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Clutches play a key role in modern rotary machinery. As machines have become smaller, more lightweight and mobile, a requirement developed for a method to initiate systems with increasingly heavy loads, without additional starting equipment. To achieve this balance of lightweight machines driving comparatively heavy loads, the clutch was invented. 
The clutch acts as a break in the system, isolating the initial starting mechanism, or driving section, from the main component of the machine, referred to as the driven section. This allows the former to start up under a no-load condition, only engaging the latter when required. This happens once the driving section has reached a state where the torque generated exceeds the torque required to overcome the resistance of the load. This approach prevents the machine from stalling.
Centrifugal clutches are a relatively recent invention. One of the earliest recorded uses of a centrifugal clutch comes from an 1898 patent number US598314A (Crowdus, 1898). The clutch was incorporated as part of a design for a complete automobile, shown in Figure 1.
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Figure 1: The patent design of the 1898 centrifugal clutch by A. Crowdus
The design incorporated a single shoe to engage with the drum of the driven shaft. This would be an inefficient design, causing additional stress in the material of the drum by putting all the load on one side. This would have led to distortion of the drum over prolonged use. To combat this, future designs ensured that the loading of the force was more evenly distributed, by using additional shoes evenly spaced around the drum. 
An example of a more modern centrifugal clutch is shown in Figure 2 (Idrisi, Deep and Sharma, 2016).
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Figure 2: A cross sectional representation of a centrifugal clutch at rest

The driving section of the clutch comprises of the driving shaft, the spider, springs, shoes and a friction lining on the top of the shoes as an assembly. The driving shaft and the spider are fused together as a single part. Within each cavity of the spider is a spring, connecting the base of the cavity to the underside of the shoe. Whilst the driving system is at rest, each shoe is held tight against the spider by the force of the spring. The shoe slots into the cavity of the spider and is free to slide up and down within the cavity, provided the restraining force of the spring is overcome.
As the speed of the driving shaft increases, a centrifugal force is generated acting equally on the mass of each shoe. Once the force generated is greater than the force of the spring pulling the shoe against the spider, the shoes will start to move in an outward direction (Bhusari and Rege, 2017). This outward motion will continue as the speed of the driving shaft increases until the friction lining on the outside of the shoe just starts to make contact with the drum of the driven shaft. The speed at which this contact occurs is known as the ‘Engagement Speed’ and describes the minimum speed required for the clutch to function. In this situation, the force of the spring acting against the shoe is determined using the following formula;

If the spring stiffness and the extension of the spring are known, then it is possible to calculate the speed at which the driving system engages with the driven system. The equation for determining the centrifugal force is (Crane, 1999);

At this point, the centrifugal force must equal the spring force. Therefore, the value of the spring force can substitute the value of the centrifugal force and the formula is resolved. This equation demonstrates an important consideration in centrifugal clutch design: the operation of the clutch is dependant upon the speed of the driving shaft squared. As, such, this is a physical constant that cannot be altered to change the performance of the clutch.
Beyond the engagement speed, the friction lining of the shoes contacts the drums inner surface. The additional centrifugal force is transformed into frictional force as the pads press harder against the wall, generating friction torque. This torque starts to turn the driven drum at the same speed as the driving drum. The formula for the calculation of frictional torque is shown below (Crane, 1999);

As the speed of the driving shaft decreases, the centrifugal force decreases until it is no longer able to overcome the spring force. At this point the shoes start to return to their stowed position within the spider and therefore disengage from the driven drum.
A description of the parts, their common materials and how they can affect the performance of the clutch are shown in Table 1.


	Part
	Material
	Purpose
	Possible adjustment in clutch performance

	Driving Shaft
	Aluminium Alloy
	Provides the input rotation to the system
	Only able to affect the function of the clutch by changing the input speed

	Spider
	Heavy Duty Steel
	Provides the housing and guide along which the shoes will travel as the centrifugal force increases/decreases
	Only able to change the value of the friction torque by designing a spider to cater for more shoes

	Spring
	Hardened Steel
	Provides the resistive force between the spider and the shoe the centrifugal force must overcome to engage the driven drum
	Able to change the spring to a material with a different spring stiffness, requiring a greater speed to generate sufficient centrifugal force to engage the clutch

	Shoe
	Zinc Alloy
	Provides the mass that transmits the rotational force of the driven shaft to centrifugal force that engages the driven drum
	Able to change the mass of the shoe to require a different input speed to move the shoe along the spider

	Friction Lining
	Asbestos (pre1981), Cerametallic or Sintered Iron
	Acts as the interface point between the driving and driven section of the clutch, transforming centrifugal force into frictional force
	Possible to change the material to one with a different co-efficient of friction, changing the amount of frictional force generated for a given speed

	Drum
	Cast Iron
	Isolates the rest of the system from the driven system until the engagement speed is reached
	Possible to change the diameter of the drum to increase the clearance gap between the drum and the friction lining of the shoe, increasing the travel distance of the spring, increasing the spring force


Table 1: The component parts of a centrifugal clutch, their common materials, purpose and effect on the engagement speed

It is important during the design phase of a project to understand whether a centrifugal clutch is the correct device to use. To do so, the advantages and disadvantages of centrifugal clutches must be taken into consideration. They are (Tridgell, 1969):

Advantages:
· Operation is automatic, requiring no control or manual engagement system to support the clutches operation
· Simple design with fewer parts required to manufacture, leading to high reliability as well as reduced costs and maintenance activities
· Highly sensitive to changes in the speed of the driving disc as the force generated centrifugally is restricted to be proportional to the value of the speed squared
· Eliminates the need for additional equipment to start the engine as the load is only applied once the driving disc generates sufficient torque to overcome the load, preventing stalling
· Allows a smaller motor with a lower initial torque to be used to start the engine
· Smooth engagement between the contact plates and the drum result in smooth initiation of the mechanism, preventing shock
· Contact plates can slip against the drum when the system becomes overloaded, preventing too high a torque being supplied to the driven disc
· Engagement speed of manufactured design can be altered by substituting the spring for one with a different stiffness

Disadvantages:
· Unable to be adapted for changing requirements as the force generated centrifugally is restricted to be proportional to the value of the speed squared
· Difficult to modify for fluctuations in operating environment as they are designed for a narrow scope of purposes and conditions of operation
· Rigidity in application requires bespoke design in situations with non-standard operational requirements
· Where designs utilise common parts with the ability to provide adjustment, there is a loss of performance due the balancing of settings against the optimal design requirement for each operational situation
· Not suitable for lower rotation per minute (RPM) uses at the engagement speed as a low resultant force can cause slippage, leading to power loss
· Slippage can cause excessive heating due to friction between the contact plate and the driven disc, leading to excessive energy loss in the form of heat and eventual over heating of the component
· Peak speed of the clutch varies depending upon the clutches physical size as a consequence of varying engagement speeds to overcome the spring force
· Unable to generate high values of torque, adding to slipping in conditions of heavy loading on the driven shaft
· Driving disc must reach the engagement speed before any movement in the driven disc occurs
· Relies upon the mechanical interface between moving parts, causing wear of the friction plates
· No method to dampen the sound of the clutch engaging

Due to the advantages and disadvantages discussed above, the applications of the centrifugal clutch are limited to cheaper equipment requiring lower loads at faster speeds. Common uses for this clutch design are chainsaws, mini-bikes and go-karts, as well as lawn mowers. Beyond the use as a traditional clutch, the centrifugal clutch can also be configured as an emergency brake that activates under over-speed conditions (Jiang, 2019). It is important to note that when used as an emergency braking system, the brake will not return the system to a completely stationary position. This is due to the operational design of the clutch, which means it will disengage once the speed is no longer sufficient to overcome the spring stiffness. 
To overcome the disadvantages listed above, the centrifugal clutch has been superseded in most applications by a liquid emersed or ‘wet’ mechanical clutch designs (Ingram, 2018). The wet clutch floods the cavity between the driving and driven systems. This dampens the impact of the plates when they contact, suppressing the sound. The fluid also acts as a cooling mechanism, to prevent energy loss in the form of heat during engagement of the clutch. By keeping the system lubricated, the clutch is able to endure long periods of use before maintenance is required by reducing wear of parts subject to mechanical movement during the clutches operation. This does come at a cost though as the fluid in the clutch must be displaced to operate the clutch, leading to reduced power.
Modern machinery utilises another form of clutch for the automation of manufacturing processes, the electromagnetic clutch. One example is shown in Figure 3 (Flemming, 1999).
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Figure 3: A cross sectional representation of an electromagnetic clutch

The electromagnetic clutch employs the same basic principle of all clutches, using separated driving and driven systems. The key difference with a centrifugal clutch is that the engagement of the electromagnetic clutch no longer relies on the speed of the driving shaft but is controlled through the activation of an electromagnet, set to engage at any predetermined speed. When activated, the driving and driven systems engage, and the clutch transmits the torque. This method provides full control of the engagement speed, while the previous centrifugal clutch design required the balancing of the spring force against the centrifugal force at the design stage. Therefore, a standard electromagnetic design clutch can be used to engage at a variety of speeds, a distinct advantage over its predecessor.
Furthermore, the fully electromagnetic clutch has the benefit of a frictionless design, since the driving and driven sections do not physically touch but are linked through electromagnetism. This results in a low maintenance, low sound and low lubrication requirements, with less power loss due to the side effects of friction, including heat (Li et al., 2009). The system can also automatically disengage when overloaded without slippage and instantaneously rather than having to wait until the spring force overcomes the centrifugal force.
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The graph above shows a direct linear relationship between RPM and torque: the higher the RPM, the higher the torque. Furthermore, an increase in the coefficient of friction is associated with an increase in the torque, with a bigger effect for higher values of RPM. As such, it is important to consider the material used to manufacture the shoe of the centrifugal clutch, as the materials co-efficient of friction can impact the amount of torque generated for any given angular speed.
Finally, it is possible to deduce that doubling the co-efficient of friction will lead to a doubling in the amount of torque generated. This is a consequence of the equation for torque being a direct multiplication of all the contributing factors, as shown in the equation below;
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At this speed, the stress generated through the operation of the clutch would not conform to the requirements to be considered as a complex stress situation. This is due to the applied force not being sufficient to generate shear stresses across multiple planes. The wall of the cylinder is thin, so it can be assumed that the force acting throughout the material would be constant, barring any internal defects within the material crystalline structure. The direct force isn’t strong enough to induce a shear load in the material at sufficient strength to stress the material.
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Torque generated by RPM for material with a 0.35 friction co-efficient

Torque 0.35 Co-efficient	450	475	500	525	550	575	600	625	650	675	700	-0.58081233086094353	0.47519366839259475	1.5882810730111849	2.7584498829948272	3.985700098343532	5.2700317190572932	6.6114447451361036	8.009939176579973	9.4655150133889023	10.97817225556288	12.547910903101918	RPM	450	475	500	525	550	575	600	625	650	675	700	450	475	500	525	550	575	600	625	650	675	700	Angular Force	450	475	500	525	550	575	600	625	650	675	700	47.123889803846893	49.741883681838395	52.35987755982989	54.977871437821378	57.595865315812873	60.213859193804375	62.831853071795862	65.449846949787357	68.067840827778852	70.685834705770347	73.303828583761842	Pc	450	475	500	525	550	575	600	625	650	675	700	63.510904321010003	70.763692777421667	78.408523853098799	86.445397548041399	94.874313862249537	103.69527279572317	112.90827434846226	122.51331852046685	132.51040531173697	142.89953472227253	153.68070675207363	Resultant Force	450	475	500	525	550	575	600	625	650	675	700	-3.9890956789899974	3.2636927774216673	10.908523853098799	18.945397548041399	27.374313862249537	36.19527279572317	45.408274348462257	55.013318520466854	65.010405311736974	75.399534722272534	86.180706752073633	RPM


Torque (N/m)



Comparing torque generated by RPM for materials with a 0.3, 0.35 & 0.4 friction co-efficient

Torque 0.4 Co-efficient	450	475	500	525	550	575	600	625	650	675	700	-0.66378552098393562	0.54307847816296539	1.8151783691556402	3.1525141519940889	4.5550858266783232	6.0228933932083351	7.5559368515841197	9.154216201805685	10.817731443873033	12.546482577786149	14.340469603545051	Torque 0.35 Co-efficient	450	475	500	525	550	575	600	625	650	675	700	-0.58081233086094353	0.47519366839259475	1.5882810730111849	2.7584498829948272	3.985700098343532	5.2700317190572932	6.6114447451361036	8.009939176579973	9.4655150133889023	10.97817225556288	12.547910903101918	Torque 0.3 Co-efficient	450	475	500	525	550	575	600	625	650	675	700	-0.4978391407379516	0.40730885862222405	1.3613837768667301	2.3643856139955663	3.4163143700087417	4.5171700449062513	5.6669526386880893	6.8656621513542628	8.1132985829047737	9.4098619333396112	10.75535220265879	RPM	450	475	500	525	550	575	600	625	650	675	700	450	475	500	525	550	575	600	625	650	675	700	Angular Force	450	475	500	525	550	575	600	625	650	675	700	47.123889803846893	49.741883681838395	52.35987755982989	54.977871437821378	57.595865315812873	60.213859193804375	62.831853071795862	65.449846949787357	68.067840827778852	70.685834705770347	73.303828583761842	Pc	450	475	500	525	550	575	600	625	650	675	700	63.510904321010003	70.763692777421667	78.408523853098799	86.445397548041399	94.874313862249537	103.69527279572317	112.90827434846226	122.51331852046685	132.51040531173697	142.89953472227253	153.68070675207363	Resultant Force	450	475	500	525	550	575	600	625	650	675	700	-3.9890956789899974	3.2636927774216673	10.908523853098799	18.945397548041399	27.374313862249537	36.19527279572317	45.408274348462257	55.013318520466854	65.010405311736974	75.399534722272534	86.180706752073633	RPM


Torque (N/m)
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=SB$8*G13*$BS5*5BS2
=SB$8*G14*$BS5*5BS2
=SB$8*G15*$BS5*5BS2
=SB$8*G16*$BS5*5BS2
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