be achieved manually. Compared to existing steel wire rope lubrication methods, this maintenance device offers several advantages: it is lightweight (weighing only 3 kg in total), easy for a single worker to carry, it requires only two simple installation steps, is cost-effective due to its modular design for easy component replacement, and it is safe and reliable. During operation, the device applies minimal traction force, preventing damage to the steel wire rope. Moreover, it includes a separate lubricant storage chamber to prevent lubricant wastage and environmental pollution. This device introduces a novel solution for the maintenance of ropeway steel wire ropes.



The structure of this paper is organized as follows: Section 2 introduces the structure of the wire rope maintenance device. Section 3 analyzes the static characteristics of the robot. Section 4 examines the robot’s motion characteristics. Section 5 tests the robot through simulation and experiments. Finally, Section 6 discusses the conclusions and outlines future work.




2. Structure


To achieve the moving mode of rotating and advancing along the twist of the wire strands, this wire rope maintenance device is mainly composed of three parts: a housing module, a heating module, and a rotor module (Figure 2). The heating module and the rotor module are fixed by the housing module, wherein the heating module softens the grease by heating, and the rotor module can rotate freely along the axial direction in the housing module to apply grease. The basic parameters of the wire rope maintenance device are shown in Table 1.



The housing module consists of two shells connected by a shaft to form an integral structure (Figure 3). The inner part of the shell is provided with a groove for fixing the rotor module. There are two guide wheels and a handle included with each shell. The housing module controls the axial movement of the entire robot on the wire rope through the guide wheels, and reduces friction through the roller wheels. The handle is provided to fix the hook and wire rope. The shell is provided with two buckles for quick installation on the wire rope. The two shells are provided with an oil inlet and an oil outlet. The old grease is extruded through the oil outlet, and the new grease is injected into the rotor module through the oil inlet.



The rotor module is composed of two shells with buckles for quick installation on the wire rope (Figure 4). There are three twist wheels arranged in the rotor module to make the rotor module move along the twist of the wire strands, and two lids are arranged to protect the wheels from the grease. Both the shells and the lids are equipped with replaceable PTFE oil scraper blades. The former scrapes the old grease, while the latter shapes the new grease. The contact surface between the rotor module and the housing module is provided with three sealing rings for sealing and 10 roller wheels for reducing friction.



To prepare for maintenance, first unlock the rotor module and secure it to the wire rope. Then, place the outer shell module onto the rotor module and engage the fasteners to begin operation.




3. Static Analysis


When the wire rope maintenance device is in normal operation, the outer shell will not rotate around the wire rope. During this process, two guide wheels are symmetrically distributed on both sides of the wire rope, and the six twist wheels will rotate around the wire rope during operation due to changes in surface roughness and vibration of the wire rope. At the same time, the guide wheels play a role in preventing detachment during operation, preventing the device from accidentally detaching from the wire rope.



3.1. Static Analysis of the Guide Wheels


Taking the operational state of a wire rope maintenance device on a horizontal wire rope as an example, it is assumed that the contact points between the guide wheels and the wire rope are symmetrically distributed on both sides of the wire rope centerline CD, and the guide wheels are in a critical state, i.e., the edges of the wheels are in a separated state from the surface of the wire rope. At this time, point P is assumed to be the center of mass of the device, and the force components acting on the contact points of the two guide wheels are shown in Figure 5a.



One set of guide wheels was analyzed separately and the force analysis Figure 5b was obtained. The following equation can be obtained by balancing conditions:


    N   11   =   P   1     cos  ⁡  α   +   Q   1     sin  ⁡  α    



(1)






    T   1   =   P   1     sin  ⁡  α   +   Q   1     cos  ⁡  α    



(2)







By the balance conditions, the following formula can be obtained from Figure 5b:


    P   1   =   N   11     cos  ⁡  α   +   μ N   11     sin  ⁡  α    



(3)







When the wire rope maintenance device is exactly in the critical state, the two guide wheels together bear half of the weight of the device, as shown in Figure 5a. By the principle of torque balance, the following formula can be obtained:


    ∑    F   y     = 0     P   1   +   P   2   = M   g + a     



(4)






    ∑  M   = 0     P   1       l   1   +   l   2     =   P   2     l   3     



(5)







When the transverse displacement of the wire rope is too large, it may cause contact interference with the surface of the guide wheels. This acceleration can be measured using a high-speed camera to capture images and the principles of computer image processing.



According to the above formula, the critical condition for preventing the device from slipping off the wire rope is:


    N   11   ≥   M   g + a     l   3         l   1     + l   2   +   l   3         μ sin  ⁡  α   +   cos  ⁡  α        



(6)







The critical condition for the device not to rotate with the wire rope while in operation is:


  M   g + a   ≤   r     l   1     · μ   ∑  i = 1   2        N   i 1   +   N   i 2        



(7)








3.2. Static Analysis of the Twist Wheels


One set of twist wheels was analyzed separately, and the force composition of the contact point on the three twist wheels is shown in Figure 6a. Considering the equidistance between the twist wheels and the characteristic of a 120° angle, the force analysis of the twist wheels is shown in Figure 6b.



By the balance conditions, the following formula can be obtained:


          F   4     sin  ⁡  α   =   N   4           F   4     cos  ⁡  α   =   G   4   +   f   4           f   4   = μ     N   4   −   F   4            



(8)




where     N   41     is the normal force on the upper side of the left twist wheel’s surface,     N   42     is the normal reaction force on the lower side of the left twist wheel’s surface,     N   4     is the normal resultant force on the left twist wheel surface,     f   4     is the friction force on the surface of the twist wheel,   μ   is the friction coefficient on the surface of the twist wheel, and     F   4     is the supporting force of the fixed seat of the twist wheel.





4. Kinematic Analysis


The surface of the wire rope will accumulate some obstacles. Although the obstacles are very small, due to the small shape of the wire rope maintenance device, the obstacles will still affect the motion performance of the device.



To simplify things, we propose the following hypothesis:




	
In the process of climbing obstacles, the device does not always rotate around the wire rope. There are two guide wheels outside, while the two internal guide wheels and three twist U-shaped wheels with 120° spacing rotate around the wire rope.



	
During the climbing process, there is relative sliding between the moving wheel of the device and the contact point.



	
In the climbing process, there is an error in the lay distance of the wire rope, and the axis of the wire rope maintenance device may be offset from the center of the wire rope at a certain angle during operation.








4.1. Kinematic Analysis of the Guide Wheels


For the guide wheels, during the climbing process of the wire rope maintenance device, assuming the device moves at a constant speed and there are obstacles on the wire rope, the position model of the guide wheels of the wire rope maintenance device is simplified to a two-dimensional plane model, as shown in Figure 7.



Performing a kinematic analysis on the wire rope maintenance device, we set the center of the scraper blade as point O and established an x-y plane coordinate system. The -x axis is the direction of motion for the wire rope maintenance device, and the radius of each guide wheel is denoted as r while the radius of the wire rope is denoted as R. Setting the centers of the guide wheels on the right side as A and B respectively, we obtain the coordinates of the center point of guide wheel A is obtained:


          x   A   = −   L   O A     cos  ⁡    Φ   1             y   A   =   L   O A     sin  ⁡    Φ   1     = r + R        



(9)







From Figure 7, the following vector equation is obtained:


    E A  →  +   A B  →  =   E C  →  +   C B  →   



(10)







Converting the above equation, the following is obtained:


          x   B   =   x   A   +   L   A B     cos  ⁡    Φ   2             y   B   =   y   A   +   L   A B     sin  ⁡    Φ   2            



(11)







Substituting the coordinates of point a, the following is obtained:


          x   B   = −   L   O A     cos  ⁡    Φ   1     +   L   A B     cos  ⁡    Φ   2             y   B   =   L   O A     sin  ⁡    Φ   1     +   L   A B     sin  ⁡    Φ   2            



(12)







Then we can obtain the angle of deviation between the line connecting the centers of the two wheels on the right side and the axis of the wire rope is also obtained:


    Φ   2   = a c r t a n       y   A   −   y   B          L   A B     2   −       y   A   −   y   B       2         



(13)







By taking the derivative of the equation, the velocity of the center point of guide wheel A is the following:


            x   A    ˙  =     Φ   1    ˙    L   O A     sin  ⁡    Φ   1               y   A    ˙  =     Φ   1    ˙    L   O A     cos  ⁡    Φ   1            



(14)







The center point of guide wheel B is obtained:


            x   B    ˙  =     Φ   1    ˙    L   O A     sin  ⁡    Φ   1     −     Φ   2    ˙    L   A B     sin  ⁡    Φ   2               y   B    ˙  =       Φ   1    ˙  L   O A     cos  ⁡    Φ   1     +     Φ   2    ˙    L   A B     cos  ⁡    Φ   2            



(15)







By taking the derivative of the velocity of the center points of guide wheels A and B, the acceleration of the center points of guide wheels A and B is obtained:


            x   A    ¨  =       Φ   1    ¨    2     L   O A     cos  ⁡    Φ   1               y   A    ¨  = −       Φ   1    ¨    2     L   O A     sin  ⁡    Φ   1            



(16)







By computing the derivative of the formula, the angular velocity and angular acceleration of the AB rod, as well as the acceleration of guide wheel B is obtained:


      Φ   2    ˙  =   −     y   A    ˙      L   A B     cos  ⁡    Φ   2        



(17)






      Φ   2    ¨  =   −     y   A    ¨  +       Φ   2    ˙    2     L   A B     sin  ⁡    Φ   2         L   A B     cos  ⁡    Φ   2        



(18)






            x   B    ¨  =   L   O A     sin  ⁡    Φ   1     −   L   A B     sin  ⁡    Φ   2     =     x   A    ¨  −   L   A B         Φ   2    ¨    sin  ⁡    Φ   2     +       Φ   2    ˙    2     cos  ⁡    Φ   2                 y   B    ¨  = 0        



(19)







Assuming point P is the center of gravity of the device, the coordinates, velocity, and acceleration of point P is obtained:


          x   P   =   x   A   +   L   A P     cos  ⁡    Φ   3             y   P   =   y   A   +   L   A P     sin  ⁡    Φ   3            



(20)






            x   P    ˙  =     x   A    ˙  −     Φ   3    ˙    L   A P     sin  ⁡    Φ   3               y   P    ˙  =     y   A    ˙  +     Φ   3    ˙    L   A P     cos  ⁡    Φ   3            



(21)






            x   P    ¨  =     x   A    ¨  −     Φ   3    ¨    L   A P     sin  ⁡    Φ   3     −       Φ   3    ˙    2     L   A P     cos  ⁡    Φ   3               y   P    ¨  =     y   A    ¨  +     Φ   3    ¨    L   A P     cos  ⁡    Φ   3     −       Φ   3    ˙    2     L   A P     sin  ⁡    Φ   3            



(22)







The above equations constitute the kinematic analysis equations for the climbing motion of the guide wheels of the wire rope maintenance device. The relevant motion parameters of the guide wheels can be determined through these equations.




4.2. Kinematic Analysis of the Twist Wheels


For the twist wheels, a global coordinate system       O   0       was established for the wire rope maintenance device, as shown in Figure 8. The     Z   0     axis is aligned with the axis of the wire rope, and the positive direction is the same as the direction of device operation. The origin is set at the center of the scraper blade     O   0    . The {    O   1    } represents the wheel set system composed of three twist wheels, and the origin is the intersection point of the plane formed by the centers of three twist wheels and the     Z   0     axis. The representation of point     O   1     on       O   0       is denoted as     0,0 ,   Z   1      . The {    O   2    } represents the coordinate system established with the center of the twist wheel as the origin.



At a certain moment during the operation of the device, the     Z   0     axis is collinear with the     Z   1     axis, the angle between the     X   0     and     X   1     axes are denoted as   α  , the inclination angle of the twist wheel is denoted as   θ  , and the distance from the center of the twist wheel to the x-y plane of     O   1     is denoted as   β  . The relevant matrix coordinate system can be obtained as shown below.


    T      1   0   =        cos  ⁡  α     −   sin  ⁡  α     0   0       sin  ⁡  α       cos  ⁡  α     0   0     0   0   1     Z   1       0   0   0   1       



(23)






    T      2   1   =        cos  ⁡  α     0     sin  ⁡  α     0     0   1   0   r + R     −   sin  ⁡  α     0     cos  ⁡  α     β     0   0   0   1       



(24)







By setting the position of the contact point between the twist wheel and the wire rope in the corresponding coordinate system {    O   n    } as     f      i   n     i = 1 ,   2 ,   3    , we can obtain the coordinates of the corresponding contact point on {    O   2    }.


    f      i   2   =        0   − r   0        T    



(25)







After applying, the transformation matrix is obtained:


    f      i   0   =   T      1   0     T      2   1     f      i   2   =        − R   sin  ⁡  α     R   cos  ⁡  α       Z   1      + β     T    



(26)







In the working state, the twist wheels will be in close contact with the wire rope. At the same time, the twist wheel set can slide relative to the shell around the axis. This module will rotate together with the wire rope, working in a spiral path. When the twist wheel set rotates around the axis   α °  , its trajectory projected onto the     Z   0     axis of the global coordinate system is obtained:


    Z   1   = R α   tan  ⁡  θ    



(27)







Substituting the above, the matrix is obtained:


    f      i   0   =        − R   sin  ⁡  α     R   cos  ⁡  α     R α   tan  ⁡  θ      + β     T    



(28)







The three twist wheels are evenly distributed on a circular path, with lines connecting them to the circumference forming angles of 120° each. From this, the contact point formula for each twist wheel is obtained:


    f      i   0   =      − R s i n   120 °   i − 1   + α       R c o s   120 °   i − 1   + α       R t a n   120 °   i − 1   + α   + β       



(29)









5. Experiments


During the operation of the wire rope maintenance device, there is friction between the guide wheels and the wire rope. When there is sliding friction, it can have an impact on the working efficiency and the strength of the workpiece. Therefore, it is advisable to maintain a rolling friction state as much as possible. In this state, the moments in all directions of the moving wire rope maintenance device are balanced. The following will provide a kinetic analysis of the axial motion of the wire rope maintenance device.



A physical simulation analysis of the wire rope maintenance device was conducted in Adams, and the shell was made transparent, as shown in Figure 9. Based on the kinematic model, the relevant data changes during the climbing of the wire rope by the maintenance device can be obtained. The radius of each guide wheel is 14 mm, and the radius of each twist wheel is 15 mm. To verify the motion state of the wire rope maintenance device during climbing, relevant mechanical simulations were performed. Constraints and driving settings for the wheel set were applied in the forward kinematic simulation of the wire rope maintenance device, and a simulation motion of 9 s and 500 steps was conducted.



Based on the design of the wire rope maintenance device, we conducted a study on the device’s motion curve. By assigning three stable velocity states to the guide wheel, namely 3000 deg/s, 4000 deg/s, and 5000 deg/s, the wire rope maintenance device starts moving on the wire rope. At the same time, the static friction coefficient is set to 0.3 and the dynamic friction coefficient is set to 0.1. The overall motion velocity of the wire rope maintenance device, as well as the torque and traction force of the guide wheel, are obtained. The corresponding curves are shown in Figure 10, Figure 11 and Figure 12.



Due to the different positions of the guide wheel and the twist wheel, there are certain deviations in displacement, velocity, and acceleration during the operation. At the beginning, due to the presence of inertia, the torque on the guide wheel is maximum, and then it tends to stabilize. During the motion, there are obstacles on the surface of the wire rope, resulting in continuously changing motion resistance, which leads to fluctuations in the torque on the guide wheel within a certain range. The simulation results are shown in Figure 12.



At the same time, during the motion, there is also a certain range of fluctuation in the coaxiality between the axis of the wire rope maintenance device and the axis of the wire rope, but it remains relatively stable, as shown in Figure 13.



An experimental platform was set up for the wire rope maintenance device, as shown in Figure 14. Scrape tests were conducted on the waste grease on the surface of the wire rope, as illustrated in Figure 15. The experimental data obtained are shown in Table 2. The experiments demonstrated that the device could be easily pulled with a force of 150 N to scrape off the old lubricating grease from the wire rope surface.



The experimental results indicate that the device can work stably on the fixed wire rope at a speed of 0.6 m/s with a traction force of less than 150 N. Furthermore, the fluctuation between the central axis of the device and the central axis of the wire rope remains within ±0.1 mm, which is in line with expectations. These experimental findings are consistent with the results predicted by the aforementioned equations, confirming the accuracy of the theoretical derivation.




6. Conclusions and Future Work


This paper introduces a novel wire rope maintenance device, primarily composed of a heating module, a rotor module, and a housing module, capable of working stably on a fixed wire rope with a traction force of less than 150 N at a speed of 0.6 m/s. Based on the actual working environment, the motion of the rotor module of the wire rope maintenance device was modeled. By analyzing the model parameters of the wire rope maintenance device, the relevant motion parameter equations for the guide wheel and twist wheel were determined. This analysis revealed the impact of the wheel assembly’s position and the input angle on the displacement, velocity, and acceleration output of the wire rope maintenance device, providing a theoretical basis for the rapid selection of operational parameters for the wire rope maintenance robot in real working environments. Furthermore, the stability of the grease coating of the device was validated through simulations and experiments. Test results indicate that, following the operation of the device, the coaxiality of the grease formed on the wire rope surface after cleaning and lubrication remains within a range of ±0.1 mm, and the operating speed is suitable to meet the maintenance requirements of ropeway wire ropes. This device can be used not only in applications involving grease cleaning and coating, but also in scenarios related to wire rope inspection and lubrication performance testing.



In our future research endeavors, we will place a significant focus on exploring methods for detecting steel wire rope wear. These methods include: the automatic identification of surface damage on steel wire ropes through image processing techniques and pattern recognition [21]; the detection of localized faults in steel wire ropes by measuring magnetic flux using magnetic leakage detection technology [22]; the maintenance of power lines through a vision-based OGW strand detection method [23]; the implementation of multi-image stitching for partially overlapping regions in different defect images using an effective Scale-Invariant Feature Transform (SIFT) algorithm [24]; and the assessment of the stress state of steel wire ropes using ultrasonic wave methods [25].



Furthermore, we will delve into the influence of lubricating grease characteristics on steel wire rope wear, encompassing aspects such as: the exacerbation of wear on friction liners with an increase in sliding speed or load [26]; the decrease in friction, with friction levels dependent on the surface characteristics of the steel wire rope and plastic sheath, the gap between the plastic sheath and steel wire rope, and the extrusion process of the plastic sheath, as grease thickness increases [27]; a noticeable reduction in wear and friction coefficients with rising temperature [28]; the impact of lubricants on reducing damage-inducing fretting wear during the running-in phase, particularly in grease-lubricated contacts [29]; and the direct proportionality between the loss modulus of friction-enhancing lubricating grease and the friction coefficient [30].



In addition, we will explore factors influencing grease thickness applications, including: the presence of a critical rolling speed for specific lubricants and operating conditions, below which a decrease in film thickness is observable [31]; the influence of non-Newtonian properties of coating fluids on coating performance and quality [32]; viscous fluid coating thickness being contingent on liquid viscosity and deposition velocity as well as scraper length, stiffness, shape, and constraints, with maximum deposition thickness occurring when the scraper’s tip is tangent to the solid [33]; the linear increase in boundary yield stress with rising lubricant viscosity and sliding speed [34]; the role of internal stress fields within the reservoir in determining coating thickness [35]; and the increase in lubricating grease film thickness with rising rolling speed and its tendency to level off with balanced thickening agent usage in the contact zone [36].



Specifically, we will investigate the effects of different application speeds, oil chamber pressures, grease viscosities, and scraper shapes on grease thickness distribution. Through systematic experimentation and analysis, our aim is to unveil the behavior of lubricating grease under specific conditions, providing a deeper understanding of the extent to which different parameters affect lubrication effectiveness. This research will contribute to optimizing the design and performance of lubrication systems, enhancing the efficiency and lifespan of steel wire ropes. We anticipate that this study will offer robust support for engineering practices and technological innovations in related fields, promoting the development and application of lubrication science.
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Abbreviations




	   A / B   
	Two points of contact between the guide wheel and the wire rope
	   M   
	Total mass of the device



	     N   11     
	Normal reaction on the upper side of the right guide wheel’s surface
	     N   12     
	Normal reaction under the right guide wheel’s surface



	     N   21     
	Normal reaction on the upper side of the left guide wheel’s surface
	     N   22     
	Normal reaction under the left guide wheel’s surface



	     T   1     
	Tangential reaction of the wire rope to the guide wheel
	     P   1   /   P   2     
	Vertical force at the point of contact between the guide wheel and the wire rope



	     Q   1   /   Q   2     
	Transverse force at the point of contact between the guide wheel and the wire rope
	   α   
	Angle between the normal reaction and the vertical direction



	   μ   
	Friction coefficient between the guide wheel and wire rope’s surface
	     L   1     
	Distance from the center of mass to the vertical line of the wire rope



	     L   2     
	Vertical distance between the contact point of the guide wheel and the center of the wire rope
	     L   3     
	Vertical distance between the contact point of the guide wheel, wire rope, and the wire rope’s center of mass



	   a   
	Acceleration of transverse vibration of the wire rope
	   g   
	Acceleration of gravity



	     N   i 1     
	Twist the normal force to the upper side of the wheel’s surface(i = 3, 4, 5)
	     N   i 2     
	Apply the normal reaction to the lower side of the wheel’s surface(i = 3, 4, 5)



	     N   4     
	Normal force on the surface of the twist wheel
	     f   4     
	Friction force on the surface of the twist wheel



	     μ   1     
	Friction coefficient of the twist wheel’s surface
	     F   4     
	Supporting force of the twist wheel’s fixed seat against the twist wheel



	     F   5     
	Pressure between the underside of the rotor and the housing
	   r   
	Twist wheel radius



	     F   6     
	Resistance of lubricating oil to the movement of the twist wheel
	     f   5     
	Friction between the bottom of the rotor and the housing



	     f   6     
	Friction between the side of the rotor and the inside of the housing
	   μ ′   
	Coefficient of sliding friction between the rotor surface and housing



	     F   6 a     
	Resistance between the lower surface of the rotor and the grease
	     F   6 b     
	Resistance between the upper surface of the rotor and the grease



	   ∆   F   6     
	Resistance difference between the upper and lower surfaces of the rotor
	   p   
	Fluid pressure



	   ρ   
	Grease density
	     r   ′     
	Radius of the guide wheel



	   R   
	Radius of wire rope
	     Φ   1     
	Angle between the line between the center of the guide wheel and the center of the scraper and the vertical line (acute Angle)



	     Φ   2     
	Deviation angle (acute angle) of the unilateral two-wheel centerline relative to the wire rope axis
	     Φ   3     
	Angle between guide wheel center A and the scraper center and vertical line (obtuse Angle)



	       x   A    ˙  /     y   A    ˙    
	Center point speed of guide wheel A
	       x   B    ˙  /     y   B    ˙    
	Center speed of guide wheel B



	       x   A    ¨  /     y   A    ¨    
	Center point acceleration of guide wheel A
	       x   B    ¨  /     y   B    ¨    
	Center point acceleration of guide wheel B



	       Φ   2    ˙    
	Angular velocity of bar AB
	       Φ   2    ¨    
	Angular acceleration of the AB bar



	     x   P   /   y   P     
	Center of gravity coordinates of the device
	       x   P    ˙  /     y   P    ˙    
	Center of gravity velocity of device



	       x   P    ¨  /     y   P    ¨    
	Acceleration of the center of gravity of the device
	   α   
	The angle between the center axis     X   0     of the scraper and the center axis     X   1     of the twist wheel



	   θ   
	Twist wheel inclination
	   β   
	Distance between the center of the twist wheel and the x-y plane of the twist wheel support



	     f      i   j     
	Point of contact between the twist wheel and the wire rope (j = 0, 1, 2, i = 1, 2, 3)
	     V   a     
	Speed of the guide wheel in normal working condition



	     V   b     
	Speed of the twist wheel in normal working condition
	   C   
	Pitch of the wire rope
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Figure 1. The lubricant coating on the wire rope’s surface. (a) The lubricant coating formed by applying lubricant using existing products and (b) the lubricant coating formed by applying lubricant along the strand’s twist direction. 
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Figure 2. Overall structure of the wire rope maintenance device. 
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Figure 3. Structure of the housing module. 
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Figure 4. Structure of the rotor module. 
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Figure 5. The force analysis of guide wheels. (a) The critical state of the rope maintenance device disengagement and (b) guide wheels contact force analysis. 
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Figure 6. The force analysis of the twist wheels. (a) Twist wheel climbing model and (b) force analysis of the twist wheels. 
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Figure 7. Guide wheels obstacle climbing model. 
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Figure 8. Climbing diagram of wire rope maintenance device. 
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Figure 9. The forward motion simulation model in Adams. 
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Figure 10. Simulation of the overall motion velocity of the wire rope maintenance device. 
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Figure 11. Simulation of the torque on the guide wheel of the wire rope maintenance device. 
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Figure 12. Simulation of the traction force on the guide wheel of the wire rope maintenance device. 
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Figure 13. Fluctuation in the relative position between the axis of the device and the axis of the steel wire. 
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Figure 14. Maintenance device and experimental platform. (a) Before installing the housing module, and (b) the traction test of the wire rope maintenance device. 
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