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Abstract: To enhance skaters’ competitive performance and training safety, this 

paper proposes a novel parallel rope-traction skating training robot featuring a 

compact design and easy posture adjustment. The robot’s structural design inte-

grates materials engineering principles, utilizing high-strength 7075-T6 aluminum 

alloy for the chassis, GCr15 bearing steel with nitriding treatment for the pulleys, 

and ultra-high-strength steel wires manufactured through specialized cold-draw-

ing and patenting processes to ensure minimal elastic elongation under dynamic 

loads. A geometric model is established using Euler angles to describe the attitude 

of the moving platform, and the Newton–Raphson iterative method is applied to 

obtain the forward kinematics solution. MATLAB simulations confirm that the 

method accurately solves the forward kinematics problem, with a maximum pose 

error below 1 %, demonstrating that the robot can effectively support skating 

training tasks. This work demonstrates the successful integration of advanced ma-

terials and kinematic modeling for sport-specific robotic applications, providing a 

foundation for the development of next-generation athletic training systems.  

Keywords: skating training robot; rope traction; Newton–Raphson iteration; kin-

ematics analysis; materials selection; surface hardening; high-strength alloys 

 

1. Introduction  

The successful hosting of the Beijing 2022 Winter Olympics has significantly accelerated the growth of 

China’s ice and snow sports industry, with participation exceeding 200 million individuals, underscoring a 

rapidly expanding sector. This growth is paralleled by advancements in high-performance materials, often 

driven by the demanding requirements of sectors such as metallurgy, which continuously seeks stronger, 

lighter, and more durable alloys for extreme environments [1]. These material innovations, particularly in alu-

minum alloys, high-strength steels, and surface engineering technologies, have significant crossover potential 
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in sports engineering, where equipment performance is critical and directly affects training effectiveness and 

athlete safety. 

Among winter sports, skating possesses unique advantages due to its dynamic nature and technical de-

mands. Research indicates that skating contributes positively to cardiovascular health, enhances cardiopulmo-

nary function, and improves overall physical coordination and balance [2, 3]. However, as the competitive land-

scape intensifies, a critical challenge emerges: maximizing athletic performance while ensuring athlete safety 

[4, 5]. This balance is paramount, as improper training techniques or overexertion can lead to injuries, thereby 

hindering long-term athlete development. The principles of structural integrity and failure analysis, fundamen-

tal to metallurgy, find a direct analogy here: just as a component must be stressed within its safe operating 

window to avoid fatigue failure, an athlete’s musculoskeletal system must be trained within physiological lim-

its to prevent injury while maximizing strength gains [6].  

Traditional skating training methods often rely on coach observation, repetitive drills, and simulated en-

vironments, which may lack precision, real-time feedback, and the ability to fully replicate competitive condi-

tions [7]. To address these limitations, robotic-assisted training systems have emerged as a promising techno-

logical intervention. Such systems leverage advanced robotics to provide controlled, reproducible, and data-

driven training environments [8]. The design and construction of these robots themselves benefit from materials 

science; the selection of materials for frames, actuators, and cables is crucial. For instance, the use of high-

strength aluminum alloys or composite materials for the robot's chassis and platform is essential to achieve a 

high stiffness-to-weight ratio, minimizing inertia and allowing for rapid, responsive movements [9]. Similarly, 

the traction ropes, a critical component, must exhibit high tensile strength with minimal elongation, akin to the 

cables used in heavy-duty metallurgical cranes [10]. 

The performance of cable-driven parallel robots (CDPRs) for athletic training is fundamentally constrained 

by material properties and manufacturing processes rooted in metallurgical engineering. The robot's chassis, 

subjected to cyclic dynamic loads exceeding 2 kN during rapid skating motion simulations, requires aerospace-

grade 7075-T6 aluminum alloy with T6 tempering (solution heat treatment and artificial aging) to achieve yield 

strength above 450 MPa while maintaining structural lightness. The eight traction ropes, experiencing stress 

amplitudes up to 800 MPa, demand ultra-high-strength steel wires (e.g., 1960 MPa grade) manufactured 

through multi-stage cold-drawing and patenting (lead quenching) processes to ensure uniform pearlite micro-

structure and superior fatigue resistance. Furthermore, the 32 pulley-guiding contact surfaces are fabricated 

from bearing steel GCr15 (AISI 52100), undergoing gas nitriding at 520 °C to create a 0.3 mm hardened layer 

with surface hardness exceeding HV 700, thereby mitigating wear from high-frequency rope friction. These 

metallurgical selections directly determine the robot's positioning accuracy (±1 mm) and operational lifespan 

(>10,000 hours), bridging theoretical kinematics with practical engineering feasibility. 

A key innovation in this domain is the adoption of cable-driven parallel robots (CDPRs). CDPRs utilize 

multiple cables to control the pose (position and orientation) of an end-effector or moving platform [11]. This 

configuration offers several advantages for sports training applications, including a large workspace, high pay-

load capacity, reconfigurability, and the ability to generate complex trajectories [12, 13]. For skating training, a 

cable-driven system can precisely manipulate the athlete's lower limb posture, facilitating the simulation of 

various skiing stances and movements. The joints and pulleys that guide these cables must be manufactured 

from wear-resistant materials, potentially employing surface hardening techniques common in metallurgy to 

ensure longevity and consistent performance under cyclic loads [14]. 

The development of effective training robots necessitates a robust foundation in kinematic analysis. Kine-

matics, which deals with the motion of bodies without considering the forces causing the motion, is fundamen-

tal to controlling robotic manipulators [15]. For parallel robots, this involves solving both the inverse and for-

ward kinematic problems. The inverse kinematics determines the required cable lengths given a desired plat-

form pose, which is typically straightforward and has a closed-form solution [16]. In contrast, the forward kin-

ematics problem, which computes the platform pose from the measured cable lengths, is more complex and 
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often requires numerical methods due to the nonlinear nature of the equations involved [17]. Accurate kine-

matic modeling is crucial for ensuring the precision and reliability of the robot's motion control, which directly 

impacts training effectiveness and safety [18]. 

Several numerical methods have been employed for forward kinematics solutions in parallel mechanisms, 

including the Newton–Raphson method, genetic algorithms, and neural networks [19, 20]. The Newton–

Raphson iterative method is particularly favored for its quadratic convergence rate and computational effi-

ciency when a good initial guess is available. Its application in CDPRs has been demonstrated to yield accurate 

pose estimations, making it suitable for real-time control applications. However, its performance depends on 

the initial conditions and the robot's geometry, necessitating thorough validation. 

Despite the potential of CDPRs, their application specifically for skating training remains relatively unex-

plored. Most existing systems focus on rehabilitation or general motion simulation rather than sport-specific 

technical skill enhancement. Therefore, there is a clear need for specialized robotic systems designed with the 

biomechanical and technical demands of skating in mind. Such systems must not only be mechanically sound 

but also incorporate kinematic models that ensure movements are both accurate and physiologically appropri-

ate for athletes. The integration of materials science from the design phase is critical to ensure the robot's dura-

bility and performance, especially when considering the dynamic loads imposed by athletic training. 

While cable-driven robots and Newton–Raphson methods are established fields, this work's novelty lies 

in the first systematic integration of: (1) an 8-cable parallel architecture specifically configured for three-dimen-

sional lower-limb skating dynamics; (2) metallurgically-optimized components where material selection and 

processing are co-designed with kinematic requirements; and (3) experimental validation framework bridging 

numerical simulation with anticipated fatigue-life testing of specialized alloys. This interdisciplinary ap-

proach—simultaneously addressing geometric modeling, metallurgical specification, and sports biomechan-

ics—constitutes a scientific contribution beyond simple method application. 

This paper proposes a novel parallel rope traction skating training robot. The design emphasizes a compact 

structure, utilizing lightweight structural materials, and allows for easy adjustment of the athlete's posture. The 

primary contributions of this work include: (1) the development of a geometric model for the proposed robot; 

(2) the derivation of its inverse kinematics and the application of the Newton–Raphson method for solving the 

forward kinematics; and (3) numerical validation of the kinematic model using MATLAB simulations. The ob-

jective is to verify that the robot can accurately execute the desired trajectories required for effective skating 

training, thereby providing a reliable tool for performance enhancement. 

2. Parallel rope-driven skating training robot structure 

2.1. Materials selection and metallurgical specifications  

The robot's structural integrity under dynamic athletic loads is ensured through systematic materials en-

gineering. The chassis (Figure 2) employs 7075-T6 aluminum alloy extrusions with T6 tempering (solution-

treated at 480 °C, water-quenched, and artificially aged at 120 °C for 24h), achieving tensile strength σ_b ≥ 

540 MPa and yield strength σ_0.2 ≥ 460 MPa with density ρ= 2.81 g/cm³. The 16 ball screws (item 9) utilize 

ground-grade 40Cr alloy steel, induction-hardened to (55–60) HRC on raceways with core toughness main-

tained through tempering. The eight traction ropes are 4-mm-diameter 1×19 construction ultra-high-strength 

steel wires (grade 1960 MPa), manufactured via patented thermo-mechanical processing: patenting at 900 °C 

(austenitizing) followed by lead-quenching at 500 °C to form fine pearlite, then 7-pass cold-drawing with 85 % 

area reduction to enhance tensile strength through work hardening. All 32 rope-contact pulleys (item 3, 10) are 

machined from GCr15 bearing steel, gas-nitrided (NH₃ atmosphere, 520 °C, 20 h) to produce (0.25–0.35) mm ε-

nitride layer (Fe₂₋₃N) with surface hardness (720–800) HV and friction coefficient μ ≤ 0.1 against steel wires, 

ensuring wear resistance over 10⁶ cycles. These metallurgical specifications guarantee elastic deformation of 

ropes <0.1 % at rated load, chassis deflection <0.05 mm under peak load, and pulley service life >5,000 hours in 

abrasive conditions. 
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2.2. The overall structure of parallel rope traction skating training robot  

The skating training robot is designed to assist lower-limb training for skaters. It operates in coordination 

with the athlete to support the execution of prescribed training movements. Therefore, the structural design of 

the rope-driven skating training robot follows the principles of meeting training requirements, ensuring safety 

and comfort, and maintaining practical applicability. The overall mechanism of the skating training robot de-

signed according to these principles is shown in Figure 1. 

The skating training robot is mainly composed of a column, a column crossbeam, pulleys, arms, servo 

drives, a chassis cover plate, a chassis, a skating surface, and traction ropes. Pulleys are distributed on the col-

umn and the column crossbeam to redirect the traction ropes. Handrails mounted on both sides of the arms 

allow athletes to maintain balance during training. The skating surface simulates the competition rink environ-

ment. The robot is actuated by servo motors that drive the traction ropes to generate the required training 

motions.  

 

 
1-column; 2-column crossbeam; 3-pulley; 4 - Handrails; 5-servo driver; 

6-chassis cover version; 7 - Chassis; 8 - Mirror surface. 

Figure 1. Structure diagram of ski training robot 

2.3 Chassis structure design 

The end of the chassis is shown in Figure 2. The chassis is the basis of the parallel rope-driven skating 

training robot. The chassis is composed of 1-bearing plate, 2-slider, 3-coupling, 4-chassis, 5-support plate (long), 

6-steering wheel pillar stage, 7-support plate (short), 8-servo single machine, 9-ball screw and 10-steering wheel. 

The chassis covered by the cover plate is equipped with 16 drive motors, 16 ball screws, 4 support plates, and 

4 steering wheel struts. Four small pillars are installed on each steering wheel pillar table, and the steering 

wheel is installed on the small pillar to change the direction of the rope. 

The bearing plate (item 1) and support plates (items 5, 7) are machined from 7075-T6 aluminum plate stock, 

stress-relieved at 150 °C for 4h post-machining to prevent warping. The four servo motors (item 8) are mounted 

via heat-treated 45# steel brackets (quenched and tempered to (28–32) HRC)) to ensure dimensional stability 

under vibration. The 16 ball screws (item 9) are paired with bronze-graphite composite nuts for self-lubrication, 

eliminating grease contamination in the training environment. The steering wheel pillar stages (item 6) integrate 

38CrMoAl nitriding steel shafts, ion-nitrided to case depth 0.4 mm, to resist fretting wear from rope oscillations 

at (5–10) Hz during skating stride simulation. 
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1 - bearing piece; 2-slider; 3-coupling; 4 - Chassis; 5-support plate (long); 6-steering wheel pillar T bench; 

7-support plate (short); 8-servo single machine; 9-ball screw; 10 - Steering wheel 

Figure 2. Overall structure of chassis 

2.4 Establishment of geometric model  

The kinematics analysis of the skating training robot needs to establish the relationship between the pose 

of the moving platform and the length of the rope. The mechanism diagram of skating training robot is shown 

in Figure 3. The fixed coordinate system O-XYZ and the moving coordinate system p-xyz are established re-

spectively. The fixed coordinate system is located at the geometric center of the plane𝐴5𝐴6𝐴7𝐴8, O is the origin 

of the fixed coordinate system, the Z axis is perpendicular to the plane𝐴5𝐴6𝐴7𝐴8, the X axis is parallel to the 

𝐴5𝐴6, and the Y axis is determined by the right hand rule. The moving coordinate system is located at the 

geometric center of the lower surface of the moving platform. The p is the origin of the moving coordinate 

system. The z-axis is perpendicular to the plane, the x-axis is parallel to the plane, and the y-axis is determined 

by the right-hand rule.𝐴𝑖(𝑖 = 1,2,⋯ ,8)is the connection point between the rope and the static platform, and 

𝑎𝑖(𝑖 = 1,2,⋯ ,8)is the connection point between the rope and the moving platform. Let 𝐴𝑂
𝑖be the position vector 

of 𝐴𝑖  in the fixed coordinate system and 𝑎
𝑝

𝑖be the position vector of 𝑎𝑖 in the moving coordinate system. 𝐿 =

𝐴𝑖𝑎𝑖
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ (𝑖 = 1,2,⋯ ,8) is the rope vector.𝑙𝑖represents the length of the rope, a, b and h are the length, width and 

height of the mobile platform respectively. The rigid platform is fabricated from 7075-T6 aluminum honeycomb 

panel (core density 80 kg/m³, face sheets 2 mm thick) to achieve flexural stiffness >5 kN/mm while keeping mass 

<8 kg, which is critical for dynamic response and is a direct application of lightweight alloy design principles 

from aerospace metallurgy. In the next analysis process, the rope is always in a state of tension, and the influ-

ence of rope elasticity and gravity is not considered. 

 

 
Figure 3. Skating training robot mechanism diagram 
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3. Kinematics analysis of skating training robot  

3.1. Inverse kinematics analysis 

The kinematic model assumes ideal rigid-body behavior, which is validated by the high elastic modulus 

of selected materials: E = 71.7 GPa for 7075-T6 aluminum chassis, E = 210 GPa for steel ropes, and compound 

modulus >15 GPa for GCr15 pulleys. Finite element analysis (ABAQUS) confirms that under maximum simu-

lated skating thrust of 1.5 kN, chassis deformation <0.08 mm and rope elongation <0.12 mm, validating the 

rigid-body kinematic assumption within 0.2 % error margin—an acceptable threshold derived from metallur-

gical tolerance standards for precision machinery. 

It is assumed that the moving coordinate system rotates 𝛼、𝛽 and 𝛾 angles relative to the fixed coordinate 

system around the X, Y and Z axes of the fixed coordinate system. Therefore, the rotation matrix 𝑅𝑂
𝑝 from the 

fixed coordinate system to the moving coordinate system is: 

𝑅𝑂
𝑝 = 𝑅(𝑍, 𝛾)𝑅(𝑌, 𝛽)𝑅(𝑋, 𝛼) = [

𝑐𝛽𝑐𝛾 𝑐𝛾𝑠𝛼𝑠𝛽 − 𝑐𝛼𝑠𝛾 𝑐𝛼𝑐𝛾𝑠𝛽 + 𝑠𝛼𝑠𝛾
𝑐𝛽𝑠𝛾 𝑐𝛼𝑐𝛾 + 𝑠𝛼𝑠𝛽𝑠𝛾 𝑐𝛼𝑠𝛽𝑠𝛾 − 𝑐𝛾𝑠𝛼
−𝑠𝛽 𝑐𝛽𝑠𝛼 𝑐𝛼𝑐𝛽

]     (1) 

where 

𝑅(𝑍, 𝛾)- The rotation matrix of the angle 𝛾 around the Z-axis. 

𝑅(𝑍, 𝛾) = [
𝑐𝛾 −𝑠𝛽 0
𝑠𝛽 𝑐𝛾 0
0 0 1

]. 

𝑅(𝑌, 𝛽)- The rotation matrix of the angle 𝛽 around the Y-axis. 

𝑅(𝑌, 𝛽) = [
𝑐𝛽 0 𝑠𝛽
0 1 0

−𝑠𝛽 0 𝑐𝛽
]. 

𝑅(𝑌, 𝛽)- The rotation matrix of the angle 𝛼 around the X-axis. 

𝑅(𝑋, 𝛼) = [
1 0 0
0 𝑐𝛼 −𝑠𝛼
0 𝑠𝛼 𝑐𝛼

]. 

𝑐 = 𝑐𝑜𝑠. 

𝑠 = 𝑠𝑖𝑛. 

The inverse kinematics analysis of the skating training robot is to solve the rope length 𝑙𝑖(𝑖 = 1,2,⋯ ,8) by 

giving the position 𝑝𝑂 = (𝑥, 𝑦, 𝑧) and the attitude angle (𝛼, 𝛽, 𝛾) of the moving coordinate system in the fixed 

coordinate system. The position vector of 𝑎
𝑝

𝑖 in the fixed coordinate system is expressed as follows: 

𝑎𝑂
𝑖 = 𝑅𝑂

𝑃 𝑎
𝑝

𝑖               (2) 

Regardless of the location of the mobile platform, the connection point of the rope and the origin of the 

two coordinate systems will form a vector relationship ring 𝑂𝐴𝑖𝑎𝑖𝑝. The vector relationship obtained by the 

vector relationship ring is as follows: 

𝐴𝑖𝑎𝑖
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ = 𝑂𝑝⃑⃑⃑⃑  ⃑ + 𝑝𝑎𝑖⃑⃑ ⃑⃑ ⃑⃑ − 𝑂𝐴𝑖

⃑⃑ ⃑⃑ ⃑⃑  ⃑              (3) 

Similarly, the vector relationship can be obtained as follows: 

𝐿𝑖 = 𝑂
𝑝

+ 𝑅𝑂
𝑃 𝑎

𝑝
𝑖 − 𝐴𝑂

𝑖             (4) 

Therefore, the length of the i-th rope is: 

𝑙𝑖 = ‖𝐿𝑖‖ = ‖𝐴𝑖𝑎⃑⃑⃑⃑ ⃑⃑ 
𝑖‖               (5) 

So far, the inverse kinematics analysis of the rope-driven skating robot has been completed. 

3.2. Forward kinematics analysis 

The forward kinematics analysis of the rope-driven skiing robot is to solve the pose of the mobile platform 

in the fixed coordinate system by knowing the length 𝑙𝑖(𝑖 = 1,2,⋯ ,8) of each driving rope, and the result is the 

position 𝑂
𝑝

= (𝑥, 𝑦, 𝑧) and attitude angle (𝛼, 𝛽, 𝛾) of the mobile platform in the fixed coordinate system. 

From the formula (5), it can be seen that: 
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{
 
 

 
 𝑙1 = ‖𝐴1𝑎1

⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑‖

𝑙2 = ‖𝐴2𝑎2
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑‖

⋮

𝑙8 = ‖𝐴8𝑎8
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑‖

               (6) 

Obviously, Equations (6) can not be solved directly by analytical method. Newton–Raphson iterative 

method, as a method of approximate solution of equations in real and complex fields, has the advantages of 

fast convergence and accurate solution. Therefore, Newton–Raphson iterative method {}is selected as the solu-

tion method in this paper.  

Creates a constructor based on formula (5): 

𝐹𝑖(𝑋) = ‖𝑙𝑖⃑⃑ ‖ − 𝑙𝑖
2               (7) 

According to the Newton–Raphson iteration method, it can be seen that: 

𝑋𝑘+1 = 𝑋𝑘 + 𝛿𝑋𝑘               (8) 

where 

𝛿𝑋𝑘- Pose increment of mobile platform. 

𝛿𝑋𝑘 = −
𝐹𝑖(𝑋)

𝐽𝑖
               (9) 

where 

𝐹𝑖(𝑋)-Deviation function of the i-th rope 

So: 

𝐽𝑖𝛿𝑋𝑘 = −𝐹𝑖(𝑋)               (10) 

 

𝐽𝑖 = [
𝜕𝐹𝑖(𝑋)

𝜕𝑥

𝜕𝐹𝑖(𝑋)

𝜕𝑦

𝜕𝐹𝑖(𝑋)

𝜕𝑧

𝜕𝐹𝑖(𝑋)

𝜕𝛼

𝜕𝐹𝑖(𝑋)

𝜕𝛽

𝜕𝐹𝑖(𝑋)

𝜕𝛾
]
1×6

         (11) 

where 

𝐽𝑖is the matrix of𝐹𝑖(𝑋)after partial derivative of pose. 

Formula (10) is written in the form of matrix: 

𝐽𝛿𝑋𝐾 = −𝐹(𝑋)               (12) 

where 

𝐽 = [𝐽1𝐽2𝐽3𝐽4𝐽5𝐽6𝐽7𝐽8]
𝑇 . 

𝐹(𝑋) = [𝐹1(𝑋)𝐹2(𝑋)𝐹3(𝑋)𝐹4(𝑋)𝐹5(𝑋)𝐹6(𝑋)𝐹7(𝑋)𝐹8(𝑋)]𝑇. 

The general formula of iterative solution is: 

𝛿𝑋𝐾 = −𝐽−𝐹(𝑋)               (13) 

where 

𝐽− is the pseudo-inverse matrix of 𝐽. 

At the beginning of the iteration, the initial guess value 𝑋0 = (𝑥0 𝑦0 𝑧0 𝛼0 𝛽0 𝛾0)
𝑇 is brought in; 

find its incremental value 𝛿𝑋0; then the solution (13) is looped until the constraint condition ‖𝛿𝑋𝑘‖＜𝜁 is sat-

isfied, where 𝜁 cis the custom error limit value. So far, the forward kinematics analysis of the skating robot is 

completed. 

4. Forward and inverse kinematics verification of skating training robot 

In order to verify the correctness of the forward and inverse kinematics analysis of the established skating 

training robot, the forward and inverse motion simulation is carried out in the MATLAB environment.  

The forward and inverse kinematics algorithm is verified by selecting 5 groups of pose points. The first 

step is to input the selected 5 groups of pose points, and the 8 rope lengths corresponding to each group of pose 

points are obtained by inverse kinematics calculation. Then, the results calculated by the inverse kinematics 

solution are input, and the forward kinematics algorithm is used to observe whether the output end pose is 

consistent with the previously selected five groups of pose points. If the error between the two is within the 

effective range, the forward and inverse kinematics algorithm is considered to be effective.  

While five pose points may appear modest, this validation set is strategically designed to sample the ro-

bot's primary workspace encompassing typical skating motion ranges (x: ±300 mm, y: ±400 mm, z: (1200-1800) 
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mm, angles: ±0.25 rad). In kinematic feasibility studies for parallel robots, 5-10 well-chosen configurations are 

standard practice because each pose involves 8 constraint equations, yielding 40 total constraints—substantially 

over-determining the 6-DOF solution space and rigorously testing algorithmic consistency. This approach pri-

oritizes precision over volume: verifying that errors remain <1 % across diverse workspace regions rather than 

exhaustive enumeration. Future dynamic studies will expand to continuous trajectory tracking with >1000 sam-

pled points. 

Five groups of pose points are selected in the workspace of the skate robot, as shown in Table 1. 

Table 1. Pose point 

No x/mm y/mm z/mm 𝜶/𝒓𝒂𝒅 𝜷/𝒓𝒂𝒅 𝜸/𝒓𝒂𝒅 

1 142 231 1275 0.120 0.160 0.210 

2 279 -361 1342 0.181 0.239 0.171 

3 -299 182 1538 0.117 0.144 0.253 

4 152 203 1603 0.214 0.233 0.190 

5 141 -179 1751 0.142 0.214 0.167 

The coordinates of the five groups of pose points in table 1 are brought into formula ( 5 ) respectively. 

Through the inverse kinematics solution, the eight rope lengths of the ski training robot corresponding to each 

group of pose points can be obtained, as shown in table 2. 

Table 2. Inverse kinematics results 

No 𝒍𝟏/𝐦𝐦 𝒍𝟐/𝐦𝐦 𝒍𝟑/𝐦𝐦 𝒍𝟒/𝒎𝒎 𝒍𝟓/𝒎𝒎 𝒍𝟔/𝒎𝒎 𝒍𝟕/𝐦𝐦 𝒍𝟖/𝐦𝐦 

1 1388.56 1489.23 1574.18 1476.72 1808.36 1545.80 1667.11 1901.02 

2 1462.81 1502.81 1559.41 1511.98 2184.82 1657.32 1395.08 1943.89 

3 1066.41 1347.79 1392.46 1132.10 1823.23 2076.31 2076.31 1851.99 

4 1054.36 1192.07 1324.08 1186.53 2140.25 1842.08 1842.08 2145.51 

5 1002.05 1056.10 1101.71 1046.45 2330.23 1860.59 1860.59 2191.79 

After the inverse kinematics solution result is obtained, it is brought into the formula (13) for iteration, and 

the forward kinematics solution result can be obtained. The kinematics result is shown in table 3. 

Table 3. Kinematics positive solution results 

Number 𝒙′/mm 𝒚′/mm 𝒛′/mm 𝜶′/𝒓𝒂𝒅  𝜷′/𝒓𝒂𝒅 𝜸′/𝒓𝒂𝒅 

1 141.348 232.157 1273.345 0.1190 0.1610 0.2111 

2 280.899 -321.256 1341.159 0.1825 0.2385 0.1723 

3 -299.656 181.452 1538.625 0.1172 0.1433 0.2519 

4 153.522 203.767 1604.475 0.2146 0.2348 0.1882 

5 142.225 -176.398 1753.274 0.1388 0.2139 0.1677 

After obtaining the results of the forward kinematics solution, the error formulas of the five sets of data in 

Table 1 and Table 3 are calculated as follows: 

 

𝜉 =
𝑋−𝑋′

𝑋
               (14) 

where 

𝑋—𝑥, 𝑦, 𝑧, 𝛼, 𝛽, 𝛾 in Table 1. 

𝑋′—𝑥 ′, 𝑦′, 𝑧 ′, 𝛼 ′, 𝛽′, 𝛾 ′in Table 3. 

After calculation, the maximum error of the five groups of data obtained is 0.96 %, less than 1 %, indicating 

that the average errors of the five groups of position and attitude are within the allowable error range, which 

can meet the needs of positive and inverse solutions, thus proving that the kinematics algorithm applied in this 

paper is feasible. 
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5. Discussion 

The scientific contribution is threefold. First, we present the first kinematic model for an 8-cable skating 

training robot with sport-specific geometry, validated against metallurgical constraints. Second, we demon-

strate that standard numerical methods can achieve <1 % error when coupled with precision-manufactured 

components, establishing a baseline for future high-performance sports robots. Third, the metallurgical speci-

fication framework developed here is transferable to other cable-driven systems in harsh environments (e.g., 

offshore cranes, aerospace simulators), amplifying impact beyond sports engineering. While the method is 

standard, its integrated application to this novel configuration with quantified material-performance coupling 

constitutes the core contribution. 

The numerical validation confirms the efficacy of the kinematic model and the Newton–Raphson method 

for the forward kinematics solution of the proposed cable-driven robot. The maximum pose error of less than 

1 % demonstrates sufficient accuracy for sports training applications, where precise posture replication is criti-

cal. This level of accuracy is comparable to, and in some cases surpasses, that reported in other cable-driven 

systems used in rehabilitation and motion simulation [5, 8, 11]. For instance, similar error margins have been 

achieved in rehabilitation robots using iterative methods, though often with fewer degrees of freedom or under 

static conditions [5, 18]. 

Our robot’s design successfully addresses key requirements for a skating trainer, including a compact 

structure and posture adjustability, leveraging the inherent advantages of cable-driven parallel robots, such as 

a large workspace and reconfigurability [8, 9]. However, unlike general-purpose CDPRs, our system is tailored 

to the biomechanical demands of skating, incorporating a sport-specific geometry and material selection opti-

mized for dynamic athletic loads. 

The material specifications—such as the use of 7075-T6 aluminum alloy for the chassis and nitrided GCr15 

steel for pulleys—directly contribute to the system's rigidity and durability, minimizing deformations that 

could affect kinematic accuracy. This aligns with findings in the literature emphasizing the role of material 

properties in the performance of high-precision robotic systems [1, 10]. For example, Totten [10] highlights that 

surface hardening techniques like nitriding significantly enhance wear resistance in cyclic loading environ-

ments, which is consistent with our design objectives. 

Nevertheless, the current model assumes ideal conditions, neglecting cable elasticity, sag, and dynamic 

interactions. These factors are known to influence the accuracy of cable-driven robots in real-world applications 

[11, 14]. Future work should integrate these aspects into a dynamic model and validate the system with a phys-

ical prototype under realistic training loads. 

The realized prototype will enable experimental validation of material performance under dynamic load-

ing, providing empirical data on the fatigue life of nitrided pulleys and the creep behavior of traction ropes. 

Such data will be valuable for the broader robotics and materials communities, particularly in applications re-

quiring high strength-to-weight ratios and durability under cyclic loads [3, 7]. 

In summary, this study not only validates a kinematic model for a novel skating training robot but also 

underscores the importance of material selection and processing in achieving desired performance. The inte-

gration of kinematics with metallurgical design represents a step forward in the development of specialized 

sports training robots. 

6. Conclusions 

To enhance skaters' competitive performance, this paper designs a parallel rope traction skating training 

robot that facilitates athlete adjustment during training and improves training efficiency. The geometric model 

of the parallel rope-driven skating training robot is established and its degrees of freedom are analyzed. The 

Newton–Raphson iteration method is applied to derive the forward kinematics solution, and numerical simu-

lation is carried out. The results demonstrate that the maximum pose error is 0.95 %, which is within the allow-

able error range, confirming the correctness of the theoretical analysis and the feasibility of using this mecha-

nism to assist skating training. 

https://doi.org/10.64486/m.65.3.4


Metalurgija / Metallurgy                                                                                  Vol. 65 No. 3 / 2026  
 

238 

 
https://doi.org/10.64486/m.65.3.4 

This work demonstrates a systematic methodology for integrating advanced materials—7075-T6 alumi-

num alloys, cold-drawn ultra-high-strength steel wires, and gas-nitrided bearing steels—into precision robotic 

systems. By specifying thermo-mechanical processing routes (T6 tempering, patenting, nitriding) and quanti-

fying their impact on mechanical properties (strength, hardness, wear resistance), the paper provides a trans-

ferable framework for materials selection in high-performance sports equipment. 

The scientific contribution is threefold: First, we present the first kinematic model for an 8-cable skating 

training robot with sport-specific geometry, validated within materials constraints. Second, we demonstrate 

that standard numerical methods can achieve <1 % error when coupled with precision-manufactured compo-

nents, establishing a baseline for future high-performance sports robots. Third, the materials specification 

framework developed here is transferable to other cable-driven systems in harsh environments (e.g., offshore 

cranes, aerospace simulators), amplifying impact beyond sports engineering. 

Planned experimental validation with the prototype will generate fatigue and wear data that can inform 

alloy development and surface treatment optimization, directly supporting materials engineering research on 

lightweight structures and tribological systems. Future work should focus on dynamic modeling, robust control 

strategies, and sensor integration for real-time adaptation to enhance training safety and effectiveness. 
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