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ABSTRACT 

FARHAN,MOHAMMAD, Masters :  

June : 2023, Masters of Science in Mechanical Engineering 

Title: Design, Development, and Testing of Torque and Angle Measurement System 

for a Traction Machine 

Supervisor of Thesis: Dr. Mohammad Roshun Paurobally 

This thesis presents the development of a traction measuring system designed to 

evaluate the interaction between shoes and playing surfaces to prevent lower extremity 

injuries. The interaction between shoes and playing surfaces has been identified as a 

key risk factor for lower extremity injuries. The traction system was designed and built 

with an advanced mechatronics interface which is going to be used as an add-on to an 

existing manually operated EXETER S2T2 traction machine utilized by Aspetar. The 

components of the traction machine such as the electronics interface, operating 

software, and connecting parts were developed in the workshop. The mechanical 

interactions such as rotational torque, and angular displacement, between the shoes and 

the natural grass as well as artificial grass of playing surfaces were measured. The 

values of torque were calculated at various applied loads within 90o angles for inward 

and outward rotations, and it was plotted against the angular displacement, and speed 

of rotation. The peak torque obtained for the Nike Tiempo shoe has the highest traction 

of 32.44 Nm for outward rotation on natural grass (NG) and the lowest of 25.89 Nm 

for inward rotation on artificial grass (AG) which are considerably different for various 

loading and speed conditions. The result analysis shows the improved efficiency and 

ability of the mechatronic add-on over the existing manually operated traction 
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measuring machine. A numerical model was developed using the modified Bouc-Wen 

mode parameters for the calculation of torque with various conditions. The numerical 

results show that the rotational stiffness can be represented by sub-systems and each 

with their own properties. As the loading condition or speed changes, the model's 

degree of freedom also changes which leads to a reduction in sudden change in stiffness. 

The traction measuring system has the potential to contribute significantly to the 

understanding of lower extremity injury mechanics and to help design footwear and 

playing surfaces that minimize injury risk. The results of this study will be useful for 

sports medicine practitioners, footwear designers, and sports organizations looking to 

reduce the incidence of lower extremity injuries in athletes. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

The most prevalent injuries in athletes' lower extremities are caused by inadequate or 

excessive traction between their shoes and the playing surfaces. The traction between 

the player's shoes and the playing surfaces is the most essential factor in the athlete's 

performance [1], [2]. For instance, an athlete’s shoe grip on the playing surface dictates 

how quickly the athlete can change maneuvers such as stopping, speeding up, and 

changing directions [3]–[6]. Non-contact lower extremity injuries account for 21-61% 

of lower extremity injuries in American football and soccer. These injuries are not the 

result of a direct load from another athlete or an object [7]–[11]. There are several types 

of playing surfaces that are employed in sports. These surfaces can be divided into two 

types: natural and artificial [12], [13]. The artificial surfaces are of the infill variety, 

with a base such as concrete or artificial grass fibers [14]–[16]. The common factors 

which affect the interactions between the shoes and the surface are the type of playing 

surface and the shoes used according to that surface. Shoes are categorized based on 

their playing surfaces, such as stud, edge, and fin types [17] as presented in Fig. 1. The 

stud-type shoes which mostly used in football are Conical, Bladed, Screw-in, and 

Hybrid Studs [18]. 
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Figure 1. Various types of shoes used in football 

 

Nowadays surfaces made of natural grass, artificial grass, or a combination of the two, 

which are known as hybrid reinforced grass systems are becoming widely attractive in 

a variety of sports, including football, soccer, and hockey [5], [19], as displayed in Fig. 

2.  

 

 

Figure 2. Different types of grass used for sports 

 

Artificial grass fields were created to replicate the playing features of natural fields in 

an effort to promote participation in sports while lowering expenses [13], [20]. Every 

sport has fundamental characteristics designed to meet the requirements of the sport, 

which may be done by selecting the suitable surface specification as well as footwear 
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[21]–[23]. The design of the football shoe, as well as its compatibility with the playing 

surface, are essential for ensuring both good performance and injury prevention [24], 

[25]. Using the proper equipment, for instance, a traction machine [26], [27], the 

appropriate interaction between the shoes and the surface in different climate regions 

can be determined. Several traction machines, like the EXETER S2T2 [18], The 

BEAST (Biocore Elite Athlete Shoe-Surface Tester) [19], Boise State TurfBuster [28], 

Shoe traction and impact tester (STIT) [21], and The Pennfoot traction tester [29], are 

being utilized to analyze the mechanical interactions between the player's shoes and the 

playing surfaces as shown in Fig. 3(a),(b),(c). The BEAST is comprised of a foot shape 

attached to a shaft that can move vertically as well as horizontally along an interior 

support structure. The foot form was stiff for the testing presented here, and only the 

cleated part of the shoe was examined. The interior supporting frame can move 

vertically on a massive outer frame as indicated in Fig. 3(a) [7], [19]. The TurfBuster 

concept features an entirely automated testing system that controls translational and 

rotational motion as well as loading conditions with limited user input. It is made up of 

three major assemblies: the outside frame, the inner frame, and the dynamic motion 

assembly. The outer frame serves as a support framework for both the inner frame and 

the dynamic motion assembly, as well as the housing for the compressed-gas cylinders 

as displayed in Fig. 3(b) [28]. The Pennfoot is made up of a frame that holds a steel leg 

with a cast aluminum foot affixed to the bottom. Commercially available athletic 

footwear can be fitted to synthetic foot. All traction measures were obtained by placing 

the forefoot on the ground and the heel lifted off from the surface. Each of the 

measurements was taken with the shoe turned 45o. In between experiments, Pennfoot 

was relocated to the playing field as depicted in Fig. 3(c) [29]. The precision of these 

traction machines can offer a better understanding of the interaction between the shoes 
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and the surfaces, which can lead to a significant reduction in lower extremity injuries. 

In the field of sports, traction machines are used by specialists to determine the root 

cause of lower extremity injuries in players by assessing the necessary friction between 

the shoes and the playing surfaces [30]–[32]. Most traction machines are manufactured 

as a single unit which is bulky in size and usually manually operated with limited 

capabilities and required more manpower to operate it. Results may also not always be 

completely repeatable. 
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Figure 3. Different types of traction machines (a) BEAST (Biocore Elite Athlete 

Shoe-Surface Tester), (b) Boise State TurfBuster, (c) Pennfoot traction tester are 

currently used 

 

To improve accuracy and yield better results while reducing physical labor during 

actual measurements, automation of manually operated machinery is required in a wide 

range of research domains [33]. Till now no research has provided continuous-time 

Torque and angle data. The current study addresses this gap and provides a new 

opportunity to study traction via the determination of rotational stiffness for various 

conditions.   

This research presents the design, development, and testing of a mechatronic system 

add-on for the EXETER S2T2 traction machine [18], as seen in Fig 4.  
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Figure 4. EXETER S2T2 traction testing machine 

 

This traction machine is manually operated and offers limited results when testing 

traction. It is also time-consuming and difficult to use since a large number of tests must 

be performed in order to acquire good results because only one value, the peak value, 

can be retrieved in one operation, which changes with each test. The angle of rotation 

cannot be determined with a torque wrench, raising concerns regarding torque and its 

relationship with angular rotation. In this project, an engineering design methodology 

is employed to design and build a mechatronic product add-on for the EXETER S2T2 

traction machine. This system's functioning is automated by offering an interface so 

that test results can be easily accessible, hence broadening the scope of gathering data 

in a timely and effective manner. This includes using a dedicated torque and angle 

measurement sensor, a motor to provide rotation of the shoe, and an interface to obtain 

and display continuous-time results on screen as well as data capture and analysis. 

1.2 Goals and Objectives 

This project aims at delivering a novel add-on system of traction measuring along with 

the improvement in the testing method for the existing EXETER S2T2 traction machine 

to minimize the operating time and improve outcomes. The add-on system will be 

fabricated according to the physical parameters of the traction machine such as 
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dimensions and existing measurement system. The project will also aim to bring about 

a more concise and repeatable procedure for the evaluation of traction between shoes 

and playing surfaces.  

The objectives of the project can be summarized as follows: 

• To design and assemble the components to a frame that fits the product add-on using 

a Computer Aided Design package such as SolidWorks. The components include 

the motor, torque, and an angle sensor, which are connected between the motor, 

sensor, and dummy foot holding shaft.  

• To design all the accessories such as mountings, fittings, frame, and wire housing 

as required for the operation of the system.  

• To design the system and electronic interface comprising of a motor driver, sensor 

interface, and power supply. To create software that will record and display the 

results in real-time in a coordinated and visual manner. To collect pertinent data for 

subsequent processing. 

• To test the entire automated traction system in the lab as well as in a real-world 

application and compare its precision with the existing manually operated system 

used by Aspetar.  

• To recommend any additional capability of the system to enhance research output 

and improve knowledge. 
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CHAPTER 2: DESIGN AND DEVELOPMENT OF A MECHATRONIC ADD-ON     

2.1 System’s Components and Specifications 

A system can be defined as a collection of components that work together to achieve a 

common goal. The components such as the system frame, housing box, and connecting 

shaft were designed and manufactured. The worm-geared drive DC motor and rotary 

torque sensor which are used in this system are described with their specifications. The 

Arduino and motor microcontroller are acquired according to the requirement of the 

system to achieve the best result possible. 

2.1.1 Worm Geared Drive DC Motor 

A worm-geared drive DC motor is a type of motor that utilizes a worm gear reduction 

mechanism to reduce the speed of the motor while increasing its torque output. The 

worm gear has meshed with a larger spur gear, which results in a gear reduction ratio 

of 50:1. This DC motor was chosen due to the project's required peak torque of ~100 

Nm and a safety factor of 150 Nm capacity. The DC motor provides the rotational 

power to drive the worm gear, which in turn drives the spur gear. This type of motor is 

commonly used in applications that require slow movements, and high-torque 

operation, such as conveyors, material handling equipment, and robotics. Instead of 

manual rotation, a 600W 12V (063) NMRV worm-geared drive DC motor from Motion 

Dynamics [34], was employed to automate the traction testing as shown in Fig. 5. 

 

 

Figure 5. Worm-geared drive DC motor with dimensions from Motion Dynamics 
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Table 1. Specification Of worm geared drive DC motor 

Parameters  Values 

Weight 17.0 kg 

Length  421 mm 

Gear ratio 50:1 

Voltage 12 V 

Rated current 50 Amps 

Power 600 W 

Maximum speed 30 RPM 

Maximum torque 150 Nm 

 

2.1.2 FUTEK Rotary Torque Sensor  

A rotary torque sensor is a type of sensor used to measure torque in rotary systems. It 

works by detecting the twisting force (torque) applied to a rotating shaft and converting 

it into an electrical signal. The signal can then be processed and analyzed by a data 

acquisition system to provide real-time measurements of torque. In this research, a 

FUTEK TRD305 rotary torque sensor was selected [35]. FUTEK rotary torque sensors 

are commonly used in a variety of applications, such as testing and validation of 

mechanical systems, motor control, and process control. They are known for their high 

accuracy, reliability, and robustness in harsh environments. 

 

 

Figure 6. FUTEK rotary torque sensor 
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Table 2. Specification of FUTEK Rotary Torque Sensor 

 

2.2 Design of the System  

The add-on system is precisely designed to fit onto the EXETER S2T2 traction 

machine. All the electronic sensors are mounted on the top of the mounting frame, 

which is installed on the traction machine. The Futek torque sensor and DC motor are 

connected through the vertical shaft that attaches to the dummy shoe holder at the base 

frame. The weight was placed on the supporting plate, which was connected to the 

vertical shaft. Athletic shoes and playing surfaces are subjected to structural loads using 

dummy shoe holders as shown in Fig. 7.  

 

 

PERFORMANCE  

Nonlinearity ±0.2% of RO 

Hysteresis 10.1% of RO 

Non-repeatability ±0.2% of RO 

Rotational Speed 3000 RPM Max 

ELECTRICAL  

Rated Output (RO) 2 mV/V nom 

Excitation (VDC or VAC) 11 max 

Bridge Resistance 350 ohm nom 

Connection 10 Pin Bendix PT02A-12-10P 

MECHANICAL  

Safe Overload 

Material 

IP Rating 

150% of RO 

Aluminum (Housing), Steel Alloy (Shaft) 

1P40 
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Figure 7. The add-on system's a) drawing with dimensions (cm), b) front view, and c) 

isometric view 

 

2.3 Fabrication of the System 

2.3.1 Manufacturing of Components  

Two aspects of the add-on design require consideration for material selection. It is 

required to provide materials for the fitting mechanism, which is the frame in addition 

to the housing system. The frame for the add-on system was locally made, and mild 

steel was used in the mechanical engineering workshop for such structures. For the 

housing of the electronic system, acrylic materials were used for wire management due 

to their features such as lightweight, robustness, and weather-resistant thermoplastic 

that is dimensionally stable, break-resistant, and easily fabricated and glued. The frame 

was entirely constructed to accommodate the EXETER S2T2 traction machine as a 

table add-on, utilizing mild steel material and precise measurements to ensure that it 

did not exceed the required size. For aesthetic appearance, the frame was coated with a 

dark grey spray. When the frame was finished, it was ready for other components to be 

added. The DC motor was installed on the frame with the gearbox on top of a hole in 
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the frame, allowing access to the hexagonal rod from the EXETER S2T2 traction 

machine. For safety, the motor was secured using open enclosures and M8 bolts, 

washers, and nuts. After fixing the motor, the next step was to manufacture the coupler 

to fit the FUTEK rotary torque sensor and attach it to the gearbox so that the rotary 

sensor can be connected to the gearbox’s rotating shaft to transmit the power and also 

provide proper alignments to the sensor and shaft as shown in Fig. 8(a). Following this, 

a shaft of comparable height to the FUTEK rotary sensor was manufactured to take its 

place anytime the torque sensor was not required, so making it a replacement part that 

keeps the system running independently. Furthermore, an adapter was created with one 

end to fit the 13/16-inch hexagonal shaft of the EXETER S2T2 traction machine, and 

the other end to fit the shaft or the FUTEK rotary sensor, both of which had the same 

square design. Finally, all of the dimensions were carefully chosen to accommodate the 

available space between the gearbox and the hexagonal rod as shown in Fig. 8(b).  

 

Figure 8. (a)  Coupler and (b) Adapter to connect rotary sensor of the traction machine 

 

After all the components were manufactured according to the precise dimensions and 

specifications, all the parts were then installed in the add-on frame as shown in Fig. 9.
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Figure 9. Add-on frame with all installed parts 

                      

2.3.2 Assembly of the Traction Machine 

The designed mechanical components of the add-on system that was built, were then 

assembled to verify for dimensional fit. Every component was fitted properly and also 

the FUTEK sensor and shaft could be removed easily when not required. Afterward, 

assembled components were integrated with the electronic interface in the mechanical 

workshop for preliminary laboratory testing and refinement. A SyRen 50A regenerative 

motor controller from Dimension Engineering [36], the Arduino Duemilanove 

platform, and an AC-to-DC converter device were utilized to provide the electronic 

interface for the add-on system. The torque and angle sensors were linked to a worm-

geared drive DC motor, which is connected to a vertical shaft that passes through the 

weight loading plate and is joined to a dummy shoe holder. The shoes compared were 

fitted to the dummy shoe holder for testing purposes as presented in Fig. 10(a). 

Fig. 10(b), shows the assembly created beneath the table frame to connect the various 

components as described.    
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Figure 10. An overview of automated traction machine 

 

2.4 Testing of the System 

The testing of a traction system for measuring the traction of shoes and playing ground 

involves evaluating the accuracy and reliability of the system in measuring the traction 
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provided by the shoes and the surface they are used on. This can include workshop tests 

as well as real-world tests. Some key factors to be considered in the testing process 

include: 

• Versatility: The system should have the ability to adapt and function effectively 

in a variety of different situations. It should also be capable of measuring 

traction under various loads and speeds. It will enable accurate and reliable 

measurements in a wide range of applications and scenarios.  

• Sensitivity: The system should be able to accurately measure small changes in 

traction. 

• Repeatability: The system should produce consistent results each time it is used. 

• Calibration: The system should be properly calibrated to ensure accurate results. 

• Environmental factors: The system should be able to function accurately in 

different conditions such as varying temperatures, humidity levels, and other 

environmental factors. 

• User-friendliness: The system should be easy to use and provide clear and 

concise results. 

Testing of the traction system can also involve comparing its results to those obtained 

from other methods to validate its accuracy. It is important to thoroughly test the system 

to ensure it meets the desired specifications and can be used effectively in different 

applications. Initially, a test for rotation of the system as a whole was performed. The 

limit switches were then tested, allowing the machine to rotate according to the coding 

for just 90 degrees before stopping, with the associated rotational angle measurements. 

The FUTEK rotary torque sensor was then integrated into the system, and a test was 

performed to monitor the sensor's output with torque, rotational speed, and angle of 

rotation.   
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CHAPTER 3: ENGINEERING DESIGN AND ANALYSIS 

3.1 Stress Analysis (Von Mises) 

Von Mises stress analysis is a method used in engineering and materials science to 

predict the failure of a material subjected to complex loading conditions. A stress study 

was carried out using SolidWorks software as shown in Fig. 11. The weight of the DC 

motor, which is around 17.0 kg, multiplied by gravitational acceleration results in a 

force of about 170 N applied to the frame in the simulation. In order to operate the 

system in extreme working conditions, the torque was adjusted to be the maximum 

value the motor can provide, which is 150 N.m. The maximum force obtained after the 

combination of the motor weight and torque was applied for the stress analysis of the 

frame.  

 

 

Figure 11. Stress analysis simulation of frame and shaft 

 

In SolidWorks, the boundary conditions for stress analysis are utilized to constrain the 

component throughout the simulation process to accurately simulate the real-world 

behavior of the model. The boundary conditions for stress analysis (Von Mises) in 

SolidWorks include.  

1) Fixed constraint: This boundary condition restricts the part from moving in a 
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certain direction. 

2) Concentrated load: A point load is applied to a specific spot on a part by this 

boundary condition. It simulates the impact of a force operating on a specific 

location. 

3) Distribution load: This boundary condition applies a load over the surface of the 

part. It is used to simulate the impact of a distributed force, such as weight or 

pressure. 

The obtained value of yield strength through stress analysis is 2.757 × 107 N/m2  and 

3.413 × 108 N/m2 at the fixed position of the frame and for the shaft respectively as 

shown in the four legs of the table in Fig. 11.  The results of the analysis were used to 

determine that the system is designed to withstand the applied forces and torques 

without failure or deformation. In this context, the yield strength determined by stress 

analysis is 2.757 × 107 N/m2 and 3.413 × 108 N/m2 for the frame and shaft. This 

indicates that if the stress on the material being studied is equal to or greater than this 

value, it will begin to deform plastically and will not return to its original shape when 

the load has been removed. It is essential to keep in mind that the yield strength 

determined by stress analysis is estimated based on the assumptions and parameters 

used during the simulation. Actual yield strength may vary depending on factors such 

as manufacturing techniques, material composition, and other environmental factors. 

Overall, the stress analysis provides useful data about the behavior of the system under 

extreme loading conditions and can help make certain that it was designed to meet the 

essential safety requirements. The manufactured system was tested in real-time with 

the applied load during the torque testing process on the field and shows no vibration 

or deformation in the frame which validates the results obtained through simulation 

analysis.   
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3.2 Factor of Safety Analysis (FoS) 

A Factor of Safety (FoS) is a ratio that compares the maximum stress that a material 

can bear before failure to the load applied. The factor of Safety (FoS) was measured 

with Finite Element Analysis (FEA) using SolidWorks software for the manufactured 

frame to know if it can hold the weight of the motor and applied torque as presented in 

Fig. 12. FoS analysis is a widely used method in engineering to ensure the safety and 

reliability of structures. FEA involves dividing a structure or component into small 

elements, analyzing the behavior of each element under different loads, and then 

combining the results to determine the overall behavior of the structure. The condition 

of Von Mises stress previously obtained was used to calculate the factor of safety for 

the manufactured frame and shaft.  

 

 

Figure 12. Factor of safety simulation of frame and shaft 

 

The analysis results show the minimum Factor of safety of the designed frame is 4.2, 

and 1.5 for the shaft, which indicates that the developed frame as well as the shaft can 

sustain a stress or load that is 4.2 and 1.5 times more than the maximum stress estimated 

in its intended application respectively. In other words, under typical operating 
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conditions, the designed frame has a substantial margin of safety and is highly unlikely 

to fail.  

3.2 Fatigue Analysis 

Fatigue analysis is useful in manufacturing because it ensures the durability and 

reliability of the components under continuous loading situations. The stresses and 

strains that arise during cyclic loading are calculated and used to determine the 

material's fatigue life and damage percentage over time. Fatigue analysis was done for 

the developed add-on shaft with the same parameters and data obtained from stress 

analysis and factor of safety to evaluate the fatigue life of the structure. The results 

obtained from fatigue analysis show that the failure of the structure is unlikely to occur 

according to the applied load and torque on the system.  

Fatigue analysis simulation results include: 

1) Prediction of fatigue life: The predicts the structure's estimated lifetime under 

cyclic loading parameters. 

2)  Failure analysis: This assessment identifies significant failure or damaged areas 

in the components.  

3) Damage aggregation: This estimates the amount of damage that accumulates 

over time as a result of cyclic loading. 
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Figure 13. Fatigue analysis simulation 

 

This result shows the total life of the structure is 1.0 × 106 cycles which confirms the 

safe operation of the manufactured system as shown in Fig. 13,  for fatigue analysis 

simulation. Overall, fatigue analysis simulation results provide valuable insights into 

the performance and lifespan of a component under cyclic loading conditions.    
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CHAPTER 4: SOFTWARE DEVELOPMENT  

4.1  Development of Arduino program for motor control  

The software was developed in accordance with the testing protocol to operate the DC 

motor with a motor controller (SyRen 50A). An Arduino Duemilanove platform was 

used to create and run the code for the three pushbuttons to control the DC motor as 

one for the power button and others for rotation clockwise and anticlockwise of the 

motor and for two limit switches to restrict the rotation of the motor after hitting the 

limit switches at 90o on both directions. The motor speed set at SR.motor(127) (baud 

rate 9600, for SyRen 50A) to rotate the motor at full power as specified full speed of 

utilized DC motor is 30 rpm, and torque 150 N. By changing the polarity and value 

SR.motor(-106), the rotation direction and speed of the motor can be changed 

respectively as shown in Fig. 14. To operate the motor and receive input from limit 

switches and push buttons, as shown in Fig. 15, the program employs digital and analog 

pins on the Arduino platform. The angular movement of the motor was restricted with 

the help of two limit switches placed at 90o to each other and direction was controlled 

by pushbuttons. The working principle of the Arduino program has been displayed in 

Fig. 16, as a flow chart.  

 

 

Figure 14. Developed Arduino program code for the motor control 
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Figure 15. The electronic interface of the add-on system 

 

 

Figure 16. Flow chart of control of motor rotation 
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4.2  Software and Hardware Interface 

The prototype development was divided into two parts. First, there are mechanical 

components such as the frame, gears, shaft, and adapter that require selection, design, 

and assembly. Then there were the electrical components, which comprised the 

Arduino board, a DC motor driver (SyRen 50A), and two limit switches and wires. 

Furthermore, the inclusion of the FUTEK rotational torque-angle sensor classifies it as 

a component of the prototype. The assembly and mounting of the whole system on the 

EXETER S2T2 traction machine are depicted in Fig. 10. On the other hand, for the 

software interface, serial communications primarily serve as a means for the Arduino 

board to communicate with any computer or other device. Serial communications 

require both hardware and software to be implemented. Lines of code are sent to an 

external extension by the program. The extension transforms the lines of code between 

Arduino and the device it is controlling into electrical signals and vice versa. A 

complete schematic of the mechatronic system is shown in Fig. 17. 

 

Figure 17. Diagram of electronics connections of Add-on system 
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The working descriptions of the used components are as follows: 

1) AC to DC converter: This was used to convert AC input waveform into 

pulsating DC output due to the supply of power required for the DC motor.  

2) Motor controller: A motor controller (SyRen 50A) is used to control the speed, 

torque, and direction of an electric motor. The controller’s function includes 

speed control, torque control, direction control, overload control as well as 

feedback control. 

3) Worm-geared drive DC motor: This motor was used to rotate the shaft 

connected to the dummy shoe holder. It is preferred over other types of motors 

because of their efficiency, durability, and reliability.  

4) Futek rotary sensor: It was used to detect the twisting force (torque) applied to 

a rotating shaft and convert it into an electrical signal. 

5) Encoder:  An encoder is a device that is used for rotary sensors to convert rotary 

motion into digital signals that can be read and interpreted by a microcontroller 

or other electronic device. 

6) Arduino platform: It consists of a microcontroller board and a software 

development environment to write and upload code to control electronic 

components such as motors, actuators, sensors, and displays. 

7) Limit switch: A limit switch is an electromechanical device that is used to detect 

the end of the movement of the motor arm. It consists of a mechanical actuator 

that is connected to a set of electrical contacts, which open or close depending 

on the position of the actuator. 
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CHAPTER 5: RESULT AND DISCUSSION 

5.1 Shoes and surfaces used for testing 

The traction was measured by using the developed add-on system installed on EXETER 

S2T2 traction machine. This system has two moving components translation as well as 

rotational which allow the measurement of translation traction and rotational traction 

at a specific time. It comprises a dummy footform component of various sizes, to which 

shoes are attached and angled at 20˚ of plantar flexion as can be seen in Fig. 18(b). This 

configuration is intended to ensure that only the forefoot studs of the shoes come in 

contact with the surface as shown in Fig.18(c), as described in previous research [17], 

[18], [29]. 

 

 

Figure 18. Fitted shoe on dummy shoe holder at 20o of plantar flexion 

 

This is to ensure the vertical loads were applied through the shoes onto the playing 

surfaces with the help of a floating foot-mass component. A Nike (Tiempo) shoe with 

its outsole and stud as shown in Fig. 19, was used for the traction testing in this research 

work. The traction was measured on the two playing surfaces artificial and natural grass 

for the comparison of the traction generated, ability, and performance of the developed 

system.  
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Figure 19. Nike (Tiempo) shoe with stud and outsole tested model 

 

5.2 Traction Testing for Shoe-surface  

Traction testing for shoe-surface is a method for determining a shoe's slip resistance or 

rotational resistance on specified surfaces. Different surfaces will have different 

traction, so it's important to test shoes on a variety of surfaces, including natural grass 

as well as artificial grass. To ensure accurate readings, the traction machine was 

calibrated before performing a traction test. After the calibration was done the obtained 

data were compared with the achieved data of the manually operated system with a 

torque wrench as shown in Fig. 20, for the similarities in generated results of the torque 

as shown in Table 3.  

 

 

Figure 20. Torque wrench used for manually operated traction machine 
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Table 3. Similarities in traction (peak values) are obtained through manually operated 

as well as automated systems. 

Traction machine Traction (Peak value) 

(Nm) 

Grass type Reference 

Manually operated 33.7,         34.4 AG,       NG 
[37] 

Automated operated 31.36        32.44 AG      NG 

 

To measure the torque generated between artificial and natural grass by applying 

various normal loads and with different speeds of rotation. The rotational speed was 

determined based on the extreme condition operation of the developed system in order 

to utilize its full potential of 150 N torque generation by the DC motor at 30 rpm, as 

previously indicated. Afterward, the system was tested for other speeds of rotation as 

25 rpm with various loads such as 539 N and 588 N. The loads here are chosen to keep 

in mind the approximation of the athlete's weight to evaluate the proper traction 

between shoes and playing surfaces to avoid lower extremities injuries. The real-time 

test results were obtained using Futek rotary torque sensor with an encoder and the data 

were stored in the output device in an Excel file for post-processing. The real-time data 

plot of torque-time, power-time, angle-time, and speed time is shown in Fig. 21. The 

obtained data also plotted with torque against time in an Excel sheet from where all the 

peak values of the traction were taken for the post-evaluation and validation of the 

results as displayed in Fig. 22.  



  

28 

 

 

Figure 21. Real-time data plot in Futek rotary torque sensor application 

 

 

Figure 22. Real-time data Plot for torque vs time 

 

5.3 Experimental data analysis 

The analysis of experimental data is an important part of the research process because 

it helps researchers to derive meaningful conclusions from their experiments and make 

evidence-based decisions. The experimental data generated through various test 

processes were collected, analyzed, and interpreted employing several steps such as 

data preparation, exploratory data analysis, and reporting.  
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1) Data preparation: This includes arranging and collecting the information to 

ensure its completeness and precision. Finding and resolving missing data, 

outliers, and errors in the testing process. 

2) Exploratory data analysis: This phase comprises and evaluates the data to 

understand its characteristics, such as distribution, internal consistency, and 

variability. It may include generating graphs, tables, and other representations 

to aid in the identification of patterns and trends in the data. 

3) Reporting: This step comprises expressing the analyzed results 

straightforwardly and understandably. This could include writing a report or 

making a presentation. 

The collected data of rotational torque through various experiments using vertical loads 

of 539 N and 588 N in a combination of 25 rpm and 30 rpm speeds of rotation were 

analyzed and evaluated. The rotational curve was plotted against an angular movement 

of 90o for the two different types of grasses such as artificial and natural grass. The test 

was performed at a particular load and speed of rotation in outward and inward rotation 

of the foot on the surface and obtained torque values were recorded. The test was 

performed using the vertical load of 539 N and at the rotational speed of 25 rpm on 

artificial grass (AG) as well as on natural grass (NG). The results show the peak torque 

of 25.89 Nm was generated at the angle of 85.75o for the inward rotation on the AG is 

the lowest as compared to the 26.02 Nm at 88o of inward rotation on NG, 26.75 Nm at 

84.25o on AG, and 28.43 Nm at 87.75o on NG as shown in Fig. 23.    
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Figure 23. Torque vs angle plot at the load 539 N and speed 25 rpm 

 

Another test was carried out keeping the vertical load 539 N with the rotational speed 

of 30 rpm and the obtained was analyzed as the finding shows the change in torque 

value with angle. The lowest torque obtained is 28.44 Nm at an angle of 87.75o for 

inward rotation on AG, as compared to 29.09 Nm at 86.75o for inward rotation on NG, 

29.88 Nm at 84.75o for outward rotation of AG, and 30.86 Nm at 87.25o for outward 

rotation on NG, as displayed in Fig. 24.    
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Figure 24.Torque vs angle plot at vertical load 539 N and speed 30 rpm 

 

In this test vertical load increased to 588 N with the speed of rotation at 25 rpm for the 

evaluation of impact due to load change on the torque generated between shoes and 

playing surfaces. The outcomes of this experiment were plotted with torque values 

against an angle of rotation as shown in Fig. 25. The obtained data from this plot was 

compared and the findings are 28.84 N of torque at 86.25o for inward rotation on AG 

which is the lowest value amongst the 29.18 N at 88.75o for inward rotation on NG, 

30.58 N at 85.25o for outward rotation on AG, and  31.75 N at 87.25o for outward 

rotation on NG.    
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Figure 25.  Torque vs angle plot at vertical load 588 N and speed 25 rpm 

 

To have more clarity of the results final tests were done at the vertical load of 588 N 

and rotational speed of 30 rpm which allows the use of the full capacity of the DC motor 

at an input torque of 150 N. The obtained torque data from this experiment were 

analyzed and plotted against the angular movement as presented in Fig. 26. The 

generated values were compared for a better understanding of the impact of increasing 

vertical load and speed of rotation on the traction between shoes and surfaces. The 

maximum torque of 32.44 Nm at an angle of 87.75o was obtained for the outward 

rotation on the NG, 31.36 Nm at 86.75o for the outward rotation on AG, 30.53 Nm at 

85o for the inward rotation on NG, and the lowest torque was for the inward rotation on 

AG, as 30.42 Nm at 87.5o.     
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Figure 26. Torque vs angle plot at vertical load 588 N and speed 30 rpm 

 

The obtained peak torque on the playing surface has been verified with the published 

results in the literature and is aligned with the manually operated system as in previous 

reports [17], [37].    

The test was carried out in both directions of rotation to have a better understanding of 

the torque generated throughout the testing procedure for inward and outward rotation 

with different speeds of rotation and vertical loads as previously explained. The 

outcomes for the tests show the variation in torque generation on artificial and natural 

grass. At a particular load and speed, the torque generated on the natural grass is higher 

as compared to the artificial grass but not a significant difference as mentioned in 

literature [37], [38]. The rotational traction depends on the types of surfaces, shoes, 

loads, and speed of rotation. Increasing the load or speed of rotation increases the torque 

between the shoe and the surface. Also, when the speed of rotation or loads decreases 

the reduction in torque generation has been noticed. The occurrence of peak torque was 
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noticed in all experiments between 80o  to 90o. After the torque reached the peak value 

further angular movement shows a decrease in torque value.     

The behavior of rotational traction also depends on the angle of rotation as can be seen 

in the plots at a certain angle the value of torque decreased even if the angular 

movement increased. This is considered a point of inflection where it appears in some 

cases. This could be due to the occurrence of slipping for a moment between shoes and 

playing surfaces. Another reason could be the sticking of shoes in the ground.      

Overall, the obtained data demonstrate similarities in the change of traction due to 

variations in loads or rotational speeds. Instead of just peak values, traction can be 

measured throughout every angular movement. 

5.4 Quantitative analysis of data  

The study of the results indicates the rotational torque's dependency on various traction 

testing conditions such as shoe outsole, surface, load, and speed of rotation. In Table 4, 

a quantitative analysis of obtained data and the change in traction as more traction was 

generated with higher loads and rotating speed are presented. For natural grass (NG), 

the highest torque (peak value) is reached with a load of 588 N and a rotational speed 

of 30 rpm for outward rotation at an angular movement of 87.75o, and the artificial grass 

(AG) has the lowest torque (peak value) at a load of 539 N and a rotating speed of 25 

rpm for inward rotation at an angular movement of 85.75o. These outcomes provide 

information about the torque angle relationship where at every angular movement a 

value of torque can be calculated. Increasing the load with the same speed increases the 

torque produced and increasing the speed with the same load also increases the torque 

produced between the shoes and surfaces and visa-versa.     
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Table 4. Rotational torque between shoes, artificial grass (AG), and natural grass (NG) 

with various loads and speeds of rotation 

 

 

5.5 Rotational stiffness 

Rotational stiffness is a fundamental property that characterizes the resistance of a 

system or object to rotational motion when subjected to an applied torque or twisting 

force. In the context of sports, rotational stiffness (RS) plays a crucial role in providing 

stability, support, and control during dynamic movements. The ability to change 

direction, execute quick turns, and maintain balance is directly influenced by the 

rotational stiffness of the between shoes and playing surfaces. A higher rotational 

stiffness typically leads to increased stability and control, allowing athletes to perform 

precise movements with enhanced efficiency. 

The rotational stiffness was calculated with the generated torque by using Hooke's Law 

for rotational systems as shown in equation (1) [39].  

 𝐾 =
𝛥𝑇

𝛥𝜃
                                          (1) 

Where K is rotational stiffness, ΔT is the change in torque, and the change in angular 

rotation is represented by Δθ. This equation signifies that the torque required to rotate 

the system is directly proportional to the angular displacement experienced. 

A substantial increase and reduction in stiffness have been seen at specific angles, 

which might be the reason of the athlete's shoes sticking and slipping on the playing 

surfaces, as shown in Fig. 27. Between angles 0 to 26.75 degrees, the stiffness is 

Load 

(N) 

Speed 

(rpm) 

Rotational Torque(Nm) 

(Peak value) 

  Inward (AG) Outward (AG) Inward (NG) Outward (NG) 

539 25 25.89 26.75 26.02 28.43 

539 30 28.44 29.87 29.09 30.86 

588 25 28.84 30.58 29.18 31.75 

588 30 30.42 31.36 30.53 32.44 
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measured to be 32.47 Nm/rad. This indicates a relatively high resistance to rotation for 

the given torque within this range of angles. As the angle increases to the range of 26.75 

to 68.75 degrees, the stiffness decreases to 2.97 Nm/rad. This lower stiffness value 

suggests a reduced resistance to rotation compared to the previous range. However, a 

significant shift in stiffness is observed at an angle of 84.25 to 87.75 degrees, where the 

stiffness jumps to 135.86 Nm/rad. This substantial increase in stiffness implies a 

substantial resistance to rotation, indicating a change in the mechanical behavior of the 

system or object at that specific angle range. 

 

Figure 27. The curve of torque against angle with change in stiffness 
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CHAPTER 6: NON-LINEAR ROTATIONAL STIFFNESS MODEL 

Non-linear Rotational Stiffness models are mathematical representations that describe 

how materials deform in response to applied forces or stresses. These models assist in 

understanding and forecasting material characteristics such as elasticity, shear stress, 

and strain as a function of variables such as shear rate, temperature, and time.  

Diverse models have been created to represent the behavior of various materials. The 

following are some commonly employed numerical models [39]–[41]:  

1. Linear Elastic Model: This model implies a linear relationship between torque 

and angle, based on Hooke's law. It is suitable for materials having completely 

elastic behavior, which means they flex appropriately to the applied torque with 

no energy loss. 

2. Nonlinear Elastic Model: Modified Bouc-Wen model was used for the more 

complicated models that can be utilized for materials that demonstrate nonlinear 

elastic behavior. These models accommodate nonlinearity in the torque-angle 

connection and can either be empirical or analytical. 

3. The Power-Law Model: It is frequently employed for materials that exhibit 

shear-thinning or shear-thickening behavior. The torque-angle connection in 

this model follows a power-law relationship, with the torque being a function 

of the angle raised to a power exponent. 

4. The Herschel-Bulkley Model: It is appropriate for materials that exhibit yield 

behavior, where a particular torque threshold must be surpassed before the 

material begins to deform. To explain the behavior of the material, this model 

comprises factors such as yield stress, consistency index, and flow behavior 

index. 
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1. The numerical model was developed using results obtained after the testing of 

the system with a load of 539 N and a speed of rotation at 25 rpm. 

 

 

 

Figure 28. Graphical representation of torque vs angle with (a) real-time test results, 

(b) real-time data superimposed with model-generated data  

 

0 20 40 60 80 100
0

5

10

15

20

25

30

T
o

rq
u

e 
(N

m
)

Angle (Degree)

 Experimental data

 Model generated data

(a) 

(b) 



  

39 

 

 

Figure 29. Modified Bouc Wen model with stiffness, slip, and damper 

 

After conducting tests on the traction machine at a rotational speed of 25 rpm and a 

testing load of 539 N, various parameters were measured to characterize the system's 

behavior. The torque-angle curve, depicted in Figure 28(a), provided the rotational 

stiffness values: K0 = 32.47 Nm/rad, K1 = 2.98 Nm/rad, K2 = 11.55 Nm/rad, and K3 = 

135.86 Nm/rad. Additionally, the slip torque values were obtained from the same curve, 

S1 = 15.23 Nm, S2 = 17.42 Nm, S3 = 20.55 Nm, and S4 = 28.43 Nm. To calculate the 

damping coefficient, the angular velocity vs. time curve as displayed in Fig. 30(a) was 

utilized. From this curve, the damping coefficients were determined as C0 = 0.036 

rad/s2, C1 = 0.51 rad/s2, C2 = 0.17 rad/s2, and C3 = -0.79 rad/s2. These values were 

calculated using equations (2) and (3), which were employed to calculate the angular 

velocity and determine the numerical model as mentioned below [42];  

                                                         𝜔 =
𝛥𝜃

𝛥𝑡
                                                              (2) 

                                                          𝐶 =
𝛥𝜔

𝛥𝑡
                                                             (3) 

Here, Δθ is the change in rotational angle, Δt is the change in time, ω angular 

velocity, Δω is the change in angular velocity and C is for the damping coefficient.  

𝑇(𝜃𝑡) = 𝐶0𝜔 + 𝐾0(𝜃𝑡 − 𝜃0) + 𝐾1(𝜃𝑡 − 𝜃1) + 𝐾2(𝜃𝑡 − 𝜃2) + 𝐾3(𝜃𝑡 − 𝜃3)            (4) 

With the help of equation (4) the modified Bouc-Wen model was generated as 

represented in Fig. 29, with extra parameters such as damping coefficient C1 and 

stiffness constant K1, K2 as compared to the Bouc-Wen model [40]. The torque-angle 
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curve allows for a comparison between real-time data and data obtained from the 

generated model. In Figure 28(b), the experimental data and the data obtained from the 

model are superimposed, showing similar results with minimal differences in torque 

values. This indicates that the traction between shoes and the playing surface can be 

predicted by considering the angle of rotation, along with other factors such as applied 

load and rotational speed. The consistent results between the experimental and modeled 

data demonstrate the model's ability to effectively capture and predict the behavior of 

the shoe-surface interaction during rotational motions. 

 

 

Figure 30. Graphical representation of (a) angular velocity vs time with damping 

coefficients, and (b) angle vs time curve 
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Table 5. Calculated values after analysis of data achieved from traction machine test 

S. No. Torque (T) (Nm) Angle (θ) 

(rad) 

Time (t) 

(sec) 

Angular velocity (ω) 

(rad/sec) 

1 0.795 0.031 0.903 0.130 

2 7.148 0.228 1.195 0.776 

3 15.142 0.468 1.499 0.803 

4 15.823 0.722 1.795 0.854 

5 16.752 0.963 2.094 0.481 

6 17.382 1.203 2.397 0.446 

7 18.931 1.339 2.699 0.610 

8 20.458 1.474 3.000 0.449 

9 25.306 1.509 3.301 0.210 

10 28.428 1.536 3.603 0.183 

11 26.719 1.544 3.894 0.345 

12 25.805 1.575 4.000 0.654 

 

2. The same approach was utilized to examine the impact of changing the applied 

load to 588 N while maintaining a rotational speed of 25 rpm. 

 

 

(a) 
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Figure 31. The curve of torque vs angle with (a) experimental data (b) experimental 

data superimposed with model-generated data 

 

The rotational stiffness values were calculated based on the obtained data from the real-

time testing. The results show that the rotational stiffness varies at different angles of 

rotation. The rotational stiffness values are, K0 = 35.05 Nm/rad, K1 = 8.93 Nm/rad, K2 

= 21.24 Nm/rad, K3 = 8.18 Nm/rad, and K4 = 32.01 Nm/rad. 

 

 

Figure 32. Modified Bouc-Wen model at different testing conditions 

 

Figure 31(a) shows that the stiffness transition is more gradual than in the previous 

study, where the effect of increasing the testing load was investigated. This shows that 

the modified equation (5), derived from equation (4), captures stiffness changes more 

smoothly. 
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𝑇(𝜃𝑡) = 𝐶0𝜔 + 𝐾0(𝜃𝑡 − 𝜃0) + 𝐾1(𝜃𝑡 − 𝜃1) + 𝐾2(𝜃𝑡 − 𝜃2) + 𝐾3(𝜃𝑡 − 𝜃3) + 𝐾4(𝜃𝑡 − 𝜃4) (5) 

 

Figure 33. Graphical representation of angular velocity vs time with damping 

coefficients 

 

The damping coefficient values were obtained from the angular velocity vs time curve 

analysis. The calculated damping coefficients are C0 = 0.35 rad/s2, C1 = 0.66 rad/s2, C2 

= -0.19 rad/s2, C3 = 0.10 rad/s2, and C4 = -0.04 rad/s2. These coefficients indicate the 

level of damping present in the system and its effect on the rotational torque. The 

generated numerical model takes into account these damping coefficients, resulting in 

a slight variation in torque values compared to the experimental data. This can be 

observed in Figure 31 (b), where the torque vs angle curve shows minor deviations due 

to the additional damping factor introduced in the model. Overall, the developed 

numerical model can be utilized to calculate the torque between the shoes and the 

playing surface, allowing for predictions to be made under different conditions. 

3. The analysis was done at the testing load of 539 N and changing the speed of 

rotation to 30 rpm. 
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Figure 34. Plot of torque against angle with (a) experimental data (b) experimental 

data superimposed with model-generated data 
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Figure 35. Modified Bouc-Wen model at the different rotational speed 

 

The calculated values for rotational stiffness (K) and slip torque (S) are as K0 = 31.87 

Nm/rad, K1 = 44.19 Nm/rad, K2 = 13.39 Nm/rad, K3 = 19.78 Nm/rad, K4 = 4.71 Nm/rad, 

K5 = 54.81 Nm/rad, S1 = 5.30 Nm, S2 = 12.07 Nm, S3 = 21.96 Nm, S4 = 26.72 Nm, S5 

= 27.51 Nm, and S6 = 30.86 Nm. These values represent the stiffness of the system at 

different angles and the torque required to initiate slipping between the shoe and the 

playing surface.  

𝑇(𝜃𝑡) = 𝐶0𝜔 + 𝐾0(𝜃𝑡 − 𝜃0) + 𝐾1(𝜃𝑡 − 𝜃1) + 𝐾2(𝜃𝑡 − 𝜃2) + 𝐾3(𝜃𝑡 − 𝜃3) + 𝐾4(𝜃𝑡 −

𝜃4) + 𝐾5(𝜃𝑡 − 𝜃5)                                                                                                          (6) 

The torque vs angle curve was analyzed at a testing load of 539 N and a rotational speed 

of 30 rpm. This analysis allowed for the calculation of rotational stiffness and slip 

torque, as depicted in Fig. 32 (a). It was observed that the stiffness values exhibited a 

smooth transition as the speed of rotation increased, while the applied load remained 

constant. This finding suggests that the speed of rotation has an influence on the 

system's stiffness, indicating a potential relationship between rotational speed and the 

traction characteristics of the shoe-surface interaction.  
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Figure 36. The plot of angular velocity vs time with damping coefficients. 

 

The damping coefficient was determined by analyzing the angular velocity curve, 

yielding values of C0 = 0.46 rad/s², C1 = 0.16 rad/s², C2 = 0.015 rad/s², C3 = -0.012 

rad/s², C4 = 0.014 rad/s², and C5 = -0.094 rad/s². These measurements play a crucial role 

in developing a numerical model to investigate the behavior of shoe-surface 

interactions. The rotational stiffness values (K0, K1, K2, K3) indicate the resistance to 

the rotation of shoes on the playing surfaces during testing. Higher rotational stiffness 

values suggest a stiffer surface, providing stability and control during dynamic 

movements. These stiffness values, along with slip torque and damping coefficients, 

are essential parameters for the developed numerical model. The numerical models 

created based on these parameters can be used to predict the torque between shoes and 

the playing surface under specific conditions, as illustrated in Fig. 28(b), 31(b), and 

34(b). Notably, the torque calculated from both real-time tests and numerical models 
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exhibits similar results, demonstrating the impact of changes in the angle of rotation. 

This research opens up new possibilities for calculating torque and rotational stiffness 

between shoes and the playing surface, which contributes to a better understanding of 

traction-related lower extremity injuries in athletes. Consequently, this knowledge can 

used for the selection of shoes that are compatible with specific playing surfaces, 

helping to prevent such injuries.     
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CHAPTER 7: CONCLUSION AND FUTURE RECOMMENDATION 

7.1 Conclusions 

In this project, meticulous attention was given to the design and construction of the 

mechatronic add-on system, which was based on an existing manually operated traction 

machine. Specific requirements, such as dimensions, component count, fitting 

precision, height, and weight, were carefully considered to ensure the system met 

desired specifications. To enable automation, highly reliable and accurate measuring 

instruments, including the rotary torque/angle sensor and DC motor, were incorporated 

into the design. The system underwent rigorous testing in real-time applications, 

showcasing its enhanced capabilities and improved efficiency in the testing process. 

Notably, the system significantly reduces the time required for data collection and 

evaluation by employing the instant data generation functionality of the rotary 

torque/angle sensor. Real-time data can be obtained and visualized through illustrated 

relation graphs, providing valuable insights into the relationship between torque, 

angular rotation, rotational speed, and operation time. The system was used to calculate 

rotational traction between shoes and different types of playing surfaces, such as 

artificial grass (AG) and natural grass (NG). Interestingly, the results revealed no 

significant difference in traction between AG and NG under specific load and speed 

conditions. However, variations in traction were observed between inward and outward 

rotations, which depended on factors such as load, speed, and the type of grass surface.  

The main results and outcomes of the thesis can be summarized as follows: 

1) A mechatronic system add-on was developed with enhanced functionality. This 

can be retrofitted. 

2) The system allows tedious tasks to be carried out automatically and with less 

effort from users. 
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3) The results are more repeatable and accurate and depend less on human 

interaction. 

4) The system can be used to not only get peak torque as common practice to date 

but also real-time torque and angle. This may lead to a further understanding of 

traction between shoes and surfaces. 

5) The addition of load and speed of rotation can further be studied within a 

reasonable time. 

6) The direction of rotation can also be studied in more depth. 

7) One key achievement was in obtaining the rotational stiffness and a new 

perspective and understanding of traction. 

8) A numerical model was developed and used to calculate the torque based on the 

given parameters which shows similar results. 

9) These numerical models provide the prediction of torque at any given angle of 

rotation without performing an actual test in real-time.   

10) The torque (peak value) obtained throughout all experiments are 25.89, 26.75, 

26.02, 28.43, 28.44, 29.87, 29.09, 30.86, 28.84, 30.58, 29.18, 31.75, 30.42, 

31.36, 30.53, 32.44 Nm.  

11) After reaching the peak torque a sudden change (decrease) in torque has been 

noticed that could be due to the loss of stability of the athletes on the ground 

which may lead to lower limb injuries.   

7.2 Future Recommendation 

One of the key advantages of this system is its upgradability, which allows for continual 

improvement of the system in most aspects. The convenience of collecting and 

analyzing data is one area in which there is an opportunity to enhance. Currently, data 

is transmitted from the control units to a portable computer via a wired connection. 
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However, it is possible to create a mobile application that will make the testing 

procedure more practical, wireless, and seamless. The manual process of applying 

vertical loads in the testing procedure can also be upgraded. By utilizing alternative 

methods such as a hydraulic press, the issues associated with the weight-changing 

process can be eliminated, resulting in more accurate and efficient measurements. 

Furthermore, it is recommended to further investigate the effects of rotational speed 

and direction in relation to injury prevention using the traction measuring system. The 

newly obtained rotational stiffness values can serve as a basis for generating numerical 

models that predict torque at specific angles. By conducting additional research on these 

models, their accuracy and reliability can be improved. Additionally, it is worth 

considering the implications of observed changes, particularly sudden change in 

rotational stiffness at certain angles and their potential impact on players. Exploring 

these aspects in future research would provide valuable insights for optimizing footwear 

design and playing surface selection to minimize the risk of lower extremity injuries. 
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Appendix A: Research Work Outcomes 

 

Figure 1A: Top view of developed add-on system 

 

 

Figure 2A: Testing of built automated traction machine of the field 
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Figure 3A. Testing of manually operated traction machine 

 

 

Figure 4A. Demonstration for the testing shoe attachment position and working 

process of torque wrench.  

 

Arduino program  

#include <SyRenSimplified.h> 

SyRenSimplified SR; 

int ls1=4,ls2=5; 

int pwrbtn=6,cwbtn=7,ccwbtn=8; 

int pwr,cw,ccw,LS1,LS2; 
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void setup() 

{ 

  SyRenTXPinSerial.begin(9600); // This is the baud rate you chose with the DIP 

switches. 

pinMode(ls1,INPUT_PULLUP); 

pinMode(ls2,INPUT_PULLUP); 

pinMode(cwbtn,INPUT_PULLUP); 

pinMode(ccwbtn,INPUT_PULLUP); 

pinMode(pwrbtn,INPUT_PULLUP); 

} 

void loop() 

{ 

  cw=digitalRead(cwbtn); 

  ccw=digitalRead(ccwbtn); 

  pwr=digitalRead(pwrbtn); 

  LS1=digitalRead(ls1); 

  LS2=digitalRead(ls2); 

if (cw == LOW && LS1 == HIGH){ 

  SR.motor(127);  // Go forward at full power. 

  } 

if(LS1 == LOW){ 

  SR.motor(0);    // Stop. 

  } 

if (ccw == LOW && LS2 == HIGH){ 

  SR.motor(-127);  // Go Reverse at full power. 
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  } 

if(LS2 == LOW){ 

  SR.motor(0);    // Stop. 

  }   

if(pwr == LOW){ 

  SR.motor(0);    // Stop. 

} 

} 
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Appendix B : Data Plots 

Real-time data plots for the individual experiments 

 

Figure 1B: Torque vs angle plot of 588 N at 25 rpm for natural grass 

 

 

Figure 2B: Torque vs angle plot of 588 N at 30 rpm for artificial grass 
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Figure 3B: Real-time data plot in Futek rotary sensor application 
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Appendix C : Poster Presentation 
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