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Presented in this reported is information collated on the centrifugal friction clutch, also discussed is the use of electromagnetic clutches within automation. An analysis on the behaviour of the clutch during and after engagement was included, alongside a comparison of the findings to the anticipated results.   
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Upon the creation of the combustion engine as the source of power for motor vehicles, it was necessary for designers to include a method of disengaging the engine from the driven shaft as it would prevent the motor vehicle from stalling when its speed dropped below the point at which an engine is self-sustaining. Gradual engagement of the engine was also found to be essential as it would allow for controlled and gradual acceleration from rest. (Tridgell, 1969)
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[bookmark: _Toc182061287]Figure 1 (Crane, 2003)
Figure 1 (Crane, 2003) is a common design for the centrifugal clutch. As presented by Pandit et. al. (2017) and Crane (2003), a centrifugal clutch consists of a number of shoes, generally between two and six, attached symmetrically by expansion springs to a drive shaft rotated by an engine. According to Raut and Mali (2014) the shoes are free to move outwards but are kept in place by the radially inward force created by the springs. The shoes, which feature a friction lining on their outer edge, are surrounded by a clutch drum attached to the driven shaft. As the drive shaft increases in rotational speed the centrifugal force operating on the shoes increases, once the centrifugal force due to the rotation has exceeded the force of the spring, the shoes will gradually extend outwards and create contact with the inner wall of the drum, causing the driven shaft to begin to rotate. According to BIBUS (2024) the rotational speed at which the shoes contact the drum is set by manufacturers and depends upon the diameter of the drum, stiffness of the springs used and the mass of the shoes. 
[bookmark: _Toc182061301]Materials
Essential characteristics of the materials chosen for the friction lining of the shoes and the drum include a high coefficient of friction, which is consistent for a wide range of temperatures and pressures. Good thermal conductivity, high heat capacity and the ability to withstand high contact pressures are also essential material properties for the friction lining, alongside high shear strength to transfer torque to the drum without shearing (Virmani, Madhogaria, & Baskar, 2020).
According to Ibhadode and Dagwa (2008), asbestos had been the leading material used for friction linings for over eighty years, however Jacko and Rhee (2000) explain that due to the health risks associated with the use of the material, it began to decrease in popularity. To replace asbestos based friction materials a new group of friction materials were created, named non-asbestos organics (NOAs) (Jacko & Rhee, 2000). According to Fernandes et. al. (2015) NOAs consist of a composite material that is semi-metallic and resin-bonded, incorporating components like phenolic resins, organic and inorganic fibres, metallic fibres, abrasives, and lubricants. These materials are specifically used for their high friction capabilities. The correct selection of material may also contribute to fault prevention, as a common fault within centrifugal clutches is known as ‘judder’, a method of prevention for this fault, according to Panchal et. al. (2023) is the selection of the appropriate material for the friction lining.
[bookmark: _Toc182061302]Applications
According to Pandit et. al. (2017) centrifugal friction clutches are widely utilised within industrial machinery, such as pumps and conveyor systems. Small vehicles such as go-karts, mopeds and scooters also utilise centrifugal clutches for their automatic engagement. Another example of the use of centrifugal clutches is in small utility equipment, such as lawnmowers and chainsaws. 
[bookmark: _Toc182061303]Operating conditions
The power a centrifugal clutch can transmit increases as the rotational speed rises, as such there is a minimum speed of operation associated with a given clutch, this minimum speed is individual to each design, however it is typically within the range of 600rpm, according to BIBUS (2024). A centrifugal clutch, suitable for use within a go-kart, is featured on GoKartSupply (2024), ‘The American Classic 'SS' (Six Shoe) Max-Torque’ has a preset engagement speed of 2200rpm. Furthermore GoKartsSupply (2024) list this clutch as having a temperature limit of 290 degrees Celsius. 
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The torque output of a centrifugal clutch depends on numerous variables, including the number of shoes within the clutch, the weight of the shoes, and the coefficient of friction between the friction lining of the shoes and the wall of the drum. An example of the torque output of a centrifugal clutch in relation to its rotational speed can be seen in Figure 2, created by BIBUS (2024). 
[bookmark: _Toc182061292]Table 1 - (Kholil, Dwiyati, Riyadi, & Randika, 2019)
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Table 1 shows results presented by Kholil et. al. (2019), showing the torque recorded for ranging values of rotational speed. From Table 1 it was concluded that the torque increases with the rotational speed until its maximum torque output is reached and then begins to decline with further increase to the rotational speed. 
The maximum torque capacity of a designed clutch varies widely dependent upon the purpose the clutch is designed to fulfil, for example small machinery such as gardening equipment would require far less power transmission than a clutch utilised within some industrial machinery (BIBUS, 2024).
[bookmark: _Toc182061304]Advantages
Crane (2003) explains that one advantage of centrifugal clutches is that they are low cost in comparison to magnetic, electric and pneumatic clutches. Another advantage stated by Crane (2003) is the simplicity of the centrifugal clutch, as they do not require external power or signal for their engagement and disengagement and require less parts than alternative clutch designs. Crane (2003) also states that the minimalism of the design leads to further benefits including a significantly reduced cost in some applications, in comparison to alternative clutch designs. The simplistic design has also led to increased reliability of the part, according to Crane (2003). Crane (2003) explains another advantage associated with the use of centrifugal clutches is their sensitivity to changes in rotational speed of the engine, since the centrifugal force is proportional to the speed squared, this sensitivity can be beneficial for some applications.
Pandit et. al. (2017) claim that the main advantage of utilising centrifugal clutches is their capability for automatic engagement, as the clutch is engaged and disengaged based on the engine speed alone, meaning that the operator does not need to manually operate the clutch. Another advantage of the centrifugal clutch is the gradual engagement of the engines rotational speed to the driven shaft, significantly reducing shock to the drive shaft and other moving components within the drive train, leading to increased durability and reliability.
[bookmark: _Toc182061305]Disadvantages
Tridgell (1969) claims the main issue with the use of centrifugal clutches is the inability to disengage the engine to switch gears, meaning the clutch is incompatible with any applications that require a gear box. Crane (2003) presents another disadvantage of the centrifugal clutch to be the essential presence of high frictional forces within the assembly, causing wear and damage due to increased heat during engagement and acceleration of the driven shaft. Crane (2003) also suggests that this damage may lead to changes in the frictional forces present in the clutch, possibly decreasing the efficiency of the clutches output, and modifying the torque-speed relationship expected. Another disadvantage of the devices presented by Crane (2003) is their lack of adaptability, the force operating on the shoes is set to be proportional to the square of the rotational speed of the engine, and it is not possible for this relationship to be modified to suit the requirements of a specific use. Due to this set relationship, most centrifugal clutches are designed to be used for specific applications and operating conditions, meaning that it is required that centrifugal clutches be specially designed for their applications, this can lead to an increased cost for centrifugal clutches in comparison to competitor designs. Crane (2003) explains that this is not a problem for electrical or magnetically operated clutches, as they can be accurately controlled for suitability within a range of conditions. 
[bookmark: _Toc182061306]Current application of electromagnetic clutches in modern automation of manufacturing processes.
Fernando (2016) claims that two popular forms of electromagnetic clutches exist, which consist of friction clutches and contact clutches. Fernando (2016) explains the working principle of frictional electromagnetic clutches incorporates the use of a mechanical disc and electromagnetic actuation for engagement, and in contrast, contactless clutches rely on a double-winding machine design with a dual-shaft configuration.
According to Chowdhary et. al. (2020), electromagnetic clutches may also be referred to as electromechanical clutches, as the transmission is a mechanical system. Chowdhary et. al. (2020) also presents that these devices are a relatively recent design for a clutch, and they operate smoothly and rapidly when the its mechanical linkage is removed from the design, for this reason remote applications are ideal for this design. This enables the clutch for use within automation as the clutch can be operated remotely, leading to increased productivity and decreasing time required for manufacture.
Miki Pulley (2024) presents common applications of electromagnetic clutches to include food processing and packaging equipment, conveyor systems, printing presses and copying machines, as well as automated manufacturing and assembly lines. As noted by KEB (2024), electromagnetic clutches are applied in automation across various fields, including medical devices, door and gate systems, packaging and food processing equipment, woodworking machinery, robotics and automation, as well as agricultural and mining machinery.

[bookmark: _Toc182061307]Analysis 
An example of a centrifugal clutch comprises of four shoes, including the friction lining, the mass of each shoe is 275 grams. The shoes are attached to the driving shaft by a spring with a stiffness value of 7500 newton per metre. The coefficient of friction between the friction lining of the shoes and the wall of the drum is taken as 0.35. The centre of mass of the shoes, when in the rest position, are situated 95mm from the centre of the driving shaft, this is taken as the distance to the outer edge of shoe. The distance from the edge of the shoes to the inner wall of the drum is given as 9 mm, and the thickness of the wall of the drum is 4 mm.
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[bookmark: _Toc182061289]Figure 3 (Kholil, Dwiyati, Riyadi, & Randika, 2019)
The inner diameter was calculated to be 208 millimetres. The outer diameter was calculated by the addition of the distance to the outer edge of the shoes and the clearance distance of the shoes to the outer drum. The outer diameter of the drum would be 216 millimetres, this was calculated by the addition of the wall thickness to the inner diameter. 
To calculate the engagement speed of the clutch, Hooke’s Law was utilised. According to Moyer (1977) Hooke’s Law states that the force through a spring is equal to the stiffness of the spring multiplied by the extension experienced by it. Using the data above the extension was found to be 9mm, indicating that force acting upon the spring is equal to 67.5 newtons. At the moment of engagement, the shoes will be in equilibrium, therefore the force acting upon the spring will be equal to the centrifugal force. 

Equation 1- (Crane, 2003)
According to Azhagiri et. al. (2019) in Equation 1 (Crane, 2003), angular velocity, , is given in radians per second. From equation 1 (Crane, 2003), the angular velocity when the centrifugal force acting upon the shoes is equal to the force of the spring, was found to be 48.58 radians per second, or roughly 464 rotations per second to the nearest whole value.
To calculate the radial force acting upon the clutch face at 550 rotations per second, equation 1 (Azhagiri, Subramanian, Gopal, & Mala, 2019) was again utilised. The rotational speed was converted to 57.596 radians per second. The radial force for this angular velocity was found to be equal to 94.87 newtons. 

Equation 2- (Azhagiri, Subramanian, Gopal, & Mala, 2019)
Equation 2, given by Azhagiri et. al. (2019), says that the torque transmitted by the clutch is given by the coefficient of friction of the friction lining of the shoes and the material of the inner wall of the drum, the number of shoes, the normal force of the shoes upon the drum and the radius of the drum. The normal force of the shoes upon the drum was found to be equal to the centrifugal force acting upon the shoes, as the forces upon the shoes will be in equilibrium after the clutch is fully engaged. Utilising Equation 2 the torque transmitted by the clutch at 550 rotations per second was calculated to be 13.81 newton meters.

[bookmark: _Toc182061290]Figure 4 - Change in Transmitted Torque as Rotational Speed Increases
Plotted in Figure 4 is a range of values for the torque determined for varying values of rotational speed to depict the relationship between torque transmitted by the clutch and rotational speed of the drive shaft. Figure 4 shows that the torque rises exponentially with the increase in rotational speed, this is to be expected due to the squared relationship of the rotational speed and the centrifugal force, and the linear relationship between torque and centrifugal force, as seen in Equation 1 and Equation 2 and is in agreement with Figure 2 (BIBUS, 2024).

[bookmark: _Toc182061291]Figure 5 - Change in Transmitted Torque as Rotational Speed Increases for Ranging Values of Coeffecient of Friction
Seen in Figure 5 is the values of the transmitted torque for a centrifugal clutch at a range of rotational speeds, and varying values of coefficient of friction of the materials. Figure 5 shows that that higher value of coefficient of friction allows for higher values of torque to be transmitted, as expected due to the linear relationship seen between torque and coefficient of friction in Equation 2. Figure 5 is in stark disagreement to the results seen in Table 1 (Kholil, Dwiyati, Riyadi, & Randika, 2019), as the values used to create Figure 5 are hypothetical and based upon the assumption that the torque is below the maximum torque the clutch is capable of outputting. In reality it is likely that Figure 5 would more closely resemble Table 1 (Kholil, Dwiyati, Riyadi, & Randika, 2019) if the values of torque were measured experimentally. 

Equation 3 - (Boston University Physics Department, 2024)

Equation 4 - (Boston University Physics Department, 2024)
To calculate the angular acceleration of the drum at the maximum torque seen in Figure 4, Equation 3 was utilised, where it was necessary to calculate the moment of inertia of the drum. Assuming the mass of the drum is equal to 750 grams and can be considered as a solid disk, that’s depth is negligible, the moment of inertia of the drum was found, using Equation 4, to be equal to . From this the angular acceleration for the maximum value of torque seen in Figure 4, was found to be  using Equation 3.

Equation 5 - (Anderson, Madigan, & Nussbaum, 2007)
To calculate the angular acceleration of the drum at the maximum torque output of the clutch, with the presence of a breaking force upon the driven shaft, the breaking torque would be determined by utilising Equation 5. Assuming a constant tangential force was applied to the driven shaft, that’s diameter was  millimetres, using Equation 5 the breaking torque would be equal to  Newton metres. Using the maximum torque output of the clutch,  Newton metres, seen in Figure 4, the net torque of the clutch was determined to be  Newton metres. From here Equation 3 was again utilised to compute the angular acceleration of the drum, with the new value of torque, the angular acceleration was found to be .


[bookmark: _Toc182061308]Conclusions
In conclusion the results of the calculations conducted on the clutch during motion was not in agreement with results presented by Kholil et. al. (2019), as the values for torque presented by Kholil et. al. (2019) began to decrease after 5500 rpm. This was found to be due to a number of factors, including the lack of knowledge into the maximum torque capabilities of the clutch featured in the analysis and assumptions needed in order to calculate the values for the torque. Assumptions throughout the analysis included consistent coefficient of friction between the friction lining and the drum for the entire circumference of the drum, neglecting the weight of the spring in the calculation of the centrifugal force, neglecting the depth of the drum in calculating its moment of inertia, and treating it as a solid disk when it has walls that act as the clutch housing for the shoes, would significantly effect the calculations. 
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Figure 1-3 A rigid-body connected-shoe clutch with three shoes.
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Engine speed Power Torque Time
(rpm) (hp) (Nm) ()
4000 4.6 7.65 1.34
4500 79 12.56 1.7
4698 8.7 13.17 1.98
5000 9 12.84 238
5500 9.7 12.53 3.04
6000 9.8 11.63 3.76
6278 10.3 11.6 4.18
6500 10.2 11.16 4.5
7000 9.6 9.74 534
7500 9.1 8.62 6.3
8000 8.7 777 7.36
8500 8.8 7.34 8.52
9000 8.5 6.71 9.74
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