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ABSTRACT

HIGH-TORQUE CAPACITY COMPLIANT

CENTRIFUGAL CLUTCHES

Ryan G. Weight
Department of Mechanical Engineering

Master of Science

Thisthesis developed high-torque-capacity floating opposing arm clutches that are
manufactured with standard economical manufacturing processes, while maintaining criti-
cal performance characteristics. Contact engagement speed and torque capacity models
were created for the Hoffco-Comet, floating-opposing-arm (FOA), and floating 1 (F1)
clutches. Sensitivity analyses were performed to identify key design parameters. A robust
compliant FOA clutch was designed by minimizing the tolerance for both contact engage-
ment speed and torque capacity. The robust design insures that the clutch will operate
within the prescribed application constraints. Additional modeling showed that using a
layered clutch would significantly tighten the contact engagement speed and torque per-
formance tolerances. The riveted layered clutch reduced engagement and torque toler-
ances by 83% in comparison to asingle layer clutch. Two versions of the multi-layer FOA
clutch were fabricated. Each clutch consisted of 10 layers and assembled into the drum of
the benchmark clutch. Testing showed that the MFOA clutch’s torque-speed characteris-
tics performed comparable to the benchmark clutch. In addition, testing validated the
torque-speed models and showed the validity of using multiple layers for future manufac-

turing.
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CHAPTER 1 INTRODUCTION

1.1 Problem

Compliant mechanism technology has been around for centuries, yet has only
recently been accurately modeled, thereby enabling better working mechanisms to be cre-
ated. This technology has many benefits over traditional rigid-body technology mainly
due to cost reduction and improved performance characteristics [1]. Because of new mod-
eling capabilities, this new technology can be more readily implemented in existing prod-

ucts.

Crane et a. [2] researched how to implement compliant mechanism technology
into the arena of centrifugal clutches. After reviewing existing centrifugal clutch designs,
Crane was able to use the compliance potential criteria developed by Roach and Howell
[3] and Berglund [4] to identify which centrifugal clutch concepts were most adaptable to
compliant mechanisms. Crane then created and prototyped severa novel compliant cen-

trifugal clutches out of polypropylene and tested their torque-speed characteristics.

One of the new clutch designs was the innovative compliant floating-opposing-
arm clutch (FOA) [2,5,6]. (see Figure 1.1) This clutch consists of three main parts; the
hub, the floating shoes (clutch), and the drum. While traditional clutches may contain var-

ious pin-joints and springs, the compliant FOA clutch relies on flexible segments to act as



Floating Shoes (Clutch)
Hub

Drum Flexible Segments

Figure 1.1 Compliant floating-opposing-arm clutch (FOA) designed by Crane et al.

pin-joints and to create a restitution spring force. Due to the elimination of pin-joints, the
FOA clutch has dramatically decreased part count compared to traditional designs, which
presents numerous possibilities to decrease manufacturing and assembly cost while main-

taining torque-speed performance.

Even though it is feasible to re-design existing products with this compliant tech-
nology, new applications for this technology have generally been difficult to implement in
mature industries. The FOA centrifugal clutch is a perfect example of this difficult imple-
mentation. The FOA clutch has not yet penetrated the existing market for two main rea-
sons. First, the torque capacity in high-torque applications of an early design performed
poorly in comparison to torque capacity of a benchmark clutch as shown in a preliminary
test with a go-kart clutch. Secondly, the original FOA clutch design did not address some
critical manufacturing issues, such as maintaining critical tolerances on the flexible seg-

ments. The results of thisthesis helps address these issues.

1.2 Thesis Objective

The objective of this thesis is to develop high-torque-capacity floating opposing
arm clutches that are manufactured with standard economical manufacturing processes,

while maintaining critical performance characteristics. It is believed that by manufactur-

ing the compliant clutch in multiple layerst, not only is it feasible to produce these

clutches in high volumes, but the engagement and torque performance variations are tight-



ened, therefore allowing the clutch to perform more consistently. The FOA clutch’'s
torque-speed characteristics are very comparable to those of the benchmark clutches. The
FOA clutch design is based on Crane’s preliminary concept [2,5,6] and includes consider-
ation of manufacturing issues as they relate to compliant mechanisms' functional charac-
teristics. In addition, the high-torque FOA design accounts for performance sensitivity to
variations in both design parameters and manufacturing processes and minimizes such

variations.

1.3 Benefitsof Centrifugal Clutches

There are multiple centrifugal clutch designs such as trailing shoes, floating shoes,
mercury clutch, connected shoes, and ail clutch [6,7]. All of these clutches have different
components and designs, but the benefits of centrifugal clutches are the same for each.
The benefits include:

« Simplicity of design and operation
« Automatic engagement at a pre-determined speed
« Reduction in startup loads on AC motors and combustion engines

«  Cushioning of shock loads on drive train components

Even though centrifugal clutches have different components and designs, they al
operate under the principle of centrifugal force. The four main components of a centrifu-
gal clutch are the shoes, the drum, the retaining springs, and the hub (see Figure 1.2). The
centrifugal clutch's operation begins with the motor-driven hub rotating the shoes. The
clutch then transmits torque to the hub by the shoes being radially forced outward due to
the shoe mass and the normal acceleration. The retaining springs provide an opposing
force to the centrifugal force, which ultimately controls the speed at which the shoes
engage the hub, thereby transmitting torque to the driven shaft. More centrifugal clutch
basics will be discussed in Chapter 2.

1. Multiplelayersrefersto manufacturing the clutch in two or more layers. The clutch may then be assembled around a
solid hub. When the FOA clutch is made with multiple layersit will be called MFOA.

3
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Figure 1.2 Four main components of a centrifugal clutch.

The benefits of centrifugal clutches make it ideal for hundreds of applications.
Within the garden equipment market, tens of thousands of clutches are made annually.
Even though the clutch isavital part of much machinery, the basic design has not changed
in years. The design constrains the type of manufacturing processes that may be used and
thereforeit is hard to reduce manufacturing cost without process improvements. The com-
pliant clutch on the other hand has the potential to be fabricated using other manufacturing
processes, which provides the potential of substantially reduced assembly and manufac-

turing costs.

1.4 Thesis Contributions

While Crane et a. developed and tested several new complaint clutch designs, this
thesis takes a much closer look into the floating opposing arm (FOA) design for high-
torque applications. The model was revisited, clutches were fabricated out of steel, and
testing was performed on larger diameter clutches. In addition, the FOA clutch was
designed with multiple layersin order to validate the use of aternate, less costly manufac-
turing processes. Analysis was performed to model and predict the behavior of such layers

on the clutch’ s performance characteristics.



This thesis investigates high-torque-capacity FOA clutches that are manufactura-

ble. The following objectives were critical in achieving the best performing manufactura-

ble clutch:

Implement a manufacturing methodology for compliant mechanisms
Aaron Herring et al. [28] addressed the problems involved in manufactur-
ing compliant mechanisms. This methodology was used to determine the
best manufacturing processes for compliant clutches.

Develop amode of the clutch’s performance sensitivity to key design
parameters. Analysisis performed to find the clutch’ s performance sensi-
tivity to certain key design parameters. After these design parameters were
identified, the design was altered in order to minimize the clutch’ s sensitiv-
ity to those parameters. In this manner, arobust clutch design was
obtained.

Develop a model of the clutch's performance sensitivity to manufacturing
variations: In addition to finding key design parameters, an analysis was
performed to find the effects of manufacturing variations on the clutch’s
torque-speed performance. A simulation model was created for each clutch
design in order to view how manufacturing variations will be mitigated by

amultiple layered clutch design.
Refine and extend existing clutch models that more accurately predict the

performance of high-torque clutch concepts The under performance of the
compliant go-kart clutch in comparison to the benchmark clutch leads one
to believeit is possible to increase the clutch's torque capacity. Models
wererevisited and expanded for the FOA clutch design by Crane et a. This
model was created in order to predict the clutch’ s performance behavior,
and it was a key for analyzing the clutches performance sensitivity to key
design parameters and manufacturing tolerances.

Verify models by performance testing: Since the main objective of this the-
sisisto develop high-torque-capacity compliant centrifugal clutches, test-

ing will be performed in order to ensure that the new compliant clutch
5



designs perform comparabl e to the benchmark clutches. A test set-up will
measure the torque-speed behavior of several steel clutches for industry
applications. This datawill verify the accuracy of the new models and
show the feasibility of the layered clutch approach.
In conclusion, these main objectives were critical in developing a high-torque-
capacity MFOA clutch that are economically manufactured, while maintaining critical
performance characteristics. As a result of this study, a step by step design methodology

for compliant clutches was devel oped.

1.5 Thesis Outline

This thesis is divided into eight chapters. This chapter (Chapter 1) gave a brief
background of the accomplishments of previous work, aswell as the future progression of
compliant clutch design. Chapter 2 covers the current literature on centrifugal clutches,
the theoretical analysis of clutches, the theory behind compliant mechanisms, the design-
for-manufacture of compliant mechanisms, and results from preliminary tests. Chapter 3
consists of a brief outline of the research methodology for modeling and testing high-
torque FOA clutches, as well as clutch evaluation criteria. Chapter 4 outlines high-toque
FOA and F1 clutch models, as well as the benchmark Comet clutch model. Following the
modeling, Chapter 5 addresses manufacturing considerations with compliant mechanisms
and performance sensitivity to variations in manufacturing tolerances and design parame-
ters. In Chapter 6, benchmark testing and model accuracy testing is presented. Finally,

Chapter 7 summarizes the contributions made and future research recommendations.



CHAPTER 2 LITERATURE REVIEW

In order to better understand the basis for new Floating-Opposing-Arm (FOA)
clutch research, this chapter discusses some of the previous literature on traditional cen-
trifugal clutches. In addition, two previous existing compliant clutches and four novel
compliant clutches are presented. Of these four novel compliant clutches, the FOA
clutch’s model that was created by Crane et. a. is outlined. Research by Herring et. al. on
manufacturing issues with compliant mechanisms is also presented. Finaly, preliminary
test results with the FOA clutch are shown in order to highlight some of the problems with

earlier designs.

2.1 Clutches

Since the invention of the electric motor and the internal combustion engine, cen-
trifugal clutches have been a means of transferring power. Centrifugal clutches can be
found in inexpensive garden equipment such as string-trimmers, tillers, and chainsaws.
They aso transmit power in recreation vehicles such as go-karts. In addition, these
clutches are found in expensive industrial equipment such as punches, compressors, cen-
trifuges, and presses [7]. Almost all electric motors and internal combustion engines that
do not have more expensive hydraulic clutches use centrifugal clutches to disconnect the

load from the power source during start-up.



St. John [8] presented rules describing when a centrifugal clutch should be used.
He said acentrifugal clutch should be considered (1) when automatic engagement and dis-
engagement are desirable, (2) when motor speed is an adequate clutch control factor, (3)
when low costs are desired, (4) when isolation of shock spikes between prime mover
(engine) and load is desired, or (5) when high reliability and maintainability is wanted. He
also presented rules for design issues. For example, a designer usually wants the engage-
ment speed to be as far below any continuous running condition as possible; preferably

more than 600 rpm below [9].

2.1.1 Traditional Centrifugal Clutches

Centrifugal clutches are actuated by centrifugal force, and they transfer torque
through frictional contact. Although the same principles are used, different types of
clutches use different methods to achieve the necessary speed and torque characteristics.
Goodling [7] outlines seven basic clutches, along with their characteristics, benefits, limi-
tations, typical applications and power ranges. The seven clutches are the flexible trailing
shoe clutch, the connected shoe clutch, the floating shoe clutch, the mercury clutch, the oil
clutch, the ball and cone clutch, and the dry fluid clutch. The three clutches with character-
isticssimilar to the FOA clutch are reviewed. They arethe flexible trailing shoe clutch, the

connected shoe clutch, and the floating shoe clutch.

Flexible Trailing Shoe Clutch

The flexible trailing shoe clutch consists of aflexible band line with friction mate-
rial that is pulled by its leading edge (Figure 2.1(c)). Asthe clutch accelerates, the band is
pushed into contact with the drum, and therefore transmits torque. The main characteristic
of thisclutchisthat it is less sensitive to changes in coefficient of friction than most other
clutches. For example, a 30% variation in friction coefficient only creates a 5% variation

in output torque at a rated speed [7].
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Figure 2.1 (&) Connected Shoe Clutch (b) Floating Shoe Clutch and (c) Flexible Trailing
Shoe Clutch

Connected Shoe Clutch

The connected shoe clutch has friction shoes that are attached to a rotating link

(Figure 2.1(a)). Normally thelink is connected to a spring for a pre-cal cul ated engagement

speed. One significant point is that these clutches have different torque characteristics,

depending on the direction of rotation. Torque is much higher when the friction force

increases the pressure of the shoe on the drums. This higher torque direction is termed as

the aggressive or self-energizing mode, while the lower torque direction is known as the

non-aggressive mode.

Floating Shoe Clutch

Finally, the floating shoe clutch consists of shoes that slide radially on lugs due to

the centrifugal force (Figure 2.1(b)). In addition, there is normally a garter spring that

opposes the centrifugal force, which ensures that the shoes engage at the proper speed.

Thistype of clutch operates in the same manner in both rotating directions.
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Figure 2.2 Two types of existing compliant clutches: (a) Compliant C4 clutch and (b)
Compliant S-clutch.

2.1.2 Compliant Clutches

In addition to these seven clutches, Crane presented two previous existing compli-
ant clutches and four novel compliant centrifugal clutch configurations. Two of the four
novel clutches were compliant floating-shoe clutches, one was a flexible trailing shoe, and
one was based on a double-slider mechanism. The following sections present the compli-

ant clutches, while their corresponding models may be found in [2].

C* Clutch and S-Clutch

The two previously existing compliant clutches are the conventional compliant

centrifugal clutch (C*) (Figure 2.2(a)) and the S-clutch (Figure 2.2(b)). These clutches are
already used in many low-cost applications such as garden equipment and toys, because
they can be produced economically in high-volumes. Cost is reduced further because the

low torque applications do not require afriction lining to increase coefficient of friction.

The S-clutch and C* clutch operate very similarly to the connected shoe clutch. As
the driving shaft increases speed (spinning the clutch) the centrifugal force causes the
shoes to move radially into the hub. The friction between hub and clutch then drives the
load. Similar to the connected shoe clutch, these two clutches have opposing spring forces

in the thin-flexible segments, which ensures proper engagement speed. In addition, they

10



Figure 2.3 Various clutch designs developed by Crane et a. (a) Floating 1 Clutch (b) Floating-
Opposing-Arm Clutch (c) Grounded-Opposing Arm clutch and (d) Split-Arm Clutch

exhibit aggressive and non-aggressive performance based on the direction in which the

clutch is turned.

Floating 1 Clutch

Crane created a compliant version of the floating shoe clutch (Figure 2.3(a)). The
design combines the shoes and the springs of arigid-body floating-shoe clutch to reduce
the part count. The shoes are connected by thin flexible segments that provide spring
force. However, the hub rather than the flexible segments bears the torque load. The clutch
can be designed to engage at very low speeds using very flexible connecting elements

while supporting large torque loads through a stiff hub.

Floating-Opposing-Arm Clutch
The floating-opposing-arm clutch combines both aggressive and non-aggressive

shoes in order to maintain high torque transfer without sacrificing smooth engagement.

11



The FOA clutch is similar to the Floating 1 design and consists of a hub and multiple
shoes (Figure 2.3(b)).

Grounded-Opposing-Arm Clutch

The grounded-opposing-arm (GOA) clutch is essentially an FOA clutch that is
fixed to the spider lug (Figure 2.3(c)). The GOA exhibits the same characteristics as the
FOA clutch. The main drawback is that the load is now transferred through the flexible
segments, similar to the S-clutch. This connection between the hub and shoes prohibits a
de-coupling of the engagement speed and maximum torque transfer as exhibited in both
the FOA and Floating 1 clutch.

Split-Arm Clutch
The split-arm clutch is similar to aflexible trailing shoe clutch (Figure 2.3(d)). As
the number of segments increase, the clutch more closely approximates the continuous

compliance of aflexible shoe [5].

2.1.3 Benefits of Centrifugal Clutches

Almost al centrifugal clutch literature presents the benefits or advantages of using
such clutches. Goodling [7] divides these benefits into start-up and operational perfor-
mance. When a motor starts up with a centrifugal clutch it draws less power (a decrease
from 600% to 200%), takes less time, and has a smoother engagement. The engagement
characteristic of centrifugal clutches permits internal combustion engines to idle without
transferring torque to the output. During operation, the centrifugal clutch smooths out

destructive jerks in the load, which stops the load from damaging costly machines.

Likewise, St. John [8] adds that centrifugal clutches provide automatic engage-
ment and release without peripheral sensors or other equipment, let prime movers carry
load only at acceptable torque and speed, and permit slow or rapid load pickup. Similar to
Goodling, St. John also says that such clutches permit slippage during extreme shock or

overload, which reduces loads on bearings, mountings, shafting, and vibration absorbers.
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Figure 2.4 (@) St. John’s[10] patented connected shoe clutch. (b) Nagashima' s [11] patented
floating shoe clutch.

2.1.4 Undesirable Characteristics

Even though centrifugal clutches have many positive attributes as described in the
previous section, they also have many undesirable characteristics. St. John [8] explained
the critical importance of correctly sizing the clutch for a given application. Undersizing a
clutch will cause it to slip, which in turn causes wear, overheating, and premature failure.
Over sizing a clutch will damage machine components, contribute to premature engine

failure, and cause combustion enginesto stall.

2.1.5 Clutch Patents

Industry has been trying to take full advantage of the many benefits that centrifu-
gal clutches offer, while mitigating their undesirable characteristics. St. John [10] created
a connected shoe clutch and Nagashima[11] patented a floating shoe clutch. Luerken [12]
developed a clutch with greater immunity to the effects of variations in components by
using spring configurations which require a relatively long spring extension. Weiss [13]
created a clutch with a maximum torque level by using return weights that oppose the
pressing force of the centrifugal weight when the speed increases over a certain level.
Shimizu & Ogura [14] created an instantaneous (bi-stable) engagement clutch, therefore
eliminating dlip and prolonging the clutch's life. Shultz [15] patented a bi-directional

clutch.
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Figure 2.5 Various patented one piece s-clutch designs. (a) Dietzsh et. a. [20] (b) Ruddy
[17] and (c) Sageshima[18]

In addition, many designers have tried to take advantage of one piece s-clutches
[16,17,18,19]. One interesting s-clutch design was presented by Dietzsh, Henning & Lux
[20] which permits low manufacturing costs while obtaining desired precision (Figure

2.5(a)). Thisdesign uses multiple layers that are riveted together to form one thick clutch.

2.2 Theoretical Analysis of Clutches

2.2.1 Basic Operating Principles

Since centrifugal clutches are widely used in many applications, their basic operat-
ing principles are well defined in many engineering design books [21,22,23,24]. These
design books present the necessary equations for determining the forces and torques

involved in centrifugal clutches.

The acceleration of a body that is rotating about a center has a centripetal and a
tangential component (Figure 2.6(a)). Centripetal or normal acceleration is the accelera

tion of arotating body towards the center of the circular motion, and is caused by centrip-
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Figure 2.6 (@) Body rotating at a constant angular velocity. (b) The motion equations using
the standard form of Newton's Second Law. (c) The motion equations using
D’ Alembert’s Principle and centrifugal forces are shown.

etal force. Tangential acceleration is the acceleration of the body normal to the centripetal
acceleration.

ay = rw (2.1)
aT =ra (2.2)

wherer isthe distance from the center, wistheradial velocity, anda isthe angular accel-
eration. If the angular velocity is constant then the angular acceleration (a) isequal to zero
and equation(2.2) becomes zero. The centrifugal force exerted by the centripetal accelera
tion is (see Figure 2.6(b))

= _ _ 2
centrifugal — ma = mrw (2.3)

or

SF+(—er2) =0 (2.4)
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Figure 2.7 Friction force that transmits torque between the shoe clutch and drum.

The term —mrw? is known as an inertial or D'Alembert force. This term is directed oppo-
site to the centripetal acceleration and has units of force. Centrifugal force isthe D'Alem-

bert force caused by the centripetal acceleration of arotating body, or

2
F —mrw (2.5)

centrifugal =

As the centrifugal force pushes the shoes of a clutch radially into the drum (Figure
2.7), friction is created between the clutch and drum. The friction force exerted to the

drum is approximated as

Firiction = MFnormal (2.6)
where Frormal = Feentrifugal @nd mis the coefficient of friction. The transferred torque

from clutch to load is

T= NrFfriction @7

where N isthe number of shoes and r isthe drum's inside radius.

Normally, there are springs attached to the shoes in order to have the clutch engage
at a predetermined speed. This would make the normal force equal to

2
Frormar = mrw” —KI (2.8)
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where k is the spring stiffness and | is the spring displacement. The springs decrease the

applied normal force, and therefore decrease the maximum torque transferred.

As may be seen, the torque capacity of a clutch is dependent on the coefficient of
friction, and the centrifugal force. Centrifugal force is proportional to the square of the

speed, the radius of the clutch, and the mass of the shoe.

2.2.2 Standard Centrifugal Clutch Comparison Method

In addition to these basic centrifugal clutch equations, Goodling [25] presented the
derivation of specific torque equations for different types of centrifugal clutches. St. John

[8] developed an equation to standardize torque values for clutch comparison as

T = Tb(Ucz)_Urz) (2.9)
where

T, = operating torque of clutchat U,
T, = basic torque of clutch at 1000rpm without bias springs
U, = the operating rpm/1000
U, =the clutch release rpm/1000
This equation isideal in comparing centrifugal clutches with totally different design con-

cepts. Crane [5] even used this equation to compare the different compliant clutch designs.

2.2.3 Self-Locking / Self-Energizing Characteristic of Clutches

One characteristic that is common with centrifugal clutchesis that of self-energiz-
ing or aggressive engagement. South [24] says this phenomena " occurs when the configu-
ration of the brake [or clutch] is such that the friction force generated by the brake [or

clutch] reinforces the externa actuation force [centrifugal force]."
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Figure 2.8 Forces acting on a clutch, which may cause self-locking.

When looking at a brake or clutch, Shigley [23] shows that the actuating force F
must balance the moment caused by the friction force, as well as the normal force (see

Figure 2.8). This equilibrium statement gives

- C

F

(2.10)

where My is the moment of Fy and Mg is the moment of Fg about point A, and cisdis-

tance from the pivot point to the actuating force. In the centrifugal clutch case, the actuat-

ing forceis equal to the centrifugal force acting at the shoe's center of mass.

If My = Mg then zero actuating force is needed to engage the brake or clutch, and

self-locking is obtained. This self-locking characteristic only holds true for aggressive
shoes. Non-aggressive shoes operate with

My, + M
Fo Nt Ve
C

(2.11)

An aggressive clutch transmits more torque with an impact engagement, while a
non-aggressive clutch transmits less torque with a smooth engagement. In addition, a self-
energizing shoe is more sensitive to the coefficient of friction (COF). In other words, as

the COF changes, the torque varies over awider range than that of a non-aggressive shoe.
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The FOA clutch possesses aggressive and non-aggressive shoes. While there are a
few centrifugal clutches with this characteristic, most centrifugal clutches are either
aggressive or non-aggressive. The FOA clutch combines the characteristics of both

aggressive and non-aggressive clutches.

2.2.4 Specific Applications

Many researchers have taken these equations a step further by applying them to
specific applications. Archi [1] designed a centrifugal clutch using two Honda brake
shoes. Goodling [25] outlines the relevant equations for modeling the flexible trailing shoe
clutch. Dekhanov & Makhtinger [26] created a model for a modern centrifugal separator
that has a smooth start and a larger operational torque. Crane [2] created a compliant
model for the two existing compliant clutches and for al four novel compliant clutch

designs.

2.2.5 Floating-Opposing-Arm Clutch Model

The FOA clutch consists of both aggressive and non-aggressive shoes. The sym-
metry of the design allows the clutch to be analyzed by modeling the flexible segments as
dliders, because they move on radial paths from the axis (Figure 2.9). In addition, each

flexible segment provides atorsional spring torque (T).

Before the clutch engages the drum, the displacement of the shoe may be analyzed
by only considering one shoe. By taking a summation of the moments on the linkage, itis
possible to solve for the relationship between the centrifugal force and the mechanism

position. The resulting equation is

Fom’ FB+T1+T2+|DS§—E—QS,' Fe = 0 (2.12)
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where the variables are defined as
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|F ’ = (2.17)
smg'ﬁ

PFg = p_E (2.18)

Ty = ki(gp—-0) (2.19)

T, = ky(gp—0) (2.20)

The variable | is the displacement of the shoe, n is the number of shoes, mis the shoe

mass, I oy, IS the distance to the shoe's center of mass, and Fg, is the reaction force at the

El
outer slider. The torsional spring constants (k) of the flexible segments are equal to -

| )
where| isthe length of the small flexible segment, E is the modulus of elasticity, and | is
the moment of inertia of the small flexible segment [1]. Crane assumes that the deflections

are sufficiently small, which allowsF, to be solved for directly by equation (2.16).

Once the clutch is engaged, the aggressive and non-aggressive shoes do not load
the drum symmetrically, but the position is known. This allows the normal force to be
solved for by using force and moment equilibrium equations. After the normal force is
solved for, the basic torque equation (2.7) may be used to determine the transferred torque.
The FOA clutch'storque transfer is given by

T= |FN|rT‘Rdrumn (2.21)

where nisthe number of clutch arms and Ry, is the inner radius of the drum.

2.2.6 Friction

Friction isavery critical parameter of centrifugal clutches. Friction in centrifugal
clutches may be classified as either static or dynamic. Static friction is the largest of the
two, because it includes both the resistance to movement of two bodies and the required
force to overcome inertiafor accelerating one of the bodies relative to the other. Dynamic

friction is the force required to maintain relative motion between two objects [27]. Once a
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Figure 2.10 Comparison between (a) compliant crimping mechanism developed by AMP Inc., and
its (b) rigid-body counterpart [1].

clutch is fully engaged, it is assumed that there is no dlip between the clutch and drum,

which means static friction exists.

Although friction is commonly discussed as only being dependent on the normal
force and not the area, South [24] shows that the coefficient of friction varies with temper-
ature and pressure. The data presented by South matches the observation that the flexible
trailing shoe clutch is less sensitive to the coefficient of friction. The flexible trailing shoe
clutch has very high surface area that contacts the drum, which helps negate surface irreg-

ularities at point contacts.

Another issue that arises with large normal forces over very small surface areas
(high pressure) is that of drum scoring. Drum scoring can cause the clutch to lock up,
which becomes dangerous in many applications. Designers of clutches should ensure that

the normal forces are distributed over enough area to eliminate drum scoring.

2.3 Implementing Compliant Mechanism Theory

2.3.1 Compliant Mechanisms

A mechanism is a mechanical device used to transfer or transform motion, force,
or energy. Unlike traditional rigid-link mechanisms, however, compliant mechanisms
gain at least some of their mobility from the deflection of flexible members rather than
from movable joints only. Figure 2.10 shows a pair of crimpers in both a rigid-link and

complaint configurations [1].
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Figure 2.11 (a) Compliant overrunning clutch and (b) Equivalent rigid-body design shown
disassembl ed.

Compliant mechanism technology has many characteristics that make it appealing
to existing or new applications. The main two characteristics of compliant mechanisms are

cost reduction and performance increase.

Cost reduction is mainly attributed to part-count reduction. Since a compliant
mechanism receives some of its motion from the deflection of flexible members rather
than from movable joints there is a significant reduction in part count. Figure 2.11 shows a
compliant overrunning clutch with an equivalent rigid-body counterpart. As seen, the tra-
ditional design has 4 pin joints and a part count of 15, while the compliant design has 1
pin-joint and a part count of 4. Additional cost reduction comes from the fact that with a
decrease in part count, it becomes much easier to assemble the final mechanism. No
longer do the pin-joints need to be inserted, nor do the springs need to be attached. In addi-
tion, the part count reduction leads to a simplification in manufacturing processes, which

is another cost savings.

Increased performance can likewise be attributed to part-count reduction. Compli-
ant mechanisms have fewer pin-joints and springs, which reduces the amount of wear,
weight, and required maintenance. In addition, pin-joints add additional tolerances, as

well as variations, that decrease the precision of the mechanism. By reducing the wear,
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weight, and required maintenance, while simultaneously increasing the precision, compli-

ant features are able to increase the reliability of such mechanisms.

In order to be able to take advantage of these two characteristics, it would have to
be necessary to have a simple, yet accurate, method of designing compliant mechanisms.
Unlike traditional rigid-link mechanisms where their links are considered infinitely rigid,
compliant mechanisms rely on deflections for performance. Once the deflection becomes
large, linear assumptions do not apply and the full Bernoulli-Euler equation must be used

to account for geometric non-linearities.

The Pseudo-Rigid-Body Model (PRBM) sets forth a modeling system which takes
a compliant mechanism and transposes it into a traditional rigid body mechanism, which
then can be analyzed by traditional kinematic equations. Crane states that "the PRBM
approach facilitates design and analysis of these highly nonlinear applications because it
de-couples the solution of nonlinear deflections of compliant mechanisms from the solu-
tion of nonlinear force-deflection equations.” The PRBM is outlined in [1] and will be the

main method for creating new torque and speed models.

2.4 Manufacturing Considerations

Herring et al. [28] had an objective to develop a set of manufacturing process
tables and charts that represent process capabilities appropriate for compliant mechanisms
with long thin beams. These process tables will be applied to the compliant centrifugal
clutch, even though it contains small-length flexural pivots instead of long thin beams.
The processes were categorized into no-assembly processes (one piece) and partial-assem-

bly processes.

A go-no go matrix was created for producing one piece compliant mechanisms,
which contains two criteria; economic high production capability and capability of pro-
ducing desired geometry. In applying this matrix to the various manufacturing processes
only laser cutting, water jet, axial powder compaction, isostatic pressing, die casting,

metal injection molding, and impact extrusion passed the test [28].
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Figure 2.12 The hybrid process used on compliant overrunning clutch.

The findings show that partial-assembly processes are more feasible for complaint

mechanism designs. The best processis one that Herring et al. calls a hybrid process. The

hybrid process would involve fine-blanking or stamping the part out of sheet metal and

then joining the multiple layers together with a mechanical, thermal or chemical process

(Figure 2.12).

Multiple criteria were created for judging the partial-assembly processes. The fol-

lowing isalist of each criterion, and how the hybrid process scored within parenthesis.

Assembly time

e Part count (high)

* Assembly complexity (low)

»  Process speed (high)

Production level compatibility (high)

Process robustness (high to medium)
Manufacturing process effect on part functionality (medium)

Repairability (no)

The only significant discrepancy between the ideal process for compliant mechanisms and

this hybrid process is the part count is high instead of low. In general, higher part counts

equates to higher assembly and manufacturing cost. This higher part count may be offset
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by the low assembly complexity and the high process speed. The assembly process is
much less difficult because al parts are the same. Chapter 5 will address these issues more

fully asthey pertain to the compliant centrifugal clutch.

2.5 Results of Preliminary Testing

Crane et a. [2] was able to fabricate and test multiple clutch designs such as the
floating 1 (F1) clutch, the floating-opposing-arm (FOA) clutch, the grounded-opposing-
arm (GOA) clutch, and the split-arm clutch. Two types of models were formed for the
FOA clutch: the engagement speed model and the torque-capacity model. The error
between predicted engagement speed and actual engagement speed was as high as 14%. In
addition, the error between predicted operating torque and actual operating torque was as
high as 9%. These errors may be attributed to inaccuracies of the model itself, as well as
that the tested clutch’s material, polypropylene, experiences stress relaxation. In addition,
polypropylene’s modulus of elasticity varies due to temperature, size, and loading rates
[2]. Another factor that increased the error was the test set up procedure in which cotton
webbing was attached to the engaging shoes in order to stop the material from melting.

In addition to these tests by Crane et a., preliminary tests have been performed on
two other applications. ground tillers and go-karts. The ground tiller application replaced a
connected shoe clutch (Figure 2.1 (a)) with an FOA clutch. Similarly, the go-kart applica
tion replaced afloating shoe clutch (Figure 2.1 (b)) with a FOA clutch. The following sec-

tionswill outline these applications, as well as the lessons |earned by the testing.

2.5.1 Ground Tiller Application

The ground tiller application consisted of replacing a 2 1/8 inch connected shoe
clutch with a FOA clutch.(Figure 2.13). The performance criteria was such that the clutch
had to engage at 3500 rpm and transmit at least 12 in-Ib at 5000 rpm. Multiple design iter-

ations were done until testing showed that the design fulfilled the performance criteria.
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Figure 2.13 Two 2 1/8 inch clutches used in aground tiller (a) Floating-opposing-arm clutch
(b) Connected shoe clutch.

Table 2.1 shows the predicted engagement and torque values, as well as the test
results for dynamic slipping torque and engagement speeds. As seen there are discrepan-
cies between predicted and measured values. One source of measured torque error isthat it
is calculated using dynamic friction, or when the clutch is slipping. Thisis the same type
of measured torque that Crane et al. presented. In contrast, the predicted torque uses static
friction in its force and moment equilibrium equations. The coefficient of dynamic friction
can be as much as 30-45% less than the coefficient of static friction for steel on steel.

Several issues were identified in the testing of these design iterations. Thefirst had
to do with the clutch’s fatigue life. The first fabricated clutch did not contain fillets at the

flexible segments, which caused the clutch to crack after a few engagement cycles. Such

TABLE 2.1 Preliminary test results for a2 1/8 inch clutch.

Original : Multiple
Connect Shoe OneCF?etc;]FOA Layered FOA

Clutch u Clutch

Predicted Engagement N/A 3033 3009
M easured Engagement 3817 3681 3712
Percent Error N/A 18% 19%
Predicted Torque N/A 15.1 15.4
Measured Torque 9.8 9.3 9.8
Percent Error N/A 62% 57%
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fatigue failure is unacceptable for this application, where a minimum amount of 50,000

cyclesisrequired. All future designs had fillets to relieve stress concentrations.

Another issue had to do with the continual under modeling of the engagement
speed. The FOA engagement model predicts when contact will be made with the drum.
Clutch engagement as described by clutch designers and outlined in the performance crite-
ria as the moment when the clutch transmits a minimum amount of torque (i.e. 1.2 in-Ib
for the ground tiller). Because the model predicts contact engagement (zero transferred
torque), the clutch must be designed to contact the drum at alower speed than the engage-
ment speed criterion. Care should be taken to make sure it is significantly different then
theidle speed to aleviate idle engagement. Due to the different descriptions, future termi-
nology will call the speed at which initial contact occurs as the contact engagement speed
and the speed at which the minimum amount of torque is transferred as the engagement
Speed.

In addition to these two issues, significant differences in engagement speed (16%
error [2]) were present when there was a gap between the hub and the clutch. This gap
allows the clutch to float around the hub and other forces such as gravity can cause the

clutch to contact the drum prematurely even at idle speed.

Another observation on all tested clutches was that of point burnishing or glazing.
Each shoe only has a small surface area that engages with the drum. This small area dlips
on the drum and begins to look glazed. Such glazing decreases the coefficient of friction

and significantly lowers the clutch’ s torque capacity.

Finally, it was observed that the clutch would have no contact at idle speeds until it
was engaged for the first time. From that moment onward the clutch would stay lightly in
contact with the drum. It was determined that the friction between the clutch and the
clutch fixture (see Figure 2.14) was high enough to overcome the spring restitution forces
of the flexible segments. To allow the clutch to return to normal size, the hub needed to be
alittle bit thicker than the clutch, which changed the friction from between clutch & clutch

fixture to hub & clutch fixture.
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Thicker Hub

-a— Clutch Fixture

Friction between hub and clutch fixture

Figure 2.14 Friction between clutch and clutch fixture made the clutch not disengage from the
drum.

2.5.2 Go-Kart Application

A one-piece FOA clutch was designed and produced to fit the criteriafor a go-kart
application. The manufacturer of the benchmark clutch states that the 4 inch clutch
engages between 2000 and 2400 rpm with 30 in-Ib and transfers 240 in-lb at 3600 rpm
(dynamic COF), as well as 480 in-Ib at 3600 rpm (static COF). In comparison, the pre-
dicted model stated that the new FOA clutch was only able to transfer 280 in-Ib at 3600
rpm. In comparison testing performed by Hoffco-Comet, the FOA clutch performed sig-
nificantly below that modeled value. It was unknown why the larger 4 inch FOA clutch
was unable perform relative to the benchmark clutch, while the smaller 2 1/8 inch FOA

performed so well in comparison.

In addition to the one-piece FOA clutch, a multi-layered clutch (MFOA) was pro-
duced. This design contained 19 independent floating-layers stack together to act like one
solid clutch. The measured contact speed was at 2000 rpm, while the measured torque
capacity was 144 in-lb at 2500 rpm. Taking into account that the clutch was engaging pre-
maturely, the torque capacity would be slightly less than 144 in-lb.

The major concern with the MFOA test was that of a catastrophic failurein 3 of 19
layers. These layersfailed in multiple areas, but all failures were near the thin flexible seg-
ments. Such failure may be explained by clutch scoring and out-of-plane movement. As

each layer began to exert greater pressure on the inside of the drum, the point contact
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began to gouge or score the drum, which in turn caused the clutch to seize up momenta-

neoudly. In addition to the scoring, each layer’s thickness was less that the width of the

flexible segment. Asthe clutch locked up, the layers would move (bend) out of plane. This

out-of -plane movement caused the interior sharp corners to catch itself on other clutch

layer’s edges. With multiple layers locked together, the clutch failed.

2.5.3 Preliminary Test Problems

These preliminary tests for the 2 1/8 inch and the 4 inch clutch helped to uncover

many problems with the FOA clutch design. Future research will help ensure that these

problems are resolved in new designs. The following isalist of the preliminary problems

encountered.

Fatigue failure in the thin flexible segments.

Under modeling the engagement speed by basing the design on the
contact engagement speed.

Premature engagement caused by the gap between hub and clutch.

Point burnishing and glazing on the clutch, which significantly reduces

the coefficient of friction.

No disengagement because of the friction between clutch fixture and

clutch.
Insufficient torque capacity in comparison to benchmark.
MFOA clutch layers scoring the drum.

Out-of -plane movement of layers for the MFOA clutch.
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CHAPTER 3 RESEARCH M ETHODOLOGY

The main objective of this thesis is to develop high-torque-capacity Floating
Opposing Arm (FOA) centrifugal clutches that can be economically manufactured, while
maintaining critical performance characteristics. This objective states three main charac-
teristics of the desired clutch. First, it must maintain critical performance characteristics.
This is why the clutch's sengitivity to both key design parameters and to manufacturing
variations is explored. Analysis is presented that shows how the clutch's design can be

adjusted in order to minimize performance sensitivity and create a robust design.

The second characteristic is that the clutch must be economically manufactured.
The clutch must be fabricated in mass quantities at a reasonable cost. For this reason,
research focuses solely on those processes that are deemed satisfactory in accomplishing
high-volume manufacturing. It is believed that by manufacturing the compliant clutch in
multiple layers, not only is it feasible to produce these clutches in high volumes, but the
engagement and torque performance variations are tightened, therefore allowing the

clutch to perform better.

Lastly, the clutch is designed for high-torque-capacity. Currently, the larger clutch
prototypes significantly under-perform compared to the benchmark high-torque clutches.
Research is presented that shows the FOA clutch performing comparable to the bench-

mark’ s torque capacity.
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3.1 FOA Modeling

In order to achieve these three clutch characteristics, it is imperative that the
research shows complete understanding of the FOA clutch design. Crane et al. created and
tested a Pseudo-Rigid-Body-Model (PRBM) [1] that predicts the speed and torque perfor-
mance of the FOA clutch. Unfortunately, this model was only verified with one steel

clutch and severa plastic clutches.

The FOA model was revisited and enhanced, as well as adequate PRBMs were
formed in order to facilitate clutch design. This enhanced model explored the clutch’s
speed and torque characteristics and allowed the sensitivity analysis of key design param-
eters. In addition, this model was used to do Monte-Carlo simulations of the manufactur-

ing variations. Such simulations show the behavior predictions of layered clutches.

3.2 Testing

Testing was performed in order to judge whether or not this FOA clutch’s perfor-
mance capabilities are comparable to the benchmark. The FOA model was evaluated for
accuracy in predicting the torque-speed performance of high-torque-capacity applications.
In addition, the test data showed the feasibility of the layered clutch approach.

3.2.1 Benchmarking

Benchmarking the FOA clutch with atraditional centrifugal clutch is essential to
determine if the FOA clutch is able to operate efficiently and effectively in a specific
application. The goal isto have the new FOA clutch be able to perform comparably to the
benchmark clutch. It should be dependable on engagement, and it should transfer the nec-
essary torque load. The benchmark clutch is a 4 inch Hoffco-Comet floating-shoe clutch
that is used in snow-blowers, go-karts, and mini-bikes. By benchmarking the FOA clutch
with this chosen representation of traditional clutches, it was possible to quantify a stan-
dard to measure performance. Table 3.1 shows the Comet clutch’ s performance specifica

tions provided by the manufacture.
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Figure 3.1 FOA clutch design to fit in the Comet (benchmark) clutch’s drum.

3.2.2 Prototypes

Multiple FOA clutch prototypes were fabricated to show the feasibility of layer
manufacturing and high-torque-capacity performance. In addition, the prototypes verified
that the models are reliable and robust in order to design future clutches.

The ten clutch layers were cut from thin 1095 blue-tempered spring steel (0.062
inches) and then stacked to fit around a one-piece hub to form one clutch. The clutches

were designed to fit on a retrofitted Comet clutch assembly. The hub and clutch were

enclosed in same hub assembly as Comet’ s go-kart clutch.

TABLE 3.1 Description of the Hoffco-Comet’ s benchmark clutch.

Hoffco-Comet 4 inch Clutch
Torque Capacity 20 ft-Ib @ 3600 rpm (dynamic)
40 ft-1b @ 3600 rpm (static)
Engagement Speed 2000-2400 rpm
Idle Speed 1850 rpm
Type Floating Shoe
Shoe Material Steel
Hub Material Steel
Direction Reversible
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3.2.3 Measured Test Data

The most important measured data is the clutch's torque vs. speed relationship.
This data is imperative to ensure that the model adequately estimates the clutch’s perfor-
mance. The model’s accuracy is viewed by having a real-time graph of the torque-speed

characteristics (Figure 3.2).

3.3 Evauation Criteria

The MFOA clutch design was evaluated based on the desired performance criteria
that is described in the following sections. From this evaluation process, the FOA clutch

was compared to the benchmark Comet clutch.

3.3.1 Torque Capacity

Torque-capacity is the maximum amount of torque that a clutch may transfer
before it dips and is the most important criteria for compact clutches due to the size con-
straints. The torque is determined by the mass of the shoes, the coefficient of friction, the
stiffness of springs, the driving speed, and the style of clutch (aggressive vs. non-aggres-
sive). Figure 3.2 (a) shows the maximum amount of torque transfer by a clutch happens
just before the clutch dlips on the drum or the point when the output rpm decel erates from

the input rpm.

3.3.2 Accuracy of Engagement

Variances in manufacturing may cause the clutch to engage prematurely, which is
a performance hazard. In addition, the clutch may engage too late, which limits torque-
capacity. The accuracy at which the clutch engages is a critical criterion. Premature
engagement may cause wear. In addition, if equipment (e.g. chainsaw) engages at idle it

may endanger the operator.
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Figure 3.2 Sample datataken from the testing Comet’s 2 1/8 clutch. a) Torque vs. rpm datawhen
the clutch is slipping (b) Large spike represents an aggressive engagement.

3.3.3 Smoothness of Engagement

By using the real-time torque-speed data it was possible to see the rate at which the
clutch engages with the drum. Large spikes indicate a faster rate of engagement, typically
found in more aggressive style centrifugal clutches (Figure 3.2 (b)). There is normally a
trade-off between torque-capacity and smoothness of engagement. The higher the torque
the more the clutch is aggressive, which in turn causes a high-impact engagement or rough
engagement. While smoothness is an important criterion, it is secondary to the torque

capacity and accuracy of engagement for the applications targeted in this thesis.

3.3.4 Manufacturability of the Clutch

There are a few important factors such as the width of the inner and outer flexible
segments, the thickness of the clutch, and the width of the inner and outer slots that affect
the manufacturability of compliant clutches (Figure 3.3). The clutch’s design constraints
(size, engagement, etc.) limit the changeability of those critical features. Therefore, some
designs are more easily manufactured than others. For example, any new design that max-

imizes the width of the flexible segment will be easier to manufacture.
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Figure 3.3 Main factors that affect the manufacturability of the FOA clutch.

3.3.5 Performance Sensitivity

Analysis was performed on the torque-speed performance sensitivity due to design
parameters and manufacturing tolerances. Although it is hard to compare the sensitivity of
the FOA clutch to that of the benchmark, the performance sensitivity is taken into account,
especialy in looking at how layers and riveted layers perform in comparison to a single

layer clutch.

3.4 Clutch Testing

3.4.1 Test Setup

The test setup consisted of an engine with a large torque output (Figure 3.4). A
Y amaha FJ 600 motorcycle was attached to a jack shaft in order to provide the necessary
torque input. This engine drives the shaft (jack shaft) that is connected to the clutch’s hub,
which in turn drives the clutch. Upon acceleration, the clutch engages the drum and trans-
fers torque to the output shaft. The output shaft is connected to a dynamometer, which
uses a water break to load the clutch and measures the transferred torque with a torque
transducer. The operator may vary the dynamometer load by turning the water break

valve. Thereis one tachometer on the jack shaft and one on the output shaft to measure the
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Figure 3.4 Set-up for testing the clutch’ s engagement accuracy and characteristics, aswell asthe
clutch’s torque capacity. (a) Actual pictures and (b) Top view schematic of testing
apparatus
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speed. The data acquisition computer synchronizes and records the transferred torque and
both speed measurements. These three real-time measurements allow torgue vs. time, rpm

vs. time, and torque vs. rpm graphs to be used for analysis and comparisons.

3.4.2 Data Measurements

The two tachometers measure the speed of both input and output shafts with
respect to time. In addition, the dynamometer records the amount of torque in comparison
to time. These three real-time measurements allow torque vs. time, rpm vs. time, and

torque vs. rpm graphs to be used for analysis and comparisons (Figure 3.2).

3.4.3 Test Procedures

Two types of tests are performed in order to obtain the necessary evaluation data.
Thefirst test isthe RPM Contact Test Procedure. The objective of thistest isto judge the
accuracy and smoothness of contact. The second test is the Torque Test Procedure, which
applies an increasing load to the output shaft in order to determine maximum torque

capacity. The following outlines the sequential steps necessary for each procedure.

RPM Contact Test Procedure
1. Initiate computer aided data capture

2. Slowly increase engine (input) rpm until the output shaft rpm increases to

match the engine’ s rpm
3. Slowly decrease enginerpmtoidle

4. End data capture

Torgue Test Procedure
5. Initiate computer aided data capture
6. Increase speed to 3600 rpm

7. Slowly increase the load while maintaining various speeds between 2500 to
3600 rpm
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8. Continueto increase load until clutch dlips. (The point where the two rpm val-
ues separate.)
9. End data capture

3.4.4 Error Sources

There are severa possible sources of errors in the test setup used to find the rpm
and torque characteristics of the clutches. These errors are listed below with a brief discus-

sion of how they affect the performance of the clutches.

Friction in Bearings

There is some biasing in the data because of the friction within the bearings that
center the output shaft (Figure 3.4). Asthe clutch engages, it must overcome the load that
is caused by the friction in these two pillow blocks. The torque produced by this friction

may be accounted for by adding the bearing torque to the measured torque.

Coefficient of Friction

The coefficient of friction (COF) directly affects the torque capacity of the
clutches. Recalling that the amount of transferred torque is equal to T = NrnF o a

where mis the COF. This equation shows the direct relationship between torque and COF.
Even with tested values for the COF, there are still many unknowns that influence the true
COF-. Dirt and grease decrease the COF. In addition, South [24] shows that the COF varies

with temperature and pressure, both of which are very prevalent in the FOA design.

In addition, the contact points begin to look burnished after initial testing. This
burnished surface is natural and the COF is 20-30% less than initial values. Even though
the COF initially decreases after burnishing, the COF remains constant until the clutch
wears out. However, if excess heat and/or lubrication is present, glazing may occur.
Glazed material appears glassy, and its COF becomes very low. Such low COF can render

the clutch inoperable.
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Tolerances of Machined Parts

Although the clutches are fabricated by using high precision techniques such as
EDM, there may arise discrepancies between the modeled and actual parameters. This
causes the measured torque-speed values to be dightly off of the modeled torque-speed
values. In order to compensate, the modeled design is recalculated with the actual mea-

sured parameters and then compared to the measured torque-speed data.

Measuring Device Error

As with al measuring devices, there are certain limitations and inaccuracies. The
dynamometer records rpm data on a cyclical basis and torque on a continuous basis. Both
tachometers measure the rpm by an electric pulse that is triggered one time for every revo-
lution. This cyclical recording creates some dynamics issues that affects measurement

variations, but does not significantly affect the results.

Drum Scoring

Anocther error that arises in the multi-layered FOA clutch is that of scoring.
Because of the multiple layers, there is a high force distributed over a very small surface
area. This high pressure causes the contact point to dig into the drum. Such an occurrence
creates alarge spike in the transmitted torque. Scoring can be very dangerous to the equip-

ment and operator and should be eliminated.

3.5 Comparing FOA Clutch to Benchmark Clutch

There are three reasons for testing the FOA and benchmark clutches. The first rea-
son is to see the comparison between the torque capacity and engagement speeds of these
two types of clutches. For comparison purposes, the FOA clutch was made so that it
would fit in the same hub as the Comet clutch. In addition, the FOA’s thickness was such
that it would match that of the benchmark’s. For comparison purposes it is not necessary
to know the bearing friction and other test setup errors, because both clutches experience

the same errors.
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The second reason isto show the feasibility of using free floating layersin acom-
pliant centrifugal clutch. Very little testing has been done on using stacked layers in a

clutch. Thefew teststhat have been done wereinclusive, if not detrimental due to scoring.

Lastly, testing verifies the contact engagement speed and torque capacity models.
Unlike the first reason for testing, verification of the models needs accurate data with no
biasing of the data. On the other hand, the torque values are linear in comparison with the
coefficient of friction. If there is some bias in the torque data, it would come out in the

determination of the coefficient of friction.
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CHAPTER 4 MODELSFOR
CENTRIFUGAL CLUTCHES

The pseudo-rigid-body-model (PRBM) [1] was used to model the Floating-Oppos-
ing-Arm (FOA) and Floating 1 (F1) clutches. The PRBM allows for simple and accurate
modeling of nonlinear deflections as found in the flexible segments of the FOA and F1
clutches. In order to design a compliant clutch for comparison with the benchmark clutch
(Comet 4 inch), it was necessary to model the contact engagement speed and the torque
capacity for each compliant clutch concept (FOA and F1). These new concept designs
assume that the compliant clutches will be using the existing clutch drum and hub assem-
bly of the Comet clutch. Crane et al. outlined amodel for the FOA clutch, and this chapter

will build on and improve that model.

These two concept models allow the accurate prediction of a clutch’s performance
for prototyping. Although only the MFOA clutch is prototyped, the F1 model was created
to compare the sensitivity of key design parameters, as well as the performance tolerance

zone of contact engagement speed and torque due to manufacturing tol erances.

4.1 Hoffco-Comet 4 inch Go-Kart Clutch

The Comet clutch is used in many high-torque applications. Its design consist of 6
shoes that are held together by a pre-loaded linear spring. Figure 4.1 shows a complete

diagram of the various components of the Comet clutch. Modeling of the clutch may be
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Figure 4.1 Model parameters of the Hoffco-Comet 4 inch clutch.

done by analyzing only one segment, because the geometry and loading of the clutch are
symmetrical. Each segment consist of shoe 1, shoe 2, and the linear spring. The basic for-

mulafor thistype of clutchis

2
Frormar = mrw™ —KI (4.1)

where misthe mass per shoe, r isthe radius to the shoe' s center of mass, w isthe speed of

the clutch, kisthe linear spring constant, and | is the displacement of the spring length.

4.1.1 Contact Engagement Speed Model

The contact engagement speed for the Comet clutch may be found by assuming

that the F ;a1 1S €qua to zero. The summation of the forces for the two shoesiis

0= F01 + F02 + FSl + F52 (4.2)
where
F = mrw? 4.3)



F. =k (4.4)

S

I = 2prspring_lspring + 2pdclearance (4.5)

and | isthe original spring length, r is the radius to the center of the spring, m

spring spring

is the shoe mass, r is the radius to the shoe's center of mass, and k is the spring constant.
All variables are known besides w. By making substitutions for Fo and Fs, the contact

engagement speed w may be found to be

R |
T 20
oo |_dFal [Fole o

m(rol + r02)

4.1.2 Torque Model

Once the clutch is engaged, the shoes transmit torque to the drum. Normal forces
may be solved for by using force equilibrium equations and a moment equilibrium equa-
tion for shoe 1 and shoe 2 (see Figure 4.1). The friction forces are afunction of the normal

forces. The hub force acts perpendicular to the point of contact on the face of the clutch.

After these assumptions are taken into account there are only three unknowns: Fy, . Fyy
and Fy,.
The force equilibrium equation with their x and y components and the moment

equilibrium equation are used to solve for the unknowns. These two equations give the

following system of equations:

Fiq f11 f12 f13| | Frub
Fol = [fo1 f22 fo3| | Fna @.7)
Fs f31 fao fas| | Fno

where the elements of the matrix are
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After the normal forces are determined, the basic torque equation (2.7) may be

used to determine the transferred torque. The Comet clutch's torque transfer is given by

T = nnY g ym|Fne + P

(4.19)

where n is the number of clutch arms, m is the coefficient of friction, and ry, ., is the

inner radius of the drum.
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Figure 4.2 Floating-Opposing-Arm (FOA) clutch with key design parameters.

4.2 Floating-Opposing-Arm Clutch

The FOA clutch was the clutch concept that scored well in the evaluation criteria
set forth by Crane et al. [5]. This clutch design combines arelatively high torque capacity
with smooth engagement and direction reversibility. Similar to the F1 clutch, the hub car-
ries al the torque load instead of the flexible segments. Figure 4.2 shows a complete dia-
gram of the F1 clutch with its key parameters.

Modeling of the clutch may be done by analyzing only one segment, because the
geometry and loading of the clutch are symmetrical. Each segment consist of shoe 1, shoe

2, theinner flexible segment, and each half of the outer flexible segment. In addition, each
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Figure 4.3 The design parameters of this section of a FOA segment is used to solve for the
contact engagement speed.

segment may be modeled with sliders at the middle of the inner and outer flexible seg-

ments. Torgue is transferred to the drum by both shoe 1 and shoe 2.

4.2.1 Contact Engagement Speed Model

The contact engagement speed is calculated by analyzing only half of a segment
(see Figure 4.3). Initially, the link (1) must rotate so that the shoe contacts the drum.

Unlike the model for the F1 clutch, an approximation was made for Dq as

d
Dg = gq-qg = " (4.20)
e P _ singOcos?® — 04
[Ig%osqcotn SiNGZCOSE - ~ Ugong a(cosb)
where the inclusive variables are defined as
| = A/r2 +r2 —2r__r.. cosa
= Al'po, ™ Tpis T < poy’ pis (4.21)
_ 8éE-sina--
gq = asng II 8 (4.22)
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_p
a = .23
n (4.23)

2 . 2
a= J(rc| utch — cos(a — qcono) rpoo) + (sin(a — qcono)rpoo) (4.24)
- Telutch — rpocos(a_qcon)
b = asm[ :| (4.25)
a
d = Fdrum™ Tclutch (4.26)

where n is the number of segments, q,,,, is the angle from the inner pin to point of shoe

contact, and rp,, i s Fejyechr @d My, aregiveninitialy.

After Dq is calculated, then the summation of the forces about the pseudo inner

pinjoint may be used to establish arelationship between the centrifugal force (F,) andthe

rotation (Dq). The force equilibrium equation for Figure 4.3 is

—_ —_, = E A, = _
[(Fom—Ts) ~ Fol + Tinner + Touter + [|D£ + n—qg FSO} =0 (4.27)
given that
— — 2
Fo = Mreyw (4.28)
Tinner = Kinner DOk (4.29)
Touter = kouter Dak (4.30)
. 3 3
A [gsn(a q’Z)} Fclutch — Mhub @
cm 3 a? r2 _r2 '
clutch hu
br.. = B + 8 _
om = 2%5 (4.32)
r. = Jls_m (4.33)
P! sina
| 0| _ —Fgsinge
S sin(-a) -39



o — —a (4.35)

where mis the mass and E is the modulus of elasticity. The variables k and | are defined

El
as k :l—lxandl

X
X

3
_ tcl utchtx

x = T 1o where X is either the inner or outer flexible segment. The

initial values of t;qner» touters linner» @d louter @€ known. By dividing Equation (4.27) by

F N
w? and defining —g = mr,, the contact engagement speed (w) may be solved for
w
explicitly where
&® 6102
¢ —(k, +k.)Dgk i
w = g _'\ d — — (4.36)
¢ . _.  F Foo|™
ro—r=) =2|+|] =0+
g[( om ") wz} [ WZL’

4.2.2 Torque Model

Once the clutch is engaged, the aggressive and non-aggressive shoes do not |oad
the drum symmetrically, but the position is known. This alows the normal forces to be
solved for by using force equilibrium equations for both shoes and the moment equilib-
rium equation for only one shoe (see Figure 4.4). The friction forces are a function of the
normal forces. The reactions at the inner dider are assumed to be equal in magnitude and

oppositein direction. The reactions at the outer sliders are equal in magnitude and perpen-

dicular to r:o\ . The hub force acts perpendicular to the point of contact on the face of the

clutch. The geometry is constrained so that the inner and outer sliders must move radially

outward from the center of the clutch. After these assumptions are taken into account there

areonly fiveunknowns. F_., F Fnand Fys,.

so’ ' si I:hubarm’
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Figure 4.4 Force and moment equilibrium diagrams for the FOA clutch that are used to solve
for torque capacity.

The two force equilibrium equations with their x and y components and the
moment equilibrium equation are used to solve for the unknowns. These three equations

give the following system of equations:

) , 1 o
mrcleWZ fll 0 f13 fl4 1 FNl
M emayW for O fa3 Ty O Fyp
—_ — — 2 —
T i) )| = [t 0 st O[Fre|
v 0 i O fu—1|| Fg
2 0 fs, 0 fy, O Fy
=N oy W - AL
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where the elements of the matrix are

f11 = Sinqcon_rrcosckon (4.38)
fi3 = sin(a —Dq) (4.39)

f,, = —cosa (4.40)

f,; = —(cosq,,,+ msing.,,) (4.41)
f,s = cos(a - Dq) (4.42)

f,, = —sina (4.43)

fgo = —(SiNQy, + MCOS,y) (4.44)
fuq = cosa (4.45)

fo, = —00Sq,,, + MENg,,, (4.46)
fs, = —sina (4.47)

After the normal forces are determined, the basic torque equation (2.7) may be
used to determine the transferred torque. The FOA clutch's torque transfer is given by

T= nmdrum|FN1 + FN2| (4.48)
where n is the number of clutch arms, m is the coefficient of friction, and ry, ., is the

inner radius of the drum.

4.3 Floating 1 (F1) Clutch

The F1 clutch was one of the original clutch concepts developed by Crane et al.
[5]. This F1 clutch concept is modeled after traditional aggressive floating shoe clutches.
Unlike the compliant s-clutch, this clutch’s hub bears the torque load instead of the flexi-
ble segments. The F1 design presented in thisthesis has a stiffer shoe 1 for better accuracy
in modeling, whereas before the shoe 1 deflected similar to the other flexible segments.

Figure 4.5 shows a complete diagram of the F1 clutch with its key parameters.
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Shoe 1

Inner Flexible
Segment

Outer F@(ible
Segment

indenty, e,
\

I outer

clutch

drum

\Chearance

Figure 4.5 TheFloating 1 (F1) clutch with key design parameters.

Modeling of the clutch may be done by analyzing only one segment, because the
geometry and loading of the clutch are symmetrical. Each segment consists of a shoe 1,
shoe 2, the inner flexible segment, and each half of the outer flexible segment. In addition,
each segment may be modeled with psuedo dliders at the middle of the inner and outer
flexible segments. Torque is transferred by shoe 2, which comes into contact with the
drum.

4.3.1 Engagement Model

The F1 clutch’s contact engagement speed is calculated by finding the outer rota-

tion (Dg,) and outward trandation (Drpo) necessary to make contact with the drum.

Thereisno explicit way of finding these values, and therefore an optimization routine was

used, where Dqg, and Dr,, converge to the optimal values such that
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r + a) isequa to zero. An additional constraint was that the value of the

clutch ™ (rpi nouter

new |, must equal the value of theold I, .

The contact engagement speed (w) is calculated by taking the summation of the

forces about the center of the clutch. The force equilibrium equation for Figure 4.6 is

Given that
T2 = Kouter XDk (4.50)
Df ~
T3 = kinner — kK (4.51)
—_— _ —_— 2
I:02 = MreppW (4.52)
Sine@\ innerslot® 3 3
r _ 12 € 2 D Tguch " hub
em2 = |37 > > (4.53)
%rs"’t Fetuteh — M hub
E)rcmz Oinnersiot o2 (4.54)
rpo| = Tho, + DrIOO (4.55)
|r | = sing (4.56)
smqIOI
. I W,
— — outer outer
Bbrog = Opo2 > "o~ 'po (4.57)
D—‘ — — + Iinner
"oi = Upi = Ginnersiot 2 Mpi (4.58)
|F—\| _ _FOZSm(qcmZ)_Fsicos(ql:siz)
- (4.59)

o COS(Upgyo)



Uinnerslot

(b) Fhubarm

Figure 4.6 Force and moment diagrams for (a) half a segment and (b) one segment of
the F1 clutch.
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Fozcos(qcmz) S n(qFSOZ)

- FOZSi n(qcmZ) +

. 005/ Cragy)
|Fsi| = oS an (4.60)
Sin(Qe. ) (dksiz) SIN(Egy0)
Fs COS(quoz)
BFgo = Opoo—p 2 (4.61)
bFg, = Ooi ¥ P a2 (4.62)
e Winnersiot  Wouterslot®
WCl+ + -
_ ¢ 2 2 ;
Qinnersiot = @ —¢ T + (4.63)
¢ pi -
e (%]
2
a =P (4.64)
n
. rsin(a—-q, +
q= asm[ ( ?pl onz)rpi:| (4.65)
2
f =y+a-q (4.66)
. rsin(fa-qg, +
y = asm[ (a—ay qpoz)rpi} (4.67)
I1
_ 2 2 12
12 = ["po* Ipi = 2T popi COS(Api — Apo2)] (4.68)
2 2 12
Iy = [yt Mg — 20 pol,iC0s(a —dg + 0pp)] (4.69)

where n is the number of segments, m is the mass, and E is the modulus of elasticity. k

3

. EIIx tclutchtx . .
and | aredefinedas k, = T and I, = BT where X is either the inner or outer flex-
X
ible Segment' The initial values of rclutch’ rhub’ tclutch’ tinner’ touter’ Iinner’ Iouter’

Winnersiot » Wouterslot » We1» Tpi, » Fpo, &€ known. Dg and Dr,, are solved for with an opti-
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«m» the con-

F
mization routine. By dividing Equation (4.27) by w? and defini ng _c2> =m
W

tact engagement speed (w) may be solved for explicitly where

—(T2+13) 1

2 Fod & Folf & Fy
'em2 2 onz 2" Qpi 2
e W g e w 9 e W

(4.70)

Q - O

4.3.2 Torque Model

Once the clutch makes contact engagement, only shoe 2 has a normal force associ-
ation. This normal force may be solved for by using force and moment equilibrium equa-

tions for both shoes (see Figure 4.6). The friction force is a function of the normal force

(nFy ). The reaction forces at the inner slider are assumed to be equal in magnitude and

opposite in direction. Similarly, the reaction forces at the outer dliders are related by

F = Fgoy1 AdFgy, = Fgoyy - Thehub force acts perpendicular to the point of con-

Sox2
tact on the face of the clutch. The geometry is assumed to be constrained so that the outer

diders must move radialy outward from the center of the clutch. After these assumptions

are taken into account there are only six unknowns: Fg,, Fg, Fgoq, Feoyrs Fy, and

Fhubarm-
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The two force equilibrium equations with their x and y components, as well as the

moment equilibrium equations are used to solve for the unknowns. These four equations

give this system of equations.

2]

where the elements of the matrix are

MWl [1 0 0 —1fy, O]
oW [0 1-10 fy 1
2l |1 0-1
_mrcmle = 0 000
a2 |00 100

cmly
ST —T fs1 fsp fog fsy O O
( ' 3) f61 f62 f63 f64 f65 f66
(1, +Ty)| L !

I:si X
I:siy
I:soxl
l:soyl
FN

fi5 = €0S(Qgp,+ P) + MCos(q,,, + P 2)

f25 = s-n(q(;on-l_ p) + rrsin(Qcon + p Q)

fs1 = —hiy
1:52 = _rpix
f53 = rpoyl
f54 = rpoxl
f61 = rply
f62 = rplx
f63 = _rpoxz
1:64 = rpoy2

f65 = ikcon' (F_\N+m:_\N)

f66 = rhubarm
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In addition, the following relationship are also identified within the matrix: f;; = {5,

foo = a2, f1g = oz, and T3 = —fyy.

After the normal force is solved for by standard methods, the basic torque equation

(2.7) may be used to determine the transferred torque. The F1 clutch's torque transfer is
given by

T= nm‘drum||:N| (4.84)

where n is the number of clutch arms, m is the coefficient of friction, and ry, ., is the

radius of the drum.
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CHAPTER 5 MINIMIZING PERFORMANCE
TOLERANCES

This chapter discusses engagement speed and torque performance sensitivity to
variations in manufacturing and design tolerances. In addition, robust designs and multi-
ple layers are discussed for minimizing the FOA clutch’s performance tolerances. While
manufacturing issues and possible manufacturing processes for compliant mechanisms
will be discussed, this thesis will not specify clutch manufacturing cost. The thesis will
focus on standard economical manufacturing processes that are maintained within their

normal tolerance capabilities.

5.1 Manufacturing Issues for Compliant Mechanisms

Herring et al. [28] were able to create various manufacturing process tables and
charts that represent process capabilities appropriate for compliant mechanisms with long
thin beams. Table 5.1 shows process capabilities in relation to the key design parameters
of the FOA clutch. The table has been adapted for short thin beams (small-length flexural

pivots).

Unfortunately, none of the high production processes listed by Herring et al. are
capable of producing the configuration of the FOA clutch in one piece. Laser cutting and
axial powder compaction are two of the closest processes, but neither is able to achieve a

width of 0.015 to 0.020 inches for the smaller (2") clutch. The laser cutting constrains the
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Figure 5.1 Key parameters for manufacturing process capabilities of compliant
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mechanisms. (a) shows the thickness, length and depth of the flexible segment
and (b) shows how the thickness of the flexible segment relates to the FOA

clutch.

TABLE 5.1 Process capabilities for compliant mechanisms as they rel ate to the small-length
flexural pivots found on the FOA clutch.

Process Capabilities
Process Minimum Beam Ratio D:B or Ratio C:B or Tolerance of
Dimension"B" | piensan i | pimendon C- "B
Extrusion 0.05" N/A 181 +8-10%
thickness
Laser Cutting 0.0625" - 0.25" 1:1-41 N/A +0.001 *
Water-Jet 0.05" - 0.08" 4" N/A £0.020 *
Axial Powder Compaction 0.06" - 0.1" 12" N/A +0.002 **
Die Casting 0.08" - 0.09" N/A 2:1-4:1 +0.015
Metal Injection Molding 0.05" - 0.08" 12" 2:1-4:1 +0.003
Needed Capabilities for <0.020" 12:1-38:1 11-21 <+0.001
Small (2") clutch orD3 1"
Needed Capabilities for < 0.060" 12:1-38:1 L1-21 <+0.001
Large (4") Clutch orD? 1"
* +0.005 inches due to undercutting
** 200 gram weight limit
TABLE 5.2 TWO new process capabilities for compliant mechanisms
Fine Blanking N/A 1:1-151 N/A +0.0005
N/A 1:11-151 N/A +0.002

Stamping (Conventional

Blanking)

62




Individual
Layers

Figure 5.2 FOA clutch shown with multiple layers that float on hub.

clutch to be made in layers because of the 1:1 ratio of "D" to "B", where "D" is the
clutch’s thickness "B" is the flexible segment’s thickness. In addition, the laser beam
expansion causes a £0.005 inches tolerance because of undercutting. This characteristicis
undesirable considering the clutch's performance sensitivity to those tolerances. Axial
powder compaction is limited to awidth of 1/2 inch and a maximum weight of 200 grams.
Both of these stipulations would be violated by the larger (4") clutch design. In addition,
the tolerance of +0.002 inchesis till less than the desired £0.001 inches. The impact of
these differences in tolerances on clutch performance will be discussed in “ Sensitivity of

Key Parameters” on page 66.

Since Herring et a. focused solely on long thin beams, the original process capa-
bility table included no information on such processes as fine blanking and stamping.
These are two process that are infeasible with long thin beams, but would work ideally
with the short beams found on the clutch. Table 5.1 includes both of these processes and

their corresponding capabilities.

As suggested by Herring et a. the best solution for the clutch would be to create a
hybrid process. This process would consist of cutting/forming the clutch out of thin sheets
of metal and then joining the multiple layers together with a mechanical, thermal or chem-
ical process. The joining of the layers may not be necessary in the case of the clutch,
where each layer may float freely around the hub (Figure 5.2). More research will be pre-

sented on this topic in the following sections.
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When the hybrid process is used with fine-blanking, all needed capabilities are
achieved. Fine-blanking is ideal because it produces a clean, smooth edge on the part,
unlike the burrs, roll-over, burnish, or fractures that are typical attributes of die-cut edges
[29]. In addition, fine-blanking can produce between 240 and 480 layers per minute
(enough for 20-40 four inch clutches per minute). Such high tolerances and small die-part
clearances (1% of thickness) are attributed to the use of av-shaped impingement ring that

immobilizes the material before the part is sheared out.

In comparison to fine-blanking, when the hybrid processis used with stamping all
needed capabilities are not achieved. Stamping would eliminate the impression marks left
by the fine-blanking impingement ring. In addition, stamping is less expensive than fine-
blanking. One disadvantage of stamping is that a die-cut edge normally has four distinc-
tive attributes: roll-over, burnish, fracture, and burrs. These edge attributes would signifi-
cantly change the torque-speed characteristic of the clutch. They could also lead to early
fatigue failure by causing stress raisers. In addition to the edge attributes, stamping typi-
cally has a £0.010 inch tolerance. In order to achieve the £0.002 inch tolerance as stated
in Table 5.1, it would be significantly more expensive. One last disadvantage is that the
clearance between punch and part is typically 8 to 10% of stock’s thickness. Such high

clearance accounts for all of the negative edge attributes.

5.1.1 Advantages of the Hybrid Process

The hybrid process has several advantages. By using a high production process,
such asfine-blanking, it would be easy to produce high volumes of layers a short period of
time (240-480 layers per minute). These layers could then be automatically grouped
together in setsfor assembly with the clutch's hub. Theincreased part count due to the lay-

ers may be offset by the high production rates and automatic assembly.

If the layers were not joined together, then the layers would give the advantage of

conforming to the drum profile. The drum’s profile varies in diameter due to the manufac-



Drum Diameter

Figure 5.3 Drum profile due to manufacturing process.

turing process. Figure 5.3 shows how the drum may vary in diameter. Multiple layers

would ensure that there were multiple points of contact within the drum.

In addition, the advantage of multiple layersis a lower clutch torque-speed vari-
ance. Each layer will have a certain variance due to the manufacturing process, yet when
the sum of each layer's variance is taken to achieve the total variance of the clutch, it is
predicted that the total variance will be lower. This lower variance is significant, because
the clutch will perform much more accurately. Thisis discussed in more detail in “ Perfor-

mance of Layers” on page 79.

5.1.2 Disadvantages of the Hybrid Process

If the clutch’s layers were not joined together, then one problem isthat if the flexi-
ble segment is not thicker than it is wide, then each layer will have the tendency to bend
out of plane. Thiswas seen in the preliminary tests of “Results of Preliminary Testing” on
page 26. Herring says that "this problem (bending out of plane) can be avoided by mak-
ing the beam thicker in each layer than it is wide, thereby giving the beam a tendency to
bend in the desired plane" [28].

Another unknown is whether or not it will be possible to keep the necessary toler-
ances on the flexible segments. The sensitivity of the clutch's performance to these key

design parameters makes this issue very significant.

The last disadvantage of using layers is that of scoring. Scoring is caused by the
high pressures of the thin layers exerted on the drum. These high pressures may cause the

thin layersto cut groves on the drum and cause catastrophic failure of the clutch.
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Figure 5.4 FOA clutch’'s design parameters.

5.2 Sengitivity of Key Parameters

Preliminary testing showed that the FOA clutch’s torque-speed performance is
sensitive to several design parameters. Figure 5.4 shows all design parameters used in the
FOA model. The most sensitivity parameters were determined by performing model sensi-
tivity analyses. This sensitivity analysis evaluates numerical derivatives of design parame-
tersin order to create arobust design, as well as basic cause-effect relationships between

these parameters and the clutch’ s engagement speed & torque-capacity for verification.

5.2.1 Numerical Derivatives

If an equation for some model is known, then the sensitivity of any parameter may
be calculated by solving for the partia derivative of that parameter with respect to the
desired output (i.e. torque). Unfortunately, the F1 and FOA models do not result in asin-
gle equation for engagement speed and torque. Instead, a numerical derivative is calcu-
lated by using the forward difference method or the central difference method (Equation
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(5.2) and Equation (5.3) respectively). These methods are derived from a Taylors Series

Expansion.

L1
2.”)(2

f(x+Dx) = f(x) +ﬂ1Xf(Dx) +2 W o vy, .1

where the seriesis truncated and for which % issolved as

I _ f(x + Dx) —f(X) 62

Ix Dx

It _ f(x+Dx) —f(x=Dx) (5.3)

> 2Dx

Multiple steps (Dx) where used to calculate the numerical derivativesin order to
determine the effects of truncation and round-off errors from the previous equations. After
the derivatives or sensitivities were found with respect to engagement speed and torque,

they were ranked (1 being most sensitive). Table 5.3 shows the results for Sensitivity for

engagement and torque for the FOA clutch using the central difference method?. (See Fig-
ure 5.4 for the each term definition.) The table lists each individua model parameter,

along with their origina value, their associated manufacturing tolerance, and the step

(Dx) used in the central difference method. Similar results for the F1 clutch are found in

Appendix A.2.

Figure 5.5 shows that the FOA clutch parameters that affect the contact engage-

ment speed and torque-capacity the most are r t t and ry. - The vari-

clutch’ “inner® “outer’

ables ricn and ry.,m essentially combine to create d These results were

clearance *
expected from previous tests and is supported by the “Basic Parameter-Performance Rela

tionships” on page 78. All other engagement sensitivities are significantly lower. The

next two closest engagement parameter sensitivities are indent and ry, ,» Which are

outer

lower by afactor of 10. On the other hand, the remaining parameters for the torque model

1. See Appendix A.1 for all original values of input design parameters, as well as outputs.
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Figure 5.5 The FOA clutch’s most sensitive clutch parameters for (a) Contact
Engagement Speed and (b) Torque Capacity. Sensitivities are the same as
those found in Table 5.3

TABLE 5.3 Parameter sensitivities for the FOA clutch using central difference method to
calculate numerical derivatives.

Adjusted

Mft &

Adjusted
Design
Original Tolerance

Sensitivity New
Step Sensitivity Rank by Tol Rank

Sensitivity New
Step Sensitivity Rank by Tol Rank

t clutch 0.626 0.005] 0.0001 0.0 933.9

I hub 0.750 0.003] 0.0001 18254 6 7 0.0001 -444.0 10

I drum 2.000 0.005] 0.0001 21816.5 4 1 0.0001 5293.6

I clutch 1.950 0.003] 0.0001 -25568.1 1 2 0.0001 7988.3

t outer 0.070 0.003] 0.0001 22376.0 3 4 0.0001 6591.1

tinner 0.070 0.003] 0.0001 25189.2 2 3 0.0001 7398.2 2

| outer 0.800 0.003] 0.0001 -546.9 9 -1.64 9 0.0001 130.6 16 0.39 15
I inner 0.700 0.003] 0.0001 -725.7 8 -2.18 8 0.0001 184.0 15 0.55 14
W outer slot 0.300 0.003] 0.0001 416.7 10 1.25 10| 0.0001 -519.3 8 -1.56 8
W inner slot 0.100 0.003] 0.0001 416.7 10 1.25 10| 0.0001 -352.1 13 -1.06 13
I hub arm 0.950 0.005] 0.0001 0.0 15 0.00 14 0.0001 -677.6 7 -3.39 7
Gcontacttigh) 10,00 2 1 132 14 26.45 1 95 17 18.9 |G
R outer round 0.075 0.003] 0.0001 381.7 13 1.15 13 0.0001 -433.0 11 -1.30 11
R inner round 0.075 0.003] 0.0001 4015 12 1.20 12 0.0001 -482.3 9 -1.45 9
m 0.420 0 0.0001 0.0 15 0.00 14 0.0001 3088.5 0.00 16
W operational 3600 0 100 0.0 15 0.00 14 100 0.5 18 0.00 16|
indent outer 0.050 0.003] 0.0001 1868.0 5 5.60 6 0.0001 -386.9 12 -1.16 12
indent inner 0.000 0 0.0001 1579.3 7 0.00 14 0.0001 -236.1 14 0.00 16
W contact eng 2139.3|rpm Tolerance (Eng) = + 169.6 [gsln} Tolerance(T) =+ 50.6 [ia8s]

T operating 584.6] in-lb Std Dev (Eng) = irpm Std Dev (T) = 1 in-lb
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Figure 5.6 Oqop, IS the angle that determines how much of the clutch’s surface engages
with the drum.

are much closer to the top four parameters. The variable r,,, isonly lower by afactor of
2. Thismeans that the torque is more sensitive to more of the design parameters.

In addition, by changing the mean value of these parameters it is possible to
increase or decrease their sensitivity. Unfortunately, most of the parameters are limited by

their design space. The only significant parameter that may be changed dramatically is

Jcon- Figure 5.6 shows that q,,, is the angle that determines how much of the clutch’s

surface engages with the drum. By increasing its value to 20 degrees, it becomes the most
sensitive parameter !
5.2.2 Manufacturing and Design Tolerances

In addition to finding the numerical derivatives (sensitivities) for each parameter,

there was an additional weight assigned to each parameter. For a certain manufacturing

1. See Appendix A.4 for sensitivity chart for g, = 20.
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process, each variable will have a specific tolerance. This manufacturing tolerance (y ;)

may be used as aweight in order to adjust the sensitivities as

Ty _ 1t
ﬂ—Xi = ﬂ_X, XY (5.4)

f
where % is the adjusted sensitivity of the contact engagement speed or torque capacity

XI
due to some parameter (X). This assignment of weights is important because it alters the

order of the most significant parameters, as well as makes previously insensitive variables
sengitive (e.9. Jeontact)- 1he adjusted sensitivities due to manufacturing or design toler-

ances, along with new ranks are found in Table 5.3.

5.2.3 Performance Tolerances

Contact engagement speed and torque capacity are the two critical performance
criteria for designing centrifugal clutches. If the specifications for a clutch state that the
clutch must engage between two values (e.g. 2000 to 2400 rpm for Comet 4 inch clutch),
and have a minimum torque, then the worst case scenario should behave within those con-
straints. By using traditional error analysis methods, it is possible to determine the toler-
ance range for both contact engagement speed and torque capacity. Tolerance range is
defined as the minimum to maximum value of a performance criteria. These tolerance
ranges for contact engagement speed and torque capacity will be referred to as perfor-

mance tolerances (Y ;). This method accurately predicts how manufacturing tolerances

will affect the performance tolerances. The performance tolerance is calculated by taking

the square root of the sum of the squares of the adjusted sensitivities, or

1
_ g off _@ZT
Yt [aiéﬂ—XiXY|g (5.5)
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wherei isi ! parameter in the model, f denotes either contact engagement speed or torque

capacity, and y; isthe manufacturing tolerance of thei th parameter.

Table 5.4 shows values for the contact engagement speed and torque capacity per-

formance tolerances for different scenarios. Scenario A assumes a coefficient of friction
(COF) tolerance and operating speed tolerance (w) of zero. The results are given for a4

inch clutch design with two different contact angles (q.,,,,) and a2 inch clutch design with

only one contact angle. As expected, the torque performance tolerance increases by nearly
50% with an increase in the COF tolerance. In addition, the torque performance tolerance

is decreased by the increase in contact angle.

Whileit is not the focus of thisthesisto present all designiterations, it isworthy to
note that the F1 clutch and a smaller FOA clutch (2 1/8 inch) have the same highly sensi-
tive parameters (see Appendix A.3). While the torque capacity sensitivity stays the same
between different size clutches, the contact engagement speed is much more sensitive to

these parameters in smaller size clutches. This leads to a much higher performance toler-

TABLE 5.4 Performance tolerances for several scenarioswith the4inch and 2
inch FOA clutch.

Performance Tolerance
Contact

) Engagement Torque
Scenario Speed (rpm) Capacity (in-1b)

A. mtolerance =+ 0, wtolerance =+ 0
4 inch clutch
gcon=10deg* +176.1 +52.4
g con = 20 deg ** +165.0 +39.7
2 inch clutch
g con = 3 deg *** +601.8 +6.5
B. mtolerance = + 0.03, wtolerance =+ 0
4 inch clutch
g con =10 deg +176.1 +105.6
g con = 20 deg +165.0 +91.1
2 inch clutch
g con = 3 deg + 601.8 +7.1

* The parameter values and manufacturing & design tolerances used are found in Appendix A.1.
** The parameter values and manufacturing & design tolerances used are found in Appendix A.4.
*** The parameter values and manufacturing & design tolerances used are found in Appendix A.3.
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Figure 5.7 Percent contribution of design parameters to the (a) contact engagement
speed and (b) torque capacity for the FOA clutch.

ance. For example the 4 inch FOA clutch may have a contact engagement speed tolerance

of £150 rpm, whereas the 2 inch FOA clutch would have £600 rpm tolerance.

Once the performance tolerance is known, it is possible to determine the percent
contribution that each parameter adds to the overall performance tolerance. This is done
by dividing the square of each individual adjusted sensitivities by the performance toler-

ance.

% Contribution = > (5.6)

The percent contribution shows which parameters affect the performance tolerance and by
what degree. Figure 5.7 shows the division of the performance tolerance by its design
parameters.

In order to verify the accuracy of the performance tolerances found in the previous

sections, Monte-Carlo simulations were used with varying manufacturing tolerances. Each

Monte-Carlo simulation consisted of 30,000 trials’. The design parameters were assigned

1. The minimum number of trials where the changes in the nominal values ceased to occur.
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a3s tolerance based on anormally distributed manufacturing process. The percent differ-
ence between the predicted performance tolerance and that of the simulation is shown in
Table 5.5L. There is minimal difference between the predicted performance tolerance and
that of a simulated manufactured batch of 30,000 clutches. This accuracy of the predicted
performance tolerance allows for much simpler methods in optimizing the FOA clutch

design.

5.2.4 Accuracy of Performance Tolerance Modeling

In addition to verifying the accuracy of the predicted performance tolerance, the
Monte-Carlo simulation allows for the determination of the necessary manufacturing tol-

erance constraints. It was assumed in Table 5.1 that the necessary tolerance on the flexible

segments needed to be +0.001 inches. This constraint may be relaxed by insuring that the

given performance tolerance and failure safety factors® are within their corresponding

constraints.

Table 5.6 shows the contact engagement speed and torque results for multiple

Monte Carlo simulations with different assumed manufacturing processes. The table con-

TABLE 5.5 Percent difference between the estimated performance tolerance and that
of the Monte-Carlo simulation.

Metal Accurate Fine
Operation -  Water jet Laser Injection Stamping Stamping* Blanking
Tolerance - 0.020 0.005 0.003 0.002 0.001 0.0005
Engagement
Estimated Std Dev 317.1 80.3 49.3 34.3 20.6 154
Monte-Carlo Std Dev 321.8 80.2 49.4 34.2 20.6 155
% Difference 1.5% -0.1% 0.2% -0.3% 0.0% 0.6%
Torque
Estimated Std Dev 39.7 10.3 6.6 4.87 3.4 2.9
Monte-Carlo Std Dev 41.4 10.3 6.6 4.9 34 3.0
% Difference 4.1% 0.0% 0.0% 0.6% 0.0% 3.3%

* Either a stamping processes that is held in tight controls or a fine blanking process that relaxes controls.

1. Appendix A.5 contains the entire simulation data of design parameter values, manufacturing or design tolerances,
and results.

2. A stressfailure safety factor of 2 is set on each of the flexible segments.

73



tains the average, standard deviation, minimum and maximum values of contact engage-
ment speed or torque that was found after 30,000 trials. The percent of rejects due to poor
performance tolerance (under the minimum values highlighted in Table 5.6) and stress
failure was found by the ssimulations performed for each assumed manufacturing process.
Table 5.6 shows that the percent rejects due to contact engagement speed and stress failure
for such processes as waterjet are unacceptable at 32.6% and 30.1% respectively. Never-
theless, a process such as stamping (0.002 inch tolerance) would be acceptable. It would
also be feasible to relax the tolerance of fine-blanking to 0.002 inches, which would add

the value of fewer edge adnormalities that cause early fatigue failure.

TABLE 5.6 Performance tolerance results and percent rejects for various manufacturing

processes.
Metal Accurate Fine

Operation - Water jet Laser Injection Stamping Stamping * Blanking

Tolerance - 0.020 0.005 0.003 0.002 0.001 0.0005
Average 2132.5 rpm 21447 21328 21328 2132.8 2132.8 21328
Std Dev N/A  rpm 321.8 80.2 49.4 34.2 20.6 15.5
Min 2000 rpm 960.5  1818.3  1933.8 1995.2 2049.4  2074.0
Max N/A  rpm 3536.6  2461.8  2330.2 2281.6 22229 21959
% Rejects 32.648%  4.888%  0.359% 0.005% 0.000%  0.000%
Average 241.3 in-lb 237.2 241.2 241.3 241.4 241.4 241.4
Std Dev N/A  in-lb 41.4 10.3 6.6 4.9 34 3.0
Min 200 in-b 12.3 198.5 213.4 221.5 228.9 229.8
Max N/A  in-lo 354.1 279.2 267.8 262 255.9 255.7
% Rejects 18.445%  0.003%  0.000% 0.000% 0.000%  0.000%
SF outer 1.49 2.34 2.55 2.62 2.72 2.75
% Rejects (below 2) 2.51% 0% 0% 0% 0% 0%
SF inner 1.3 2.08 2.25 2.3 2.37 2.41
% Rejects (below 2) 10.64% 0% 0% 0% 0% 0%
SF hubarm 1.37 1.86 1.95 2 2.05 2.05
% Rejects (below 2) 30.120%  0.069%  0.006% 0.000% 0.000%  0.000%

* Either a stamping processes that is held in tight controls or a fine blanking process that relaxes controls.



5.2.5 Robust Clutch Design

Because there is minimal difference between the predicted performance tolerance
and that of the simulated performance tolerance (see Table 5.5), the predicted tolerance
may be used to solve for a robust design. A robust design is one that meets key perfor-

mance characteristics regardless of the variation in the design parameters.

In the case of the FOA clutch, it is necessary to decrease the performance toler-
ance, which is the sguare of the sum of the squares of the adjusted sensitivities (Equation
(5.5)). This minimization cannot be done intuitively by examination of design parameters
and corresponding sensitivities. An optimization routine was set-up that minimized both

the contact engagement speed and torque capacity performance tolerance. The following

constraints were set up to insure a feasible solution’:

«  Minimum and maximum bounds on design parameters

«  Minimum and maximum bounds on contact engagement speed

accounting for its performance tolerance
«  Minimum bound on the torque capacity
« Several design space constraints

« Stressfailure constraints on inner and outer beam thickness, aswell as
hub arm
After multiple iterations within the design space, it appears that there are various
local optimums. The design parameters of the best local optimum that was found are in
Table 5.7. From the various optimization interations performed there were a few observa-
tions that came to light. First, the optimization routine increases clearance between the

radius of the clutch and the inner radius of the drum. By increasing the clearance the sensi-

tivities of ricp @D 1y, decrease. Comparison of Table 5.3 with Table 5.8 shows this

and t.

inner INCrease, yet the net is a decrease

decrease. In contrast, the sensitivitiesof t .,

in overall performance tolerance. As stated previously these two design parameters are

1. See Appendix A.6 for actual design parameter values and bounds.
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equal to the d of the clutch. While unexpected, this increase in d isan

clearance clearance

added advantage because it helps to aleviate premature engagements at idle speeds.

Another observation is that due to the constraints on torque capacity, safety fac-
tors, | parameters and the t parameters, no engagement speed tolerance below +145 rpm
were seen in the design space.

In addition, once the contact engagement speed tolerance is minimized to about
150 rpm, it is still possible to increase the torque capacity dramatically. For example, by
increasing or decreasing r, ,arm the average torque changes with no change in engage-

ment speed (Table 5.9). While Table 5.9 shows that there is an increase in torque perfor-

mance tolerance, this is offset by the large increase in average torque. The value that

TABLE 5.7 Design parameters and corresponding sensitivity values for the
optimal solution in minimizing torque capacity performance

tolerance.

Key Starting Robust

Parameters Tolerance Design Design

L ciuteh 0.005 0.626 0.626
I hub 0.003 0.75| Optimizing 0.734
I drum 0.005 2 Design 2.000
I clutch 0.003 1.95| Robustness 1.919
touter 0.003 0.07 0.063
inner 0.003 0.07 0.060
 outer 0.003 0.8 1.000
| inner 0.003 0.7 0.767
W outer slot 0.003 0.3 0.294
W inner slot 0.003 0.1 0.075
I hub arm 0.005 0.95 1.200
0 contact (high) 2 10 10
R outer round 0.003 0.075 0.075
Rinner round 0.003 0.075 0.075
m 0 0.42 0.42
W gperational 0 3600 3600
indent oyter 0.003 0.05 0.050
Average Eng Speed 21335 2147.5
Contact Eng Speed Tol + 169.2 + 1475
Average Torque Capacity 590.4 434.1
Torque Capacity Tol + 50.7 + 34.1
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Mubarm Should be set at depends on the minimum amount of torque needed for the appli-

cation. The torque capacity may also be increased by changing q,,,,- Unlike 1 parm:

changesin q,,, will increase the contact engagement speed and its corresponding perfor-

mance tol erance.

TABLE 5.8 Parameter sensitivity values for the FOA clutch
after minimizing performance tolerances.

Engagement Torque

Variable Tol Sensitivity  Sensitivity
N segments 3 N/A N/A N/A
t cluteh 0.626 in N/A N/A N/A
I hub 0.734 in 0.003 5.75 -1.49
I drum 2.000 in 0.005 68.92 -12.36
I clutch 1.919 in 0.003 -562.93 13.78
d ciearance 0.081 in N/A N/A N/A
t outer 0.063 in 0.003 75.34 -16.85
inner 0.060 in 0.003 87.85 -19.57
| outer 1.000 in 0.003 -1.29 0.21
Iinner 0.767 in 0.003 -1.97 0.36
W outer slot 0.294 in 0.003 1.28 -1.08
W inner slot 0.075 in 0.003 1.28 -0.80
I hub arm 1.200 in N/A N/A N/A
4 contact (high) 10 deg 2 27.20 12.25
m 0.42 N/A N/A N/A
W operational 3600 rpm N/A N/A N/A
indent gyter 0.050 in 0.003 5.84 -1.33
indent inner 0.000 in 0 N/A N/A
Mean = 2147.5 434.1

Tolerance = + 147.5 34.1

Std Dev = + 49.2 11.4

TABLE 5.9 Change in torque performance tolerance with
changesinr, ,.,m ad ds, -

I hubarm YOrque Tolerance
654.0|1+ 53.2in-lb
43410+ 3A.1indb
2033[+ 232invlb |

Qc.n Torque Tolerance
10 deg 434.1(+ 34.1inb

| 20deg|  5197|+ 532inlb |
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Figure 5.8 Cause-effect relationship between design parameters and engagement &
torque performance.

5.2.6 Basic Parameter-Performance Relationships

In order to verify the results of the sensitivity analysis and the optimization, it is
necessary to have a basic understanding of how a slight change in a design parameter
value affects the engagement and torque performance of the clutch. Several visua graphs
were made that show how the torque and speed vary with small percent changesin design
parameter values. This process assumes that only one parameter is changed at atime. Fig-
ure 5.8 shows how the more sensitive parameters affect the torque and engagement speed.
The parameters with a steeper slope are the more sensitive parameters. The visual sensitiv-

ity check confirms the numerical derivative solutions. As seen in the numerical derivatives

the variables with the steepest slope or highest sensitivitiesare 1 ych, tinner: touter» @d
Fdrum:

The less sensitive parameters may be used to increase torque and fine tune engage-

ment speed without adding much variance to the contact engagement speed and the torque

capacity of the clutch. For example, the values of | ,ier @nd i ner May be increased so

and t:

nner

that t may be increased. The increase in sensitivity for the I's is signifi-

outer
cantly less the decrease in t's sengitivities, which results in a net decrease of overall per-
R and R may be decreased,

formance tolerance. In addition, w, inner

outer W

inner* "“outer?’
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which would add mass to the clutch and increase the torque capacity. R, p.,m May be

decreased to increase the torque capacity without affecting the contact engagement speed.

deon May be increased in order to increase the torque output, but this also increases the

necessary angle of rotation in order to contact the drum.

In order to maximize torque capacity of a clutch, there are afew simple guidelines

to follow. First, maximize the mass by decreasing r,,,, and decreasing w, (limited by

outer

stress congtraint) and w; .., - Secondly, minimize ry, .., @ much as possible. Thirdly,

maximize q,,,, which will increase the torque by changing the mechanica advantage.

Lastly, minimize indent,, ¢, . All other parameters should be adjusted in order to achieve

the targeted contact engagement speed.

5.3 Performance of Layers

The hybrid process discussed previously is a feasible process for manufacturing
compliant mechanisms. This process would consist of making the FOA clutch in multiple
layers and then joining the layers together. This section explores the benefits of making
the clutch in multiple layers and the difference between joining those layers together or
letting them float independently around the clutch’s hub (see Figure 5.9). Joining of these
layers may be preformed in a variety of different methods by mechanical, thermal, or
chemical processes. Riveting the layers together is one such method and will be referred to

throughout this thesis to represent joining clutch layers.

5.3.1 Benefits of Multiple Layers

Manufacturing the compliant clutch in multiple layers alows the use of manufac-
turing processes such as stamping and fine-blanking. These are two standard, economical

manufacturing processes that would allow for high rates of production.
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Figure 5.9 Different layered clutches: a) Free-floating and b) Riveted.

In addition, free floating layers provide the advantage of the clutch conforming to
the drum profile. When the drum is fabricated, it variesin diameter. Multiple layers would

insure that there were multiple points of contact with the drum.

Another advantage of multiple layersis lower clutch torque-speed variance. Each
layer will have a certain variance due to the manufacturing process, yet when the sum of
each layer's variance istaken it creates alower total performance tolerance. Further evalu-

ation will be given in the next section.

5.3.2 Monte-Carlo Simulations for Multiple Layers

Monte-Carlo simulations where performed in order to predict the behavior of a
clutch made of multiple layers. Three different simulations were performed: a single layer
clutch, a free-floating layered clutch, and a riveted layered clutch. Each simulation con-
sisted of 35,000 trials. Each of the FOA clutch model’ s parameters has a manufacturing or
design tolerance associated with it. Thismay be transformed into anormal standard devia-
tion by the assumption that the tolerance is equal to three standard deviations (3s ). By
using a random number generator, the parameters were randomly assigned a value within
its normal distribution. After each parameter in the model is assigned a new number
within its normal distribution, the contact engagement speed and torque capacity are cal-
culated from the FOA model. This random parameter assignment, based on their toler-
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Figure 5.10 Frequency chart for the single layer clutch: (a) contact engagement speed
and (b) torque capacity.

ances, provides a different performance each time it is calculated. After 35,000 trials, a
mean and standard deviation is calculated for the contact engagement speed and torque
capacity. In the case of the single layer clutch, the simulation is performed exactly as

explained. Figure 5.10 shows a frequency chart for both contact engagement speed and
torque capacity?.

Unlike the single layer clutch, the free floating layer clutch contained 11 layers
within one clutch. Asthe clutch isrotated, one layer engages with the drum first based on
clearance, flexible segment stiffness, and mass. This layer determines the contact engage-
ment speed, and explains why the average speed is lower than the one-piece clutch. In

contrast, all layers contribute to the clutch’s torque capacity. In order to create a real-life

simulation it was necessary to determine whether each individual parameter changes by

the layer or by the clutch. In other words does the simulation use the same ry, ..., Value
for all layers within the clutch or does it vary ry, ,,..m for each layer. Since the clutch’s

hub is one solid piece, Iy parm Varies by the clutch and not by the layer. Appendix A.8

contains data on if the parameters are associated with the clutch or with the layer.

1. Appendix A.7 contains the performance frequency for the free floating layer clutch and riveted layer clutch
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Figure 5.11 The (@) free floating layer clutch’s engagement and torque are based on
individual layer parameters, while the (b) riveted layer clutch’s engagement
and torque are based on the average parameter values for all layers and the
smallest clearance.

Similar to the free floating layer clutch, the riveted layer clutch’s simulation is per-
formed in the same manner. The difference is that once the clutch is riveted together it
engages and transmits the load at the layer with the smallest clearance (see Figure 5.11).
The contact engagement speed and torque capacity are found by adding up the inner and

outer stiffness (K's) for each layer and then solving for tj,ner @Nd tger, Which do not
vary linearly. Total clutch mass is also added up on a layer basis. The values for r

l elutch» @ Ogoniact A€ Set at the same values of the layer where clearance was the small-

est. All other parameters have alinear relationship with engagement speed and torque, and

are therefore averaged between layers.

The simulation results for the three clutch types are found in Table 5.10%. The free
floating layer clutch and riveted layer clutch were simulated twice: once with a drum that
varies due to a manufacturing tolerance and once when the drum does not vary. As
hypothesized, the free floating layer clutch and the riveted layer clutch tightens the perfor-
mance tolerance of the FOA clutch. The contact engagement speed performance tolerance

is reduced by 44%, while the torque capacity performance tolerance is reduced by 69%

1. Appendix A.8 contains the parameter mean values and assigned manufacturing or design tolerances.
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when free floating layers are used. The riveted clutch is even more promising, because it
reduces engagement speed and torque tolerances by 83%. This type of reduction is excel-
lent because it insures that the compliant clutch will operate within the performance con-
straints (e.g. engage between 2000 and 2400 rpm) set forth by the application. In addition,
the mean torque increases by 3% due to the riveted clutch’s single load point. The perfor-

mance tolerance reduction even permits those performance constraints to be tightened.

5.4 Summary

This chapter discussed engagement speed and torque performance sensitivity to

variations in manufacturing and design tolerances. The FOA clutch parameters that affect

the contact engagement speed and torque-capacity the most are the r . ytch» tinner» touter »
Ogon» @ ry,m- Through other design iterations, these are the same highly sensitive

parameters found in similar clutch designs (e.g. Floating 1), and in other scaled versions of
the FOA clutch. While the torque capacity sensitivity stays the same between different
size clutches, the contact engagement speed is much more sensitive to these parametersin

smaller size clutches.

It was aso determined that a robust compliant FOA clutch may be designed by
minimizing the performance tolerance for both contact engagement speed and torque
capacity. This performance tolerance takes into account the manufacturing and design tol-

erance of individual model parameters. The robust design insures that the clutch will oper-

TABLE 5.10 Torque performance tolerance for the three types of FOA layered clutches.

Contact Eng.

Layer Type Speed (rpm) =+ Tolerance Torque (in-lb) =+ Tolerance
One-piece clutch 2159.0 + 158.2 241.3 + 20.1
Free Floating Layers

Drum varies 2075.8 + 89.7 241.2 + 6.2

Drum does not vary 2091.8 * 116.7 241.3 * 11.7
Riveted Layers

Drum varies 2099.7 + 26.3 248.2 + 3.5

Drum does not vary 2125.8 + 36.3 245.6 + 4.4
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ate within the prescribed application constraints. Such optimizing leads to a design with a
larger clearance between clutch and drum, which helps to alleviates premature engage-
ments at idle speeds. In addition, once the contact engagement speed tolerance is mini-
mized, it is still possible to increase the torque capacity dramatically without affecting

contact engagement speed by decreasing ry,,p.,m OF increasing g,

In addition, the analysis and modeling performed in this chapter show that using a
layered clutch is feasible and beneficial. Not only was it determined that such economical
manufacturing processes as stamping and fine-blanking would work ideally for the fabri-
cating the FOA clutch in layers, but that multiple clutch layers would significantly tighten
the contact engagement speed and torque performance tolerances. The contact engage-
ment speed performance tolerance is reduced by 44%, while the torque capacity perfor-
mance tolerance is reduced by 69% when free floating layers are used. The riveted clutch

IS even more promising, because it reduces engagement and torque tolerances by 83%.



CHAPTER 6 TESTING

Testing was performed in order to compare the performance of the MFOA clutch
with the benchmark clutch. As discussed in Chapter 3, the main criteria for comparison
are torque capacity, accuracy of engagement, and smoothness of engagement. One Comet
clutch and two MFOA clutches were tested in multiple runs to collect the necessary data
for comparison. In addition to the benchmark, testing performed on the 4 inch MFOA
clutch helps to validate the engagement and torque models, the feasibility of using free
floating layers to act as one clutch, and the feasibility of using compliant centrifugal

clutchesin high torque applications.

6.1 Test Setup

The test setup consisted of an engine with a large torque output (Figure 6.1). A
Y amaha FJ 600 motorcycle was attached to a jack shaft in order to provide the necessary
input. This engine drives the shaft (jack shaft) that is connected to the clutch’s hub, which
in turn drives the clutch. Upon acceleration, the clutch engages the drum and transfers
torque to the output shaft. The output shaft is connected to a dynamometer, which uses a
water break to load the clutch and measures the transferred torque with a torque trans-
ducer. The operator may vary the dynamometer load by turning the water break valve.

Thereis one tachometer on the jack shaft and one on the output shaft to measure the speed.
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Figure 6.1 Set-up for testing the clutch’s engagement accuracy and characteristics, as well as
the clutch’ s torque capacity. (a) Actual pictures and (b) Top view schematic of
testing apparatus
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Figure 6.2 Hoffco-Comet 4 inch go-kart clutch. Consist of 6 shoes held together by a
spring wrapped around the groove.

The data acquisition computer synchronizes and records the transferred torque and both
speed measurements. These three real -time measurements allow torque vs. time, rpm vs.

time, and torque vs. rpm graphs to be used for analysis and comparisons.

As discussed in Chapter 3, there were two types of tests performed in order to
obtain the necessary evaluation data. The first test was the RPM Contact Test Procedure.
The objective of thistest wasto judge the accuracy and smoothness of contact. The second
test was the Torque Test Procedure, which applied an increasing load to the output shaft in

order to determine maximum torque capacity.

6.2 Benchmarking (Hoffco-Comet) Testing

The first clutch tested was the Hoffco-Comet 4 inch go-kart clutch. This clutch
consisted of 6 metal shoes held in acircle by a pre-loaded linear spring. The shoes are then
rotated by the hub. As the speed increases, the weight of the shoes overcome the restitu-
tion force of the spring and move radially outward, thereby engaging with the drum and

transmitting torque.

87



3500 3500

3000 3000

2500 ] 2500

2000 ’/ = = 2000 /

RPM

1500 o
1500
/ Pt A
7 s [ R
500 / 500 eAN
0 T T T 0 \/ )
1 12 ) 1 14 1 51 515 52 525 53
Time (sec) Time (sec)
— Output RPM Input RPM — Output RPM Input RPM

(a) (b)
Figure 6.3 Contact engagement speed (2055 rpm) and smoothness of engagement

for the Comet 4 inch go-kart clutch: (a) smooth engagement and (b) mild
rough engagement.

6.2.1 Contact Engagement Speed (Comet)

The Comet clutch performed very well in reliable contact engagement speed. Mul-
tiple RPM Contact Tests were conducted. Figure 6.3 shows the smoothness of engage-
ment. Figure 6.3 (a) shows the initial contact speed as 2055 rpm. Other tests ranged from

1966 to 2165 rpm?. This engagement speed almost fits the benchmark’ s performance cri-
teria of engaging between 2000 and 2400 rpm for typical go-karts.

The smoothness of the engagement may aso be seen from Figure 6.3. There are
two characteristics that show how the clutch engages. First, the sharp peaks and valleys
present on the output shaft’s rpm line as it increases in speed to match the input shaft’s
rpm (see Pt A in Figure 6.3 (b)) signify a sudden increase and then slippage of the clutch.
The roughness of such an engagement is mild and is not felt by the operator. The second
characteristic is when the output shaft’s rpm line meets the input shaft rpm line. Thisisthe
point where the clutch ceases to dlip on the drum. In some cases, there is a distinct saw
tooth pattern between the two rpm lines. The Comet clutch exhibited none of this charac-

teristic, but it will be seen in the FOA clutch with short hub arms in the next section.

1. See Appendix B.2.1 for complete Comet clutch contact engagement graphs for multiple tests.
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Figure 6.4 Maximum torque capacity of Comet clutch. Max torque capacity occurs
when the clutch slips on the hub (Pt A).

6.2.2 Torque Capacity (Comet)

The specifications of the Comet clutch stated that the clutch transmitted 40 ft-lb @
3600 rpm with static friction, and 20 ft-lb @ 3600 with dynamic friction (slipping). The
torque capacity testing was to verify those specifications and then make a comparison to

the FOA clutch. The torque value at which the Comet clutch dlipped between the hub and

the drum is seen in Figure 6.41. The slip points occur when the clutch slips because too
high of aload is applied, and it is essentially a single point on the clutch torque capacity
curve. By recording enough torque slip points over awide range of speed, it is possible to
graph the clutch torque curve. Due to the constraints of the test engine, it was infeasible to
get the necessary torques at higher rpm values. Table 6.1 contains the multiple slip points
measured between 2400 and 2800 rpm, along with the predicted torque values when the
coefficient of friction isassumed to be 0.42. Figure 6.5 shows both sets of data points plot-

ted. The Comet clutch model predicts that the torque will be 58 ft-1b at 3600 rpm, which is
about 50% above the clutch’s specifications. Further discussion of this superb perfor-

mance will be discussed later in the chapter.

1. See Appendix B.2.3 for all Comet clutch torque capacity test data.
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TABLE6.1 (@) Torque slippage points where

clutch dlips and (b) torque values 35.0
that are under torque curve. —_
q 5 300 .
, . £ 250 *
Torque Slippage Points o |
Predicted* o 20.0 ]
RPM  Torque (ft-Ib) Torque (ft-Ib) 2 150 .
2474 14.4 18.1 ' ¢
2494 18.7 18.7 10.0 T
2563 21.3 20.9 2200 2700 3200
2660 26.1 24.0 RPM
2422 16.5 16.5 Predicted | Slippage
2779 28.3 28.0
*\When m= 0.42 Figure 6.5 Plotted torque values where Comet

clutch slipped and other torque
values along with predicted values
from model.

6.2.3 Observations of Benchmark Testing

Testing of Comet’s 4 inch go-kart clutch showed that the clutch has a very smooth
engagement. There were no sudden impact loads due to excessive aggressiveness. In addi-
tion, the clutch repeatedly engaged between 2000 and 2400 rpm.

After testing, the clutch was taken apart to see the wear on the clutch shoes, aswell
as on the drum. Figure 6.6 shows the minimal wear on each. The drum and shoes were
evenly worn with no apparent scoring. One interesting point is that because of the Comet
design of wrapping a spring around the inner part of the shoesis not symmetric, the shoes

rotate slightly, which causes the shoe to only engage and wear on half of its side.

6.3 Multi-layer Floating Opposing Arm (MFOA) Testing

Two MFOA clutches were fabricated out of 0.062" spring steel (1095). These
clutches each consisted of 10 layers assembled with a single piece hub in the Comet clutch
drum (see Figure 6.6). A Comet clutch was retrofitted to show that a MFOA clutch would

fit in the existing space, aswell asto maintain consistencies in drum profiles.
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Wear

\Wear Zone
(@)

Figure 6.5 The (@) shoe and (b) drum wear of the Comet clutch. Only half of the shoe

engages with the drum because the spring wraps around the shoe a little off
center.

b

Figure 6.6 MFOA clutch assembled into a Comet drum. The clutch consist of 10 layers
of spring steel: each 0.062" thick.

The first MFOA clutch (vA) was designed to engage at 2155 and transmit 48 ft-1b

of torque at 3600 rpm when m = 0.42. The second MFOA clutch (vB) was designed to
engage at 2028 and transmit 70 ft-1b of torque at 3600 rpm when m = 0.42. In addition to

these two design iterations of the MFOA clutch, two different hubs were made. The short
hub arm (SHA) had a hub arm length of 0.95 inches, and the long hub arm (LHA) had a
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Figure 6.7 Contact engagement speed (2436 & 2224) and smooth engagement for the (a)
MFOA vA LHA clutch and (b) MFOA vB LHA clutch.

length of 1.25 inches. Both of the above mentioned torque predictions are based on the

short hub arm. All design parameters of these clutches are found in Appendix B.3.1.

6.3.1 Contact Engagement Speed (MFOA)

Similar to the Comet clutch, the MFOA clutch performed well with reliable con-
tact engagement. Figure 6.7 shows two of those engagements for the MFOA vA and vB
LHA. Figure 6.7 (b) showsthat the initial contact speed for vB was 2224 rpm. In addition,

it only varied from 2142 to 2251 rpm?. This engagement speed fits the application criteria
of engaging between 2000 and 2400 rpm for typical go-karts.

When the small hub arm is used with the MFOA clutch, the contact engagement is
much rougher than for the Comet clutch (see Figure 6.8). Initial testing of the MFOA SHA
clutch showed a high level of vibration when the output rpm approached the input rpm.
This distinct saw tooth pattern caused the test stand apparatus to shake noticeable. The
rough engagement stops when the hub is switched to the longer hub arm (LHA), which

decreases the amount of transferred torque. This decrease in torque is not due to mass, but

1. See Appendix B.3 for complete MFOA contact engagement graphs for multiple tests.
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Figure 6.8 Contact engagement speed (2364 & 2102) and rough engagement for the (a)
MFOA vA SHA clutch and (b) MFOA vB SHA clutch.
to the mechanical advantage and aggressiveness of the shoes. It is also possible that the

high normal force on athin walled drum excites the natural frequency of the system.

The other important result from the contact engagement experimental data is how
well the FOA model predicted the engagement speed. The individual parameters for each
layer in the clutch were recorded after they were made. These new values were used in the
contact engagement & torque models. Table 6.2 shows that the MFOA VA clutch’s pre-
dicted contact engagement speed was off by 17%, while the MFOA vB clutch predicted
contact engagement speed was off by 1%. It is unknown why the MFOA VA deviated by
such a significant amount, but some possible sources of error are the miscalculations of

one of the following:

TABLE 6.2 MFOA’s measured contact engagement speeds. In addition, the predicted and
adjusted predicted values are compared to the experimental values.

Average Range of Adjusted
Measured Measured Predicted Predicted Percent
Clutch Speed (rpm)  Speeds (rpm)  Speed (rpm)  Speed (rpm)  Error
MFOA vA
Short Hub Arm 2344 2171-2517 2155 2009 -16.7%
Long Hub Arm 2379 2333-2436 2155 2009 -18.4%
MFOA vB
Short Hub Arm 2187 2066-2262 2028 2178 -0.4%
Long Hub Arm 2206 2142-2251 2028 2178 -1.3%
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6.3.2 Torque Capacity (MFOA)

The test setup was not able to produce enough torgue to get the MFOA clutch to
dlip. Figure 6.9 (a) shows one of the torque loading tests. As the water brake was applied
and transferred torque increased, the rpm values decreased due to the maximum engine

output. Figure 6.9 (b) shows the engine’ s torque output limitation by the amount of torque

transferred by the MFOA VA SHA. In other words, with the engine running at 3600 rpm
the clutch is loaded with the water brake. Even with increasing the throttle to maintain
constant velocity, the loading causes the engine to decelerate. This deceleration in Figure
6.9 (b) is the engine torque curve and not the clutch’s torque curve. Theoretically, a cen-
trifugal clutch’s torque increases quadratically with speed. Since no dlip points where
achieved with this test setup and the results are limited by the engine torgque curve, all of

these torque points are below the clutch’ s torque capacity curve.

1. SeeAppendix B.3.6 for all MFOA torque capacity test data.
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Figure 6.10 (@) Measured torque val ues that are below the torque curve because of the
engine output limitation. No clutch slippage occurred at these points (b) FOA
model’ s estimated torque values when the COF is 0.55

Figure 6.11(a) shows the measured torque values when no clutch dlippage
occurred. This means that the test data was limited by the engine output torque and not by
the clutch’ s torque capacity. In addition, Figure 6.10(b) shows the predicted torque points
when the COF is 0.55. At this large value for the COF, the MFOA model predicts that
MFOA VA SHA would have atorgue capacity of 104 ft-Ib at 3600 rpm, which is about
44% more than the predicted Comet clutch with the same COF.

6.3.3 Observations of MFOA Testing

Testing of MFOA clutch showed that the clutch has smooth engagement and very
high torque capacity. The vibrational roughness that was seen in testing the MFOA with
short hub arms, was eliminated by reducing the amount of transferred torque with longer
hub arms. There were no sudden impact loads do to excessive aggressiveness for the
MFOA LHA clutches. In addition, the clutch repeatedly engaged between 2333 and 2436
rpm for vA and between 2142 and 2256 for vB.

After testing, the clutch was taken apart to inspect the wear on the clutch shoes, as
well as the drum. Figure 6.11 shows minimal wear on each. The drum and shoes were

evenly worn with only alittle sign of scoring for one layer with the MFOA VA clutch. The

95



Wear Zone (VA)
Wear Zone (vB)

(@)

Figure 6.11 The (@) shoe and (b) drum wear of the MFOA VA clutch.

(@) (b)

Figure 6.12 Impression marks left by the clutch on the short hub arms.

MFOA vB design increased g, from 10 to 20 degrees and the outer fillet from 0.1to 0.2
inches. These two changesincreased the contact areaand alleviated all signs of drum scor-
ing.

Another interesting observation is the deformation of the small hub arms. The hub

is made out of a softer steel than the clutch layers and the hub arms partially deformed at
the points of contact. Figure 6.12 shows the impression marks left by individual layers.
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6.4 Comparison of Comet Clutch to the MFOA Clutch

6.4.1 Contact Engagement

Both clutches engaged the clutch at repeatable and accurate RPM values. The
Comet clutch had a range of about 200 rpm over which it engaged. The MFOA likewise
had a range of about 200 rpm in which the clutch consistently engaged. Table 6.3 shows
the values and ranges of the Comet and MFOA clutches.

The Comet clutch had a smoother engagement than the MFOA. Initially the
MFOA had vibration chatter upon contact. This rough engagement was eliminated by
increasing the length of the hub arm, which also decreased the torque capacity. The reason
that the Comet clutch has a smoother engagement is because the design is non-aggressive,
while that of the FOA is half aggressive and half-non-aggressive. While such a dua
design gives more torque than atotally non-aggressive design, it also causes or contributes

to such vibrations.

6.4.2 Torgue Capacity

The first torque test that yielded both Comet dlip torque points and the MFOA

torque points was performed at the same time and under the same conditions. Each drum

TABLE6.3 Comet and MFOA clutch’s measured contact
engagement speeds.

Average Range of
Measured Measured
Clutch Engagement (rpm) Engagement (rpm)

Comet 4 inch 2076 1966-2165
MFOA VA
Short Hub Arm 2344 2171-2517
Long Hub Arm 2379 2333-2436
MFOA vB
Short Hub Arm 2187 2066-2262
Long Hub Arm 2206 2142-2251
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Figure 6.13 The MFOA vB LHA dlipping at 2500 rpm and 8 ft-lbs

and clutch had no wear or burnished points. The Comet clutch exceeded the manufac-

turer’ s specification, while the MFOA was 44% more than the Comet clutch.

In order to match the two clutch models with the experimental data, it was neces-
sary to use high coefficients of friction (0.42 and 0.55). While these COF are not infeasi-
ble, they are rather high for the given material and in comparison to preliminary testing.
After analyzing the experimental data, it is believed that the first torque test had high coef-
ficients of friction because the clutches and drums were not worn. It also may have been
that the MFOA’ sfriction was extremely high at 0.55 in comparison to the Comet’ sfriction
at 0.42. After initial wear, these coefficients of friction decreased and therefore the torque
capacities also decreased. It was seen in later tests that the clutch would slip around 2500
rpm when transferring only 7-10 ft-lbs. Figure 6.13 shows the MFOA vB LHA dlipping at
8 ft-1bs. Thislow torque transfer would represent a COF of 0.32.

Figure 6.14 shows the experimental data in relation to the model data for all three
different designs (Comet, MFOA VA, & MFOA vB) with various coefficients of friction.
The upper line shows the FOA vA SHA model with a COF of 0.55, which would give 104
ft-lbs at 3600 rpm. The Comet (COF=0.42) lines gives 59 ft-lbs at 3600 rpm. The MFOA
vB LHA (COF=0.32) lineis also shown matching well with the recorded data.
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Figure 6.14 Experimental data in relation to the model datafor all three different
designs (Comet, MFOA VA, & MFOA vB) with various coefficients
of friction

It is believed that both the Comet and the MFOA clutch’s torque capacities are
closer to those torque lines where the COF is 0.32. This would give the Comet clutch 34
ft-lbs at 3600 rpm, which is much closer to the manufacturer’s specifications. In addition,
it would match the MFOA clutch up well with the cluster of dlip points around 8 ft-1bs and
2500 rpm. These lower torque curves would also match the general observations of the
clutches performance in the first test in comparison to later test. Re-testing of the Comet
clutch never showed dlip points, but the maximum torque seen was around 10 ft-Ibs at
2500 rpm. Table 6.4 shows the comparison of the five clutch’s with the torque capacity at
2400 and 3600 rpm when the COF is 0.32 and 0.42.
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6.5 Resultsof Layered Approach

In order to benefit from the advantages of the hybrid process and also alleviate the
problems associated with it, layered clutches were prototyped out of 0.062" thick spring
steel (11 layers) and then combined together into one unit. The layers of both MFOA
clutches free floated around the hub, or in other words they were not joined together by
fasteners. In addition, the outer profile of the clutches were cut in such a manner as to
increase the surface area contact of the clutch, thereby decreasing the pressure points and

scoring.

These layers appeared to operate in the same manner as a single clutch. There was
no scoring of the drum as seen in preliminary test. The layer thickness was sufficiently
thick at 0.062 inches to stop the layers from bending out of plane. In addition, the wear of

the clutch and the drum was very similar to that of the Comet clutch.

6.6 Summary

The MFOA clutch compares very well to the benchmark Comet clutch. The
MFOA repeatedly engages in the same rpm range span as the Comet clutch. In addition,
the MFOA is comparable to the Comet clutch in smoothness of engagement. Testing
showed that the MFOA clutch transfers similar torque loads (+10%). The Comet clutch
would transfer 34 ft |bs at 3600 rpm and with a COF of 0.32, while the FOA vB LHA
would transfer 31 ft-Ibs.

TABLE 6.4 Torque capacity of the five clutches at 2400 and 3600 rpm.

Torque @ 2400 rpm
m=0.32 m=0.42

Torque @ 3600 rpm
m=0.32 m=0.42

Clutch
Comet
MFOA vA SHA
MFOA vA LHA
MFOA vB SHA
| [MEOA vB LHA

Comet
MFOA vA SHA
MFOA vA LHA
MFOA vB SHA
[MEOA vB LHA
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In addition, the FOA model predicted the contact engagement speed for version B
to within 1%, while it predicted version A to within 17%. The discrepancy may have been
model based, or it may have been some irregularity of the layers (e.g. | was not the value
stated in the design) in comparison to the base design. The torque model accuracy was not

validated experimentally, because torque heavily depends on the coefficient of friction,
and this value varies significantly in the given application.
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CHAPTER 7 CONCLUSIONS AND
RECOMMENDATIONS

The objective of this thesis was to develop high-torque-capacity floating opposing
arm clutches that are manufacturable by using standard economical manufacturing, while
maintaining critical performance characteristics. It was believed that by manufacturing the
compliant clutch in multiple layers, not only was it feasible to produce these clutches in
high volumes, but the engagement and torque performance variations are tightened, there-
fore allowing the clutch to perform more consistently. In addition, the high-torque FOA
design accounted for performance sensitivity to variations in both design parameters and

manufacturing processes and minimizes such variations.

7.1 Contributions

7.1.1 Modeling of Comet, FOA, and F1 Clutches

Contact engagement speed and torque capacity models were created that allowed
the prediction of torque-speed relationships. The models also allowed the determination of
the most sensitive design variables, the minimization of performance tolerances, and the

predictive behavior of stacked layers.

The FOA model predicted the contact engagement speed for version B to within
1%, while it predicted version A to within 17%. The discrepancy between these two is

unknown. It may have been model based, or it may have been some irregularity of the lay-
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ers (e.g. | was not the value stated in the design) in comparison to the base design. The
torque model accuracy is unknown because torque heavily depends on the coefficient of

friction, and this value varies significantly in the given application.

7.1.2 Parameter Sensitivity Analysis

The most sensitive design parameters were identified and coupled with their asso-
ciated manufacturing processes. This allows the designer to minimize torque-speed per-

formance variation and insure that those manufacturing tolerances are upheld.

The FOA clutch parameters that affect the contact engagement speed and torque-

capacity the most are the r t t and ry,,m, Through other design

clutch’ tinner» louter » Ycon:
iterations, these are the same highly sensitive parameters found in similar clutch designs
(e.g. Floating 1), and in other scaled versions of the FOA clutch. While the torque capacity
sensitivity stays the same between different size clutches, the contact engagement speed is

much more sensitive to these parameters in smaller size clutches.

7.1.3 Minimizing Engagement & Torque Performance Tolerances

A robust design was created that minimizes the total torque-speed performance
tolerances. It was aso determined that arobust compliant FOA clutch may be designed by
minimizing the performance tolerance for both contact engagement speed and torque
capacity. This performance tolerance takes into account the manufacturing and design tol-
erance of individual model parameters. The robust design insures that the clutch will oper-
ate within the prescribed application constraints. Such optimizing leads to a design with a
larger clearance between clutch and drum, which helps to aleviate premature engage-
ments at idle speeds. In addition, once the contact engagement speed tolerance is mini-

mized, it is still possible to increase the torque capacity dramatically without affecting

contact engagement speed by decreasing ry,,p.,m OF increasing q.,,-
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7.1.4 Simulation of Free Floating and Riveted Layer Clutches

Models were used to simulate the production of clutches with multiple layers
around a single hub. One simulation allowed the layers to float independently and the

other riveted all layers together.

The analysis and modeling performed showed that using a layered clutch is feasi-
ble and beneficial. Not only was it determined that such economical manufacturing pro-
cesses as stamping and fine-blanking would work ideally for fabricating the FOA clutchin
layers, but that multiple clutch layers would significantly tighten the contact engagement
speed and torgue performance tolerances. The contact engagement speed performance tol-
erance is reduced by 44%, while the torque capacity performance tolerance is reduced by
69% when free floating layers are used. The riveted clutch is even more promising,

because it reduces engagement and torque tol erances by 86%.

7.1.5 Testing of two Multi-layer Floating Opposing Arm Clutches

Two MFOA clutches were fabricated and tested for torque-speed characteristics.
Each clutch consisted of 10 layers and assembled into the drum of the benchmark clutch.
Testing was performed to compare performance between benchmark and FOA clutches, to

validate the torque-speed models, and to assess the feasibility of using layers.

The MFOA clutch compares well to the benchmark Comet clutch. The MFOA
repeatedly engages in the same rpm range as the Comet clutch. In addition, the MFOA is
comparable to the Comet clutch in smoothness of engagement. Testing showed that the
MFOA clutch transfers similar torque loads (+10 %). The Comet clutch would transfer 34
ft-lbs at 3600 rpm and with a COF of 0.32, while the FOA vB LHA would transfer 31 ft-
Ibs.

In addition, the testing showed that it is feasible to use layered compliant centrifu-
gal clutches. These layers did not excessively wear the drum. No drum scoring was preva
lent, nor was there out of plane movement. The torque-speed characteristics performed

comparable to that of a single piece clutch.
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7.2 Summary of Keysto Future FOA Clutches Design

As aresult of this thesis, there are a few keys to consider in the future designing

and testing of FOA clutches. Below is a summation of those keys:

Use layers when manufacturing the clutch in mass quantities. Modeling
showed that both the free-floating and riveted layers have a much
smaller torque-speed performance variation, than that of a single-piece

clutch.

Take into account performance tol erances when setting the contact
engagement speed and the torque capacity. This helpsto ensurethat the

worst and best cases are within the application constraints.

Ensure that there is sufficient contact surface with the drum to achieve

amore reliable coefficient of friction and to stop burnishing and scor-

ing. To increase the contact surface, increase q,,,, and contour the shoe
to match the drum upon clutch rotation.

Use thick layersto aleviate scoring and out of plane movement. The
thicker the layers are the better. This is dependent on manufacturing
process capabilities, but it is recommended to maximize the thickness
for the process used.

Create a recess between the outer flexible segment and the clutch outer
diameter. This alleviates wear on the flexible segment, which isavery

sensitive parameter. Thisis done by increasing indent ;. -

Optimize the FOA design by minimizing the contact engagement and
torque performance tolerances. Thiswill increase the clearance
between the clutch and drum and allow the clutch to operate much

more robustly.

Alleviate self-tightening of the clutch. This happensin some applica-

tions when the clutch’ s hub screws onto a shaft. If the clutch can not
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float freely, then the friction forces between layersistoo great for the
clutch to disengage.

« Maximize torque by minimizing the hub arm and maximizing g,

«  Set contact engagement speed at an earlier part of application specifica-
tions because loaded engagement happens 150 to 250 rpm later.

+ Thelength of the hub arms may be varied to fine tune the clutch’s
torque capacity. In the 4 inch clutch case, a difference of 200% may be

seen between a very short hub arm and that of avery long hub arm.

7.3 Recommendations

7.3.1 Fatigue Testing

While some fatigue testing has been performed in preliminary testing, there has
been no extensive research in this area. Fatigue testing is a critical part of the design pro-
cess, and it would ensure that the FOA clutch would have a long enough life cycle to be
produced in mass quantities. The models show that all flexible segments had a safety fac-
tor of at least 2 for yielding.

7.3.2 Accurately Determine the Coefficient of Friction

Asdiscussed in Chapter 6, the torque model is hard to verify because of the coeffi-
cient of friction is unknown and hard to accurately determine due to the system dynamics.
Some method should be devised in order to predict the COF with better accuracy. This

would allow for the correct determination of the accuracy of the torque capacity model.

7.3.3 Benchmark Costs of Manufacturing

This thesis made the assumption that producing the FOA clutch with standard eco-
nomical manufacturing processes would save cost in comparison to benchmark clutches.

No data was gathered on actual manufacturing cost of the benchmark clutches, nor cost
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guotes for the production ramp up of the FOA clutch (both fixed and variable). It s recom-
mended that this data be gathered in order to show whether or not the production of com-

pliant centrifugal clutches will be less expensive than that of the benchmark clutch.

7.3.4 Dynamics of the Clutch System

Testing revealed vibration at engagement when the short hub arm was used. More
research should be done on the clutch system to determine the correlation between drum

geometry, shoe aggressiveness, and torque output.

7.3.5 Create a Multi-Engagement Speed Clutch

By the use of layers within the clutch, it would be possible to have each layer
engage at different speeds. This multi-step engagement would allow the clutch to engage
smoother, or with no sudden impact loading. It's recommend that such a clutch be pro-
typed and tested.

7.4 Conclusions

Clutch modeling showed the most sensitive parameters, while taking into account
manufacturing tolerances. Knowing the sensitivities allowed a robust clutch to be
designed that minimized the torque-speed performance tolerances. The modeling also
showed the relationship between different parameters and how to change torque or contact
engagement speed without increasing performance tolerances. In addition, modeling
showed that free floating and riveted layers tighten the performance tolerance of the FOA
clutch, while testing showed that layers are feasible.

Clutch testing showed that the MFOA clutch is comparable to the benchmark
Comet clutch. The MFOA engages smoothly and repeatedly at set speeds. While there are
discrepancies between actual and predicted engagement speeds, both the contact engage-

ment speed and torque capacity models are adequate for the design of such clutches.
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APPENDIX A SENSITIVITY OF KEY
DESIGN PARAMETERS

A.1 Design Parameters for 4 inch FOA Clutch

This chart contains the baseline FOA clutch’s parameter values used in many of
the analyses and simulations.

INPUTS OUTPUTS

Parameter Value  Units Value Units
N segments 3 segs Woontateng ~ 2139.3 rpm
t clutch 0.626 in T operating 584.6 in-Ib
I hub 0.750in Dq 0.033 rad
I drum 2.000in S outer 41372 psi
I clutch 1.950in S inner 47078 psi
d cearance 0.050in S hubarm 62261 psi
touter 0.070in

tinner 0.0701in

| outer 0.800in

| inner 0.700in

W outer slot 0.300in

W inner slot 0.100in

I hub arm 0.950in

4 contact (high) 10.0 deg

R outer round 0.075in

R inner round 0.075in

m 0.420 unitless

W gperational 3600 rpm

indent outer 0.050in

indent ipner 0.000 in

S, 120000 psi

E 3.0E+07 Ibfin’

Density 0.283 Ib/in®

Sy hub 55000 psi
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A.2 Floating 1 (F1) Clutch’s Senditivity

The following table contains the parameter sensitivity valuesfor the F1 clutch. The

same parameters, rcI utch» tinner 1 touter 1 and rdrum’ arethe most sensitive.
Contact Engagement
INPUTS Adjusted %
Original Tol Step Sensitivity Rk by Tol NRk  Cont

t clutch 0.636 0.005 0.0001 -2.3E-09 16 0.0 13 0.0%
I hub 0.750 0.003 0.0001 1304 6 3.9 6 0.1%
I drum 2.000 0.005 0.0001 21032 105.2 44.5%
I clutch 1.950 0.003 0.0001 -24739 -74.2 22.2%
t outer 0.080 0.003 0.0001 19871 59.6 14.3%
tinner 0.080 0.003 0.0001 22701 68.1 18.7%
| outer 0.800 0.003 0.0001 -511 14 -15 12 0.0%
| inner 0.700 0.003 0.0001 -928 9 -2.8 8 0.0%
W outer slot 0.300 0.003 0.0001 0.0%
W inner slot 0.100 0.003 0.0001 0.0%
W c1 0.150 0.000 0.0001 0.0%
I hub arm 0.950 0.005 0.0001 0.0%
0 contact (low) 3.000 0.000 0.0001 0.0%
g contact (high) 20.000 0.000 3 0.0%
R outer round 0.150 0.003 0.0001 0.0%
R inner round 0.100 0.003 0.0001 0.0%
m 0.25 0.000 0.0001 0.0%
W operational 3600 0.000 100 0.0%
indent outer 0.050 0.003 0.0001 0.1%
indent inner 0.000 0.000 0.0001 0.0%
chmmteng 2207.6

T operating 220.6

Adjusted
Step Sensitivity NRk

0.00001 0.3%
0.00001 0.1%
0.00001 38.4%
0.00001 26.8%
0.00001 14.7%
0.00001 18.9%
0.00001 0.0%
0.00001 0.0%
0.00001 0.1%
0.00001 0.1%
0.00001 0.0%
0.00001 0.2%
0.00001 0.0%
3 0.0%
0.00001 0.1%
0.00001 0.1%
0.00001 0.0%
100 0.0%
0.00001 0.2%
0.00001 0.0%]
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A.3 Sengitivity of the 2 1/8 inch FOA Clutch

This table contains the FOA clutch’s parameter sensitivity values for the 2 /8 inch
clutch. It shows that the same parameters are the most sensitive, and that the engagement
speed sensitivities are about 4 times as much for the 4 inch FOA clutch.

Contact Engagement

INPUTS Adijusted %

QOriginal Tol Step Sensitivity Rk by Tol NRk Cont
t clutch 0.500 0.005 0.0001 0.0 15 0 14 0.0%
I hub 0.300 0.003 0.0001 4228.8 7 12.69 7 0.0%
I drum 1.060 0.005 0.0001 85097.7 B} 425.49 48 50.0%
I clutch 1.040 0.003 0.0001 -95622.8 1 -286.87 A 22.7% -t
t outer 0.035 0.003 0.0001 42988.9 4 128.97 7y 4.6%
t inner 0.040 0.003 0.0001 95127.5 2 285.38 €] 22.5%
| outer 0.400 0.003 0.0001 -816.9 -2.45 0.0%)
L inner 0.221 0.003| | 00001  -4899. 5- -14.70 - 0.1%
W outer slot 0.149 0.003 0.0001 2054.2 6.16 0.0%
W inner slot 0.112 0.003 0.0001 20542 10 6.16 10 0.0%
I hub arm 0.750 0.005 0.0001 0.0 15 0 14 0.0%
0 contact (high) 3.00 1 1 10.2 14 10.15 8 0.0%
R outer round 0.050 0.003 0.0001 2240.3 9 6.72 9 0.0%)
R inner round 0.050 0.003 0.0001 -28.9 13 -0.09 13 0.0%
m 0.250 0.03] 0.0001 0.0 15 0 14 0.0%
W operational 5000 0 100 0.0 15 0 14 0.0%
indent outer 0.000 0.003 0.0001 4701.3 6 14.10 6 0.1%
indent inner 0.000 0 0.0001 41454 8 0 14 0.0%
W contact eng 3429.7
T operating 20.8 Tolerance (Eng) = i rom

Std Dev (Eng) = #| 200.61 fgolul

Torque

Adjusted %
Step Sensitivity Rk by Tol NRk Cont

0.0001 415 13 021 6 01%
0.0001 546 8 016 9 01%
0.0001 -880.7 ! -4.40 1 38.29%

0.0001 1097.7 S 329 ] 21.4%)| <—
0.0001 -465.8 ] 1400  3.8%
0.0001  -1027.6 [ -3.08K] 18.7%
0.0001 49 16 001 16 0.0%
0.0001 488 10 015 10 0.0%
0.0001 467 12 014 12 00%
0.0001 470 11 014 11 00%
0.0001 -148 15 -0.07 13 00%
3 00 17 005 15 0.0%
0.0001 558 7 017 8 01%
0.0001 -20.4 -0.06 0.0%
0.0001 99.4 - 2. 98 17.5%
100 00 18 000 17 0.0%
0.0001 571 6 017 7 01%
0.0001 527 9 000 17 0.0%

Tolerance(T) =% @ in-lb
Std Dev (T) =+ 2.38 o]
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A.4 FOA Sensitivity Chart when q .= 20 degrees

This table contains the FOA clutch’s parameter sengitivity values when g,

set to 20 degrees. g, became the most sensitive parameter in the torque model.

Contact Engagement

INPUTS Adjusted

Original Tol Step Sensitivity Rk by Tol
t cutcn 0.626 0.005 0.0001 00 15 0.00 14 0.0%
T hub 0.750 0.003 0.0001 1918.4 IS 576 6 0.1%
I dum 2.000 0.005 0.0001  20587.7 A 102.94 BN 38.9%
I clutch 1.950 0.003 0.0001 -24212.6 ] -72.64 K] 19.4%
t outer 0.067 0.003 0.0001  22660.1 ] 67.98 A 17.0%
t inner 0.066 0.003 0.0001  24490. N  73.47 A 19.8%
| outer 0.900 0.003 0.0001 -4682 10 -1.40 10 0.0%
I inner 0.800 0.003 0.0001 -574.1 8 -172 8 0.0%
W outer siot 0.300 0.003 0.0001 3962 12 119 12 0.0%
W inner siot 0.100 0.003 0.0001 3962 12 119 12 0.0%
I hub arm 0.950 0.005 0.0001 0.0 15 0.00 0.0%
9 contact(igh 20.00 2 1 178 14 3556 - 4.6%
R outer round 0.075 0.003 0.0001 4557 11 1.37 0.0%
R inner round 0.075 0.003 0.0001 4959 9 149 9 0.0%
m 0.420 0 0.0001 0.0 15 0.00 14 0.0%
W operational 3600 0 100 0.0 15 0.00 14 0.0%
indent outer 0.050 0.003 0.0001 1843.5 553 7 0.1%
indent inner 0.000 0 0.0001 1679.4 0.00 14 0.0%
W contecteng 2011.6
T operating 847.1 Tolerance (Eng) = i rpm

+ 55.01 fglugl

Step
0.0001

0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001

1
0.0001
0.0001

0.0001
100

0.0001
0.0001

Std Dev (Eng) =

Sensitivity Rk
13532 6
1335 14
-817.9E
8323.4 !
-8361.6 [
-8830.4 K
1314 15
1718 13
7967 8
4852 11
12046 7
308 17
7054 10
7843 9
5140.5 A
07 18
990 16
4262 12

Adjusted %
bv Tol NRK Cont

677 6 0.7%
040 13  0.0%
2000 o.0%
2097 9.7%
-25.08 K| 9.8%
-26.49 ) 10.9%
039 14 0.0%
052 12 0.0%
239 8 01%
146 11 0.0%
-6.47 0.7%
61. 54- 58.9%
212 0.1%
235 9 01%
000 16 0.0%
000 16 0.0%
030 15 0.0%
0.00 16 0.0%
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A .5 FOA Performance Tolerance Verification

This two tables contain the entire manufacturing process ssimulation data of (a)
design parameter values, (a) manufacturing or design tolerances, and (b) results.

Manufacturing or Design Tolerances
Metal Accurate Fine

Parameters  Value Units

Water jet Laser Injection Stamping Stamping* Blanking

N segments 3in

t clutch 0.636 in 0.020 0.005 0.003 0.002 0.001 0.0005
I hub 0.750 in 0.020 0.005 0.003 0.002 0.001 0.0005
I drum 2.000 in 0.020 0.005 0.003 0.002 0.001 0.0005
I clutch 1.950 in 0.020 0.005 0.003 0.002 0.001 0.0005
t outer 0.070 in 0.020 0.005 0.003 0.002 0.001 0.0005
t inner 0.070 in 0.020 0.005 0.003 0.002 0.001 0.0005
| outer 0.800 in 0.020 0.005 0.003 0.002 0.001 0.0005
I inner 0.700 in 0.020 0.005 0.003 0.002 0.001 0.0005
W outer slot 0.300 in 0.020 0.005 0.003 0.002 0.001 0.0005
W inner slot 0.100 in 0.020 0.005 0.003 0.002 0.001 0.0005
I hub arm 0.950 in 0.020 0.005 0.003 0.002 0.001 0.0005
0 contact (high) 10.00 deg 3.0 3.0 3.0 3.0 3.0 3.0
R outer round 0.075 in 0.020 0.005 0.003 0.002 0.001 0.0005
R inner round 0.075 in 0.020 0.005 0.003 0.002 0.001 0.0005
m 0.25 0 0 0 0 0 0
W gperational 3600 rpm 0 0 0 0 0 0
indent gyter 0.05 0.020 0.005 0.003 0.002 0.001 0.0005
indent jnner 0 0 0 0 0 0 0

(@)

117



Metal Accurate Fine

Operation -  Water jet Laser Injection Stamping Stamping * Blanking

Tolerance - 0.020 0.005 0.003 0.002 0.001 0.0005
Average 2132.5 rpm 21447 21328 21328 2132.8 21328 21328
Std Dev N/A  rpm 321.8 80.2 49.4 34.2 20.6 15.5
Min 2000 rpm 960.5  1818.3  1933.8 1995.2 2049.4  2074.0
Max N/A  rpm 3536.6  2461.8 23302 2281.6 22229 21959
% Rejects 32.648%  4.888%  0.359% 0.005% 0.000%  0.000%
Average 241.3 in-lb 237.2 241.2 241.3 241.4 241.4 241.4
Std Dev N/A  in-Ib 41.4 10.3 6.6 4.9 3.4 3.0
Min 200 in-lb 12.3 198.5 213.4 2215 228.9 229.8
Max N/A  in-lb 354.1 279.2 267.8 262 255.9 255.7
% Rejects 18.445%  0.003%  0.000% 0.000% 0.000%  0.000%
SF outer 1.49 2.34 2.55 2.62 2.72 2.75
% Rejects (below 2) 2.51% 0% 0% 0% 0% 0%
SF inner 1.3 2.08 2.25 2.3 2.37 2.41
% Rejects (below 2) 10.64% 0% 0% 0% 0% 0%
SF hubarm 1.37 1.86 1.95 2 2.05 2.05
% Rejects (below 2) 30.120%  0.069%  0.006% 0.000% 0.000%  0.000%

* Either a stamping processes that is held in tight controls or a fine blanking process that relaxes controls.

(b)
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A.6 FOA Robust Design Parameter

The following table contains the FOA clutch’s parameter values when the contact
engagement speed and torque performance tol erances were minimized. It also contains the
ending performance tolerance values and the minimum and maximum constraints set on

both input and output parameters.

OUTPUTS

INPUTS Constraints

Initial  Units Min Max
N segments 3|segs N/Al  N/A
t cluteh 0.626]in N/A N/A
I hub 0.734|in 0.650] 1.500
I drum 2.000]in N/A]l  N/A
I clutch 1.919(in 1.850] 1.990
d clearance 0.081(in 0.030] N/A
touter 0.063|in 0.060f 0.120
inner 0.060]in 0.060} 0.120
| outer 1.000]in 0.600] 1.000
| inner 0.767]in 0.600f 0.850
W outer slot 0.294]in 0.200} 0.350
W inner slot 0.075}in 0.075] 0.150
I hub arm 1.200}in N/A N/A
0 contact (high) 10.00|deg 10.00] 30.00
R outer round 0.075]in N/Al  N/A
Rinner round 0.075}in N/A N/A
m 0.42|unitless N/Al  N/A
W gperational 3600|rpm N/Al  N/A
indent outer 0.050]in 0.05 0.1
indent inner 0fin N/A]l  N/A
S, 120000|psi N/Al  N/A
E 3.0E+07|Ib/in’ N/Al  N/A
Density 0.283]lb/in® N/Al  N/A

Contact Engagement Constraint
Tolerance (Eng) = | 147.52 rpm
Std Dev (Eng) =#| 49.17 rpm 57.0
Min| 2000.0 rpm 2000
Max | 2295.0 rpm 2300

Tolerance (T) =+
Std Dev (T) =%
Mi

Max

=]

34.14 in-lb
11.38 in-lb
400.00 in-Ib
468.28 in-Ib

495
16.5
400
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A.7 FOA Performance Frequency Chart

These frequency charts contain the FOA clutch’s contact engagement speed and
torque capacity performance datafor the (a) free floating layer and (b) riveted layer simu-
lations performed. Each simulation consisted of 35,000 trials.

Engagement Frequency Chart Torque Frequency Chart
3500 3000
3000 T 2500 [y
2500 HHHH M
- _ ] Z 2000
S 2000 HHHHHHH &
) 2 1500
@ 1500 ilelstilwlli Z
s 1000 HH HHHHHH HHH
1000
500 m { 500 |'| TN
o saalALMILLLALRLIN D o beent I B RLL AL .
8 3 3983 L3998 988 5o~ ® o da 3w o8 N
J & § & &8 8 &I ¥ 8K Q8 X I I I3 I3 33
Engagement Value Torque Value
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Engagement Frequency Chart Torque Frequency Chart
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A.8 Monte Carlo Layer Simulation

This table contains the Monte Carlo ssimulation data for the values of the FOA
clutch’s parameters, their associated tolerances, and if the parameter changes by the layer
or by the clutch.

INPUTS
Average Tol Std Dev  Units Changes by:

N segments 3 0 0[segs Clutch
t clutch 0.6360 0.005| 0.00167|in Clutch
I hub 0.7282 0.003|  0.001}in Layer
r drum 2.0000 0.005| 0.00167{in Layer
I clutch 1.9408 0.003|  0.001}in Layer
d gearance 0.0592 0 olin Layer
t outer 0.0694 0.003|  0.001}in Layer
tinner 0.0647 0.003|  0.001|in Layer
[ outer 0.7989 0.003 0.001}in Layer
l'inner 0.6991 0.003|  0.001|in Layer
W outer siot 0.2874 0.003|  0.001}in Layer
W inner slot 0.0902 0.003 0.001}in Layer
I hub am 0.9282 0.005| 0.00167|in Clutch
0 contact (high) 10.00 2| 0.66667|deg Layer
R outer round 0.0750 0.003|  0.001|in Layer
R inner round 0.0750 0.003|  0.001|in Layer
m 0.25 0 olunitless Clutch
W operational 3600 0 o[rpm Clutch
indent outer 0.0500 0.003|  0.001|in Layer
indent inner 0 0 ofin Layer

Engagement and Torque Values

W contact eng 2158.5|rpm
T operating | 2413 in-Ib
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APPENDIX B TEST SET-UP AND
TEST RESULTS

B.1 Dynamometer

The DYNOmite Land and Seas dynamometer was used to gather all clutch test
data. The Dynomite consist of a 9" toroid water break absorber, electronic torque arm
transducer, data wiring harness, and data acquisition computer. The dynamometer uses a
manual water brake load valve to apply atorque load to the output shaft, while the torque
arm transducer records the transmitted torque from the engine.

The data acquisition computer records 200 recordings per second. The torque
transducer is an environment sealed strain gauge with %% of full scale typical accuracy
and semi-automatic zero offset calibration. The torque capacity of the Dynomite ranges
from 5 to 200 ft.-1bs. Its RPM capacity ranges from 1,000 to 12,000. The engine tachome-
ter measures from 0 to 32,000 RPM.
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B.2 Benchmark Clutch

B.2.1 Benchmark Contact Engagement Speed Data

The following data shows the smoothness of engagement and the contact engage-

ment for the Hoffco-Comet 4 inch go-kart clutch. The method used for gathering the data

was the RPM Contact Engagement Test Procedure.

RPM

RPM

RPM

Test # BM0912A-E1

Contact Engagement Speed 2131 rpm
3500
3000
2500
2000 ] - N
1500
1000 IJ
500
oL N
28 33 38 43
Time (sec)
— Output RPM Input RPM
Test # BM0912A-E3
Contact Engagement Speed 2165 rpm
3500
3000
2500
2000 / — — .
1500
1000 /
500 ’/
g I —
65 65.5 66 66.5 67 67.5 68
Time (sec)
— Output RPM Input RPM
Test # BM0912B-E3
Contact Engagement Speed 1966 rpm
3500
3000
2500
2000 = e =
15007 = //hh_'
1000 /
500 /
0 T T

20 20.5 21 215
Time (sec)
— Output RPM Input RPM
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Test # BMO912A-E2

Contact Engagement Speed 2113 rpm
3500
3000
2500
2000 —_—
2 e
T 1500 /
1000
L
500 / v
0 T T T
51 51.5 52 525 53
Time (sec)
— Output RPM Input RPM
Test # BM0912B-E2
Contact Engagement Speed 2032 rpm
3500
3000
2500 —
s Fea
z 2000 /
@ 1500 g _,r/
1000 j
500 /
0 T T T
11 12 13 14 15
Time (sec)
— Output RPM Input RPM
Test # BM0912B-E4
Contact Engagement Speed 2089 rpm
3500
3000 =
2500 '_‘\
S 2000 +— /’- -\ /
@ 1500 /I’ \/
1000 /
500 /—
0 T T T
40 41 42 43 44
Time (sec)
— Output RPM Input RPM



RPM

Test # BM0912C-E1

Contact Engagement Speed

2067 rpm

3500
3000
2500
2000
1500
1000
500
0

13 135 14 145 15

Time (s)

— Output RPM Input RPM
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Test # BM0912C-E2

Contact Engagement Speed

2047 rpm

3500
3000
2500
2000 —— - ——=- / = —
1500 A //;
1000
500 // \\“//

22 225 23 235 24 245 25

Time (s)
—Output RPM —— Input RPM



B.2.2 Benchmark Engagement Speed Data

The following data shows the smoothness of engagement and engagement speed
for the Hoffco-Comet 4 inch go-kart clutch. The method used for gathering the data was
the RPM Engagement Test Procedure.

Test # BM1006E-E1 Test # BM1006E-E2
Contact Engagement Speed 2271 rpm Contact Engagement Speed 2139 rpm
Initial Load 7 ft-lb Initial Load 5 ft-lb
12 3000 12 3000
10 =" 0 10 2500

8 /\ /'7_"'"”’ 2000 8 /"_"“I"_"‘f 2000

oy =

g 6 ’/ Al / A 1500 & o FEAN 1500 &

g |7 Y & 5 \ /

e 4 f 1000 e 4 \\_\_‘ / s L]
2 500 24 ._\i/. 500
0od— f — 0 0 — — 0

3 35 4 45 5 55 6 65 7 11 115 12 125 13 135 14 145 15
Time (s) Time (s)
Torque OutputRPM ~ —— InputRPM Torque OutputRPM InputRPM
Test # BM1006E-E3 Test # BM1006E-E4

Contact Engagement Speed 2154 rpm Contact Engagement Speed 2104 rpm

Initial Load 5 ft-lb Initial Load 6.1 ft-Ib
12 3000 12 3000
10 2500 10 2500

1500 &
o

2000
6 / AF—y 1500 E
©

1000 4 / 1000
/ - , / o

Torque (ft-Ib)

Torque (ft-Ib)
S~ o

2 / '

0 . i . 0 0 T T T 0
195 20 205 21 215 22 30 305 31 315 32
Time (s) Time (s)

Torque —— OutputRPM InputRPM Torque  ——OutputRPM  —— InputRPM
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B.2.3 Benchmark Torque Capacity Data

The following data shows the torque capacity for the Hoffco-Comet 4 inch go-kart
clutch. The method used for gathering the data was the Torque Test Procedure. Maximum
torque capacity happens at point where the output shaft slips from the input shaft.

Test BM1006A

20 4000

18 " T 3500

16 P —

14 MW \.—5_. T 3000
. ’
10 Y 2000 &
s, \\\ \ o
o T 1500
g ° o

, A 11 11000

2 IL‘\l T 500

N
0 T T T T 0
0 10 20 30 40 50
Time (s)
Torque ——Output RPM  — Input RPM
Test # BM1006A-T1
Eng N/A rpm
Torque 17.7 ft-lb at 2665 rpm
Slippage 14.4 ft-lb at 2474 rpm
20 3000
18
Ny

16 "“-‘-i M\ 2500
o) 11 rrM ‘M\'\.w—ww\
£ 12 _\’“LM 2000 <
S 10 Wl ~_ o
S s - ——_— 1500
|_

6

4 — == 1000

2

0 T T T T T T T 500

34 35 36 37 38 39 40 41 42

Time (s)

Torque — Output RPM — Input RPM
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Test BM1006A

25 4000
T 3500
20 T
T 3000
o 1
= 15 2500
° 5
% 2000 o
= 10 . 1
E \J r \ v [/ \\ o
T 1000
5 Pl
0 T T T T 0
0 20 40 60 80 100
Time (s)
Torque —— Output RPM — Input RPM
Test # BM1006B-T1 Test # BM1006B-T2
Eng N/A Eng N/A
Torque 215 ft-lb at 2648 rpm Torque 21.3 ft-lb at 2563 rpm
Slippage 18.7 ft-Ib at 2494 rpm Slippage 21.3 ft-lb at 2563 rpm
25 4000 25 4000
20 + 3500 20 < 3500
i~ ] 1 3000 = 7 1 3000
z 15 e 4 2500 £ 15 i 4 2500
> U\,\\\\\ 7 2000 E Y \\\\ T 2000
2 10 1 1500 s 10 3 1500
S \ T~ + 1000 S \\\ 4 1000
L\_\ 4 500 1 500
0 T 0 0 T r T 0
33 38 68 70 72 74
Time (s) Time (s)
Torque Output RPM Input RPM Torque Output RPM Input RPM
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Test BM1006C

Torque (ft-1b)

35

30

25

20

15

10

4000

T 3500

Wl

r

ﬂ"’\”"”‘\v’\w\% e

RPM

T 2000

e

T 1000

\1 lkam: 500

Test # BM1006C-T1

T T T T T 0
10 20 30 40 50

Time (s)

Torque — Output RPM — Input RPM

RPM N/A
Torque 29.7 ft-lb at 2994 rpm
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B.3 Multi-layer Floating Opposing Arm (MFOA) Clutch

B.3.1 MFOA Model Parameter Values

The following values are the model parameters for the (&) MFOA VA clutch and
the the MFOA vB clutch that were fabricated and tested. The torque values are given for a

mof 0.42andar, . m Of 0.95inches.

INPUTS INPUTS

Value  Units Value  Units
N segments 3 segs N segments 3 segs
t clutch 0.626 in t clutch 0.626 in
I hub 0.750 in I hub 0.750 in
I drum 2.000 in I drum 2.000 in
I clutch 1.950 in I clutch 1.950 in
d clearance 0.050 in d clearance 0.050 in
t outer 0.070 in t outer 0.067 in
tinner 0.070 in t inner 0.066 in
| outer 0.800 in | outer 0.900 in
l'inner 0.700 in linner 0.800 in
W outer slot 0.300 in W outer slot 0.300 in
W inner slot 0.100 in W inner slot 0.100 in
I hub arm 0.950 in I hub arm 0.950 in
0 contact (high) 10 deg 0 contact (high) 20 deg
R outer round 0.075 in R outer round 0.075 in
R inner round 0.075 in R inner round 0.075 in
m 0.42 unitless m 0.42 unitless
W operational 3600 rpm W operational 3600 rpm
indent outer 0.050 in indent outer 0.050 in
indent jnner 0.000 in indent jnner 0.000 in
Sy 120000 psi Sy 120000 psi
E 30000000 Ib/in® E 30000000 Ib/in®
OUTPUTS OUTPUTS

Value  Units Value Units
W contact eng 2139.3 rpm W contact eng 2011.6 rpm
T operating 584.6 in-Ib T operating 847.1 in-lb

48.7 ft-Ib 70.6 ft-Ib
(a) (b)
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B.3.2 MFOA vA SHA Contact Engagement Speed Data

The following data shows the smoothness of engagement and the contact engage-
ment for the MFOA VA clutch with the small hub arms (0.95 inches). The method used for

gathering the data was the RPM Contact Engagement Test Procedure.
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RPM

RPM

RPM

Test # FOA1007C-E1
2410 rpm

3500
3000 P ~—]
2500 / S
2000 !

1500 /
1000 /
500 /
: VA ,
12 12.5 13 13.5 14
Time (s)
Output RPM InputRPM
Test # FOA1007C-E3

Contact Engagement Speed 2235 mpm
3500
3000 —
2500 o
2000 J
1500 /

1000 /
500 /
0 i
22 225 23 23.5 24
Time (s)
Output RPM InputRPM
Test # FOA1007C-E5

Contact Engagement Speed 2264 mpm
3500
3000
2500 —~
2000
1500 /

1000 /
500 /
: L
33 335 34 34.5 35
Time (s)
Output RPM InputRPM

133

Contact Engagement Speed
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B.3.3 MFOA vA LHA Contact Engagement Speed Data

The following data shows the smoothness of engagement and the contact engage-
ment for the MFOA VA clutch with the long hub arms (1.25 inches). The method used for

gathering the data was the RPM Contact Engagement Test Procedure.
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B.3.4 MFOA vB SHA Contact Engagement Speed Data

The following data shows the smoothness of engagement and the contact engage-
ment for the MFOA vB clutch with the short hub arms (0.95 inches). The method used for
gathering the data was the RPM Contact Engagement Test Procedure.
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B.3.5 MFOA vB LHA Contact Engagement Speed Data

The following data shows the smoothness of engagement and the contact engage-
ment for the MFOA vB clutch with the long hub arms (1.25 inches). The method used for
gathering the data was the RPM Contact Engagement Test Procedure.
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B.3.6 MFOA vA SHA Torque Capacity Data

The following data shows the torque capacity for the MFOA VA clutch with short
hub arms (0.95 inches). The method used for gathering the data was the Torque Test Pro-
cedure. Maximum torque capacity happens at point where the output shaft slips from the
input shaft.
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B.3.7 MFOA vB LHA Torque Capacity Data

The following data shows the torque capacity for the MFOA VA clutch with long
hub arms (1.25 inches). The method used for gathering the data was the Torque Test Pro-

cedure. Maximum torque capacity happens at point where the output shaft slips from the

input shaft.

Test # FOA1023F-T1

Slippage 6.7 ft-lb  at 2432 rpm

-
S)
N
S
1S3
3

9 3500
8
1 3000
= 7
z 6= o a—4 2500
£ =
» 5 2000
=}
g 44 ——mrmen e —d 1500
e 3
1000
2
1 500
0 T T T T o
30 30.2 30.4 30.6 30.8 31
Time (s)
Torque Output RPM Input RPM
Test # FOA1023F-T3
Slippage 7 ft-lb at 2459 rpm
10 4000
9 7 3500
8 3000
5 - __"\ 1
z 6 N 1 2500
& 1
> 5 ~_ — 4 2000
=]
g 4 7 1500
e 3
1 1000
2
1 4 500
0 T T T 0
46 46.5 47 475 48
Time (s)
Torque Output RPM Input RPM
Test # FOA1023G-T2
Slippage 7 ft-lb at 2469 rpm
10 4500
9 4000
8 L 3500
= 74 S ——
2 . ~ L 3000
£ 91 ~. 12500 s
g S = 2000 &
g 4 —\h—-? x
5 3 L 1500
= | 1000
2
1 500
0 T T 0
33 34 35 36
Time (s)
Torque Output RPM Input RPM

RPM

RPM

142

Sl

Test # FOA1023F-T2

ippage 7 ft-lb at 2420 rpm
10 4000
9 3500
8 f——= 3000
5 7 S
z s A~ 2500
% 5 A 2000 2
S e 4
g 4T— ~=——= 1500
e o3 1000
2
1 I 500
0 T T 0
36 37 38 39
Time (s)
Torque ——Output RPM Input RPM
Test # FOA1023G-T1
ippage 6.5 ft-lb at 2458 rpm
10 4000
9 3500
8 + 35
—~
2 Z 7 3000
= 4-
o 5 ~—~ A 2500 2
S K?,—v—
g 4 ma x
5 3 1 2000
=
2 3 1500
1
0 r r r r 1000
24 242 244 246 248 25
Time (s)
Torque —— Output RPM Input RPM
Test # FOA1023G-T3
ippage 6.5 ft-Ib at 2423 rpm
10 4500
9 4000
81 4 3500
= 7
=2 7 3000
£ 6 'L‘T
e 12500 s
v 5 = - T
% 2 A e J 2000 &
5 3 ———————= 1500
[
2 4 1000
1 500
0 T T T 0
45 455 46 46.5 47
Time (s)
Torque Output RPM Input RPM




	High-Torque Capacity Compliant Centrifugal Clutches
	BYU ScholarsArchive Citation

	Title Page
	Abstract
	Acknowledgements
	Table of Contents
	List of Figures
	List of Tables
	CHAPTER 1 INTRODUCTION
	1.3 Benefits of Centrifugal Clutches
	1.4 Thesis Contributions
	1.5 Thesis Outline
	1.1 Problem
	1.2 Thesis Objective

	CHAPTER 2 LITERATURE REVIEW
	2.1 Clutches
	2.1.1 Traditional Centrifugal Clutches
	2.1.2 Compliant Clutches
	2.1.3 Benefits of Centrifugal Clutches
	2.1.4 Undesirable Characteristics
	2.1.5 Clutch Patents

	2.2 Theoretical Analysis of Clutches
	2.2.1 Basic Operating Principles
	2.2.2 Standard Centrifugal Clutch Comparison Method
	2.2.3 Self-Locking / Self-Energizing Characteristic of Clutches
	2.2.4 Specific Applications
	2.2.5 Floating-Opposing-Arm Clutch Model
	2.2.6 Friction

	2.3 Implementing Compliant Mechanism Theory
	2.3.1 Compliant Mechanisms

	2.4 Manufacturing Considerations
	2.5 Results of Preliminary Testing
	2.5.1 Ground Tiller Application
	2.5.2 Go-Kart Application
	2.5.3 Preliminary Test Problems


	CHAPTER 3 RESEARCH METHODOLOGY
	3.1 FOA Modeling
	3.2 Testing
	3.2.1 Benchmarking
	3.2.2 Prototypes
	3.2.3 Measured Test Data

	3.3 Evaluation Criteria
	3.3.1 Torque Capacity
	3.3.2 Accuracy of Engagement
	3.3.3 Smoothness of Engagement
	3.3.4 Manufacturability of the Clutch
	3.3.5 Performance Sensitivity

	3.4 Clutch Testing
	3.4.4 Error Sources
	3.4.3 Test Procedures
	3.4.2 Data Measurements
	3.4.1 Test Setup

	3.5 Comparing FOA Clutch to Benchmark Clutch

	CHAPTER 4 MODELS FOR CENTRIFUGAL CLUCHES
	4.1 Hoffco-Comet 4 inch Go-Kart Clutch
	4.1.1 Contact Engagement Speed Model
	4.1.2 Torque Model

	4.2 Floating-Opposing-Arm Clutch
	4.2.1 Contact Engagement Speed Model
	4.2.2 Torque Model

	4.3 Floating 1 (F1) Clutch
	4.3.1 Engagement Model
	4.3.2 Torque Model


	CHAPTER 5 MINIMIZING PERFORMANCE TOLERANCES
	5.1 Manufacturing Issues for Compliant Mechanisms
	5.1.1 Advantages of the Hybrid Process
	5.1.2 Disadvantages of the Hybrid Process

	5.2 Sensitivity of Key Parameters
	5.2.1 Numerical Derivatives
	5.2.2 Manufacturing and Design Tolerances
	5.2.3 Performance Tolerances
	5.2.4 Accuracy of Performance Tolerance Modeling
	5.2.5 Robust Clutch Design
	5.2.6 Basic Parameter-Performance Relationships

	5.3 Performance of Layers
	5.3.1 Benefits of Multiple Layers
	5.3.2 Monte-Carlo Simulations for Multiple Layers

	5.4 Summary

	CHAPTER 6 TESTING
	6.1 Test Setup
	6.2 Benchmarking (Hoffco-Comet) Testing
	6.2.1 Contact Engagement Speed (Comet)
	6.2.2 Torque Capacity (Comet)
	6.2.3 Observations of Benchmark Testing

	6.3 Multi-layer Floating Opposing Arm (MFOA) Testing
	6.3.1 Contact Engagement Speed (MFOA)
	6.3.2 Torque Capacity (MFOA)
	6.3.3 Observations of MFOA Testing

	6.4 Comparison of Comet Clutch to the MFOA Clutch
	6.4.1 Contact Engagement
	6.4.2 Torque Capacity

	6.5 Results of Layered Approach
	6.6 Summary

	CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS
	7.1 Contributions
	7.1.1 Modeling of Comet, FOA, and F1 Clutches
	7.1.2 Parameter Sensitivity Analysis
	7.1.3 Minimizing Engagement & Torque Performance Tolerances
	7.1.4 Simulation of Free Floating and Riveted Layer Clutches
	7.1.5 Testing of two Multi-layer Floating Opposing Arm Clutches

	7.2 Summary of Keys to Future FOA Clutches Design
	7.3 Recommendations
	7.3.1 Fatigue Testing
	7.3.2 Accurately Determine the Coefficient of Friction
	7.3.3 Benchmark Costs of Manufacturing
	7.3.4 Dynamics of the Clutch System
	7.3.5 Create a Multi-Engagement Speed Clutch

	7.4 Conclusions

	REFERENCES
	APPENDIX A SENSITIVITY OF KEY DESIGN PARAMTERS
	A.1 Design Parameters for 4 inch FOA Clutch
	A.2 Floating 1 (F1) Clutch’s Sensitivity
	A.3 Sensitivity of the 2 1/8 inch FOA Clutch
	A.4 FOA Sensitivity Chart when Theta_con= 20 degrees
	A.5 FOA Performance Tolerance Verification
	A.6 FOA Robust Design Parameter
	A.7 FOA Performance Frequency Chart
	A.8 Monte Carlo Layer Simulation

	APPENDIX B TEST SET-UP AND TEST RESULTS
	B.1 Dynamometer
	B.2 Benchmark Clutch
	B.2.1 Benchmark Contact Engagement Speed Data
	B.2.2 Benchmark Engagement Speed Data
	B.2.3 Benchmark Torque Capacity Data

	B.3 Multi-layer Floating Opposing Arm (MFOA) Clutch
	B.3.1 MFOA Model Parameter Values
	B.3.2 MFOA vA SHA Contact Engagement Speed Data
	B.3.3 MFOA vA LHA Contact Engagement Speed Data
	B.3.4 MFOA vB SHA Contact Engagement Speed Data
	B.3.5 MFOA vB LHA Contact Engagement Speed Data
	B.3.6 MFOA vA SHA Torque Capacity Data
	B.3.7 MFOA vB LHA Torque Capacity Data



