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Abstract bot, however, was power spent locking joints by stalling
motors, or the opposite, driving motors when a free pen-

This paper details the creation of a prototype clutch/brakiilum motion would suffice. For example, Figure 1 illus-
mechanism. Conceptual design is tailored to meet systes three positions of the hip joint in a walking cycle.
tem needs; detailed design implements conceptual desigihen the front heel of the robot strikes the ground, the
Fabrication is executed to produce a working model; thear foot pushes off, then retracts. At this point the rear
model is tested to answer questions and investigate c@tr must swing through to complete the next step. At the
cerns stemming from the design. The final product is evBkginning of the swing, it is often desired to drive the hip

uated against the original system requirements and sugith a motor, to accelerate it more quickly. Once it is
gestions for improvement are discussed based on the ggving at the desired rate, it would suffice to let the leg
perience. A revision iteration of these steps is expectedtoing freely as a pendulum. At this point a clutch mech-
yield a satisfactory product for use in a walking robot. anism should disengage the hip from motor input such
that electrical power is not wasted in driving the motor

. to follow along nor is mechanical energy lost by the leg

1 Introduction in backdriving the gearhead of the motor against friction.
Then, when the front leg reaches the desired angle with

There are several approaches toward creating a walkiggpect to the ground/rear leg, it should lock in this posi-
machine. One of the most popular is to model the geobn to ensure that it does not move further forward or be-
etry of the machine after that of the human body and pigin to swing backwards before the heel strikes the ground.
cisely control joint angles in time to mimic the humapyrthermore, a brake mechanism should lock the hip joint

walking motions. While these machines are versatile apgher than wasting power by re-engaging and stalling the
robust, they are extremely inefficient, and as a result Syfotor.

port only short runtimes with current battery technology.
The passive dynamic approach, on the other hand, is t@’his paper serves as documentation for the creation
model dynamic properties of the machine after those @f such a clutch/brake mechanism, which accomplishes
the human body but offer no control or power other thahese two tasks for any joint in a convenient, easily retro-
that of gravity. These machines are extremely efficiefiitted or originally implemented package, thus increasing
but not at all versatile or robust, which eliminates prathe potential efficiency of the target robot. Section 2 de-
tical use. An approach in between these extremes sesksbes the conceptual design from the generation of a
to apply passive dynamic principles for efficiency, byiroblem statement, needs, and requirements, through the
also provide powered control when necessary to achi@@mpletion of a general design concept in progressively
greater versatility and robustness. The robotic subjectinéreasing detail. Section 3 describes how the mechanism
[3] achieves a walking cycle through this approach amebrks in greater detail, discusses some of the less obvi-
thus has the potential to reach new levels of efficiency aods elements of the design, and outlines relevant analy-
reliability. sis. Section 4 comments on drafting, part and material
One of the greatest sources of inefficiency in that reelection, conventional and advanced machining, and as-



sembly. Section 5 records the procedures and results of Specification| Target Value
tests performed on the prototype, the results of which will Volume ~ 15" x 1.5" x 1.5
guide future revisions of the concept. Section 6 com- Mass < 2009
ments on other factors taken into the design, including Cost < $100
economics, safety, reliability and maintainability, and aes- Power (max)| < 1W
thetics. Section 7 reflects on the success of the project as Power (rms) | <.1W
a whole and considers the direction of future extensions. Switch Time | < 10ms
Sllp Torque < Tmaz,gearhead

2 Conceptual Design Table 2: Specifications

2.1 Defining the Problem
2.1.1 Problem Statement

2.3 Concept Generation

The clutch/brake can be broken down in many ways, but
Design a mechanism that will allow a joint to be driven byhe following components are convenient for concept gen-
an actuator, disengaged from the actuator to permit fr@@tion purposes [1, 2.17.06]:
rotation, or be rigidly fixed at a desired angle.
e Actuator Input

2.1.2 Objectives e Brake Mechanism

The objective of the project is to meet the following sys-

tem level needs [1, 2.13.06]: e Brake Actuator
e Must be small and light as required by overall robot e Clutch Mechanism
size

] e Clutch Actuator
e Must be robust and reliable

e Must be easy to service/repair/replace * Mechanism Ourput

e Must be inexpensive to fabricate

e Must not allow damage to gearhead or actuated 00%3'1 Clutch and Brake Mechanisms

penents due to over-torque The first of these to be considered are the clutch and brake

« Must be scalable to different sized actuators/actuat@§chanismsthe means by which the desired effect is ac-
compenents and adaptable to different actue@mplished. The central problem in each is to be able to
tor/actuated component interfaces couple and decouple two components at will, so a brake

- ] can be considered as a special case of the more general
In addition, the clutch and brake mechanisms must megich. Therefore, for simplicity and convenience of de-

the needs summarized in in Table 1 [1, 2.13.06]: sign, the two mechanisms should be considered together.
_ o The article by Power Transmission and Design [2] was
2.2 Evaluation Criteria very useful in generating the following list of mecha-

I nisms:
From the qualitative needs above, the product can be eval- . . .

. . . . Friction Mechanisms
uated according to how it meets the following specifica-
tions giVen in Table 2. Most of the deSign will be driVen, e Disc - two discs meet face to face to form contact
however, by the need statements, while evaluation can be
accomplished by comparing system parameter values t® Drum - One of two concentric cylinders expands or
the relevant specifications. contracts to make contact
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Figure 1: Drive, Neutral, and Brake Requirements of a Hip Joint

Clutch Brake

Must not require power to maintain state Must not require power to maintain state
Must use little power to change state Must use little power to change state
Must allow state to change at any time Must allow state to change at any time

Must completely decouple joint from gearheadVust rigidly fix join
Must completely couple joint to gearhead Must completely release joint
Must engage/disengage quickly Must lock/unlock quickly

Table 1: Clutch/Brake Needs



.......... Dlseng aged T

e Cone - Concentric and coaxial taperered cones meet  :
to form contact :

Mechanical Lockup Mechanisms

e Square jaw - mating teeth engage l-» l

e Spiral jaw - similar to square jaw, but with sloping
enagement surfaces

.
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e Sprag - Sprags wedge between concentric cylinders
when rotation is in particular direction

e Wrap Spring - Spring tightens to engage coaxial : [ : : )

shafts

e Roller Ramp - Rollers wedge between concentric
cylinders

Electromagnetic Mechanisms . i . .
Oil Shear Mechanisms Figure 2: A Simple Disc Clutch
It is best to reduce this list before continuing. Ele@.3.2 Clutch and Brake Actuation

tromagnetic mechanisms are immediately removed from .
consideration because they inherently require powerY§*t the concepts for actuation of the clutch and brake

maintain state. The oil shear mechanism is also remoJBgchanisms should be considered. Again, because the
due to inherent complexity and the fact that it is bett&fUtch and brake mechanisms are so similar, their actua-
suited to designs that require variable slipping rather thil@n can be considered together. Here the list [1, 2.13.06]

complete linkage. Mechanical lockup mechanisms wdrareduced because the choice of a disc clutch has already

initially considered, but then eliminated as they would n§€€N made:
permit slippage at over-torque - a safety feature required : .
to protect the gearbox. The drum concept is best suited for Mechanical - Controlled mechanicaly by a human
brakes rather than the more general clutch, and the cong Electric - Solenoid or Motor
mechanism would be too difficult to fabricate. This leaves
the disc mechanism [1, 2.21.06] - a reasonable choice, as Pneumatic - Piston
it is the preferred method for both clutching and braking
in the automotive industry.

The essential components of a disc clutch mechanisms Self-Actuating - relies on motion or position of part
are shown in Figure 2. Two friction discs are concentri- o engage or disengage
cally aligned on a shaft but may translate with respect to
one another. To engage, one disc translates to meet th€learly self-actuation can be ruled out because it is de-
other. A preload is created between the two faces, lodred to be able to change state at any given time. Human
ing the two together by friction. To disengage, the disnechanical control would be suitable for a display model,
translates in the opposite direction, allowing the discs ot not an autonomous robot. Pneumatic actuation is cho-
rotate independently. The required actuation is linear, aggh for convenience for the clutch/brake prototype as a
it should be noted that the actuator must provide for a praston provides the linear actuation required by the disc
load to be held constant without wasting power. clutch and brake mechanisms and does not require energy

e Hydraulic - Piston



to maintain its state. For the final robot version of the4. Preferable to translate entire shaft, with disc con-
clutch/brake, electric actuation would be preferable, but strained axially, rather than translating disc along
this would require some sort of toggle mechanismto yield shaft.

the desired linear motion and maintain preload between

the discs without wasting power. Making this decision ré\n inline configuration is shown in Figure 3(a). Here
quires themechanisnto be independent of its particulathe input motor, clutch/brake, and output are arranged
actuatorin the design, so the final product can be us&f one axis. A disadvantage to this design is the effec-
with any particular actuator. The mechanism may impotely increased axial length of the drive actuator assem-
requirements on the nature of the force/torque requireddly and that, according to the first two constraints, the in-
change and hold state, but should not make demand<P&h disc must be fixed angularly to the motor shaft but

the method by which this actuation force/torque is prfaust translate axially along it - indicating the need for a
duced. spline drive, which is undesireable according to constraint

4. Figure 3(b) and 3(c) show the two dual-axis configu-
rations. Power can be transferred between the axes by
2.3.3 Inputand Output belt or chain. The advantage of both dual-axis configu-

The following coupling methods are possible in transmitations is that the need for spline drive is eliminated be-

ting torque from the motor to the clutch/brake (input) artRUse the whole shaft can translate, provided that small

in transmitting torque from the clutch/brake to the joint;2ngular misalignment of the belt/chain drive is permissi-
ble. The first of these configurations is beneficial because

e Direct Drive (Slot and Key, Setscrew and Flat, etc. te output shaft does not have to support axial loads. The
second is beneficial because the axial length of the drive

¢ Flexible Drive (Belt, Chain, etc...) actuator assembly is less than for the inline configuration.
_ The three-axis configuration shown in Figure 3(d) essen-
e Gear Drive tially combines the two dual-axis configurations, reaping

the benefits associated with each. It is very compact (ax-

These components should not drive the design as they;af) and neatly isolates the input, clutch/brake, and out-

all effective and well established, rather the specific teclgnut parts of the system from one another for design con-
nology will be chosen as needed once the configuration gf,ience.

the overall mechanism is fully determined.

) . 2.4.2 Number of Actuators
2.4 Configuration
Although it is necessary for the mechanism to support

2.4.1 Number of Axes three states - drive, neutral, and brake - it is not nec-
The technology used for input and output can only e sary for the mechanism to .sgpport multiple states si-
rqyltaneously - for example, it is not necessary to en-

chosen once the number of axes over which the inpu . . .
L : gage the output with the drive motor and brake simulta-
clutch/brake-output power train will take place is detef

mined [1, 2.22.06]. Some constraints to keep in mind %SOUSIV [1, 2'2.8‘06]' Therefore, while one aciuator COUld.
the following: € used to activate the clutch and another be used to acti-

vate the brake, it is also conceivable that only one actuator

1. Motor itself must not translate (unnecessary movirlg needed to switch among the three states [1, 2.28.06].
mass) A single-actuator method would certainly be preferable,

then, as it lends itself to more compact and lighter designs.

2. Final output shaft must not translate (the mechanignigure 4(a) shows one such configuration, the ‘Neutral-

may rotate the joint only) Drive-Brake’ (NDB) configuration where the input side
of the clutch can translate a certain distance to engage
3. Motor must be protected against axial loads with the output clutch and translate even further to en-
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gage with the brake. This would require that there be axial
flexibility in the connection between the two clutch discs,
which is a prohibitive complication in the design. Figure
4(b) shows the ‘Drive-Neutral-Brake’ (DNB) configura-
tion where an output disc is translated between the clutch
and the brake to select the state. The disadvantage here
is that when switching between drive and brake there is a
period where the output can rotate freely - a disadvantage
not present in the NDB configuration. It was ultimately
decided, though, that this effect could be minimized by
very low switching times, and so the latter configuration
was chosen on the basis of simplicity.

3 Detailed Design

From here, a detailed design implementing the chosen
mechanisms and configurations was generated. Once the
inital CAD model was created, little changed conceptu-
ally over the course of four revisions (presented in Ap-
pendix A).

Figure 5: Mechanism Front View

3.1 Functionality Overview

Figure 5 highlights the important parts of the desigrBrake’ state. When the Pancake Cylinder is vented, the
The ‘Drive Gearmotor’ is mounted to the left suppot&entral Shaft does not force the Output Pulley in either
and is coupled to the ‘Drive Sprocket’ through the ‘Shagtirection. There is no preload between the friction discs
Adapter’, which is necessary to increase the shaft sizedthe Output Pulley and the Brake Pad or Input Pulley, so
the motor (4mm) to the hub size of the sprocket (.25)1e Output Pulley spins freely on the Central Shaft - the
The ‘|nput Pu||ey’ Spins free|y on a ‘Protrusion’ from théNeutraI’ state. The OUtpUt Pulley transmits power to the
‘Right Support’ but is fixed axially. The 'Output Pulley’desired output joint via a second timing belt.
spins freely on the ‘Central Shaft’ but is fixed axially on
that shaft. The ‘Pancake Cylingier’ is mountgd to the Ie§_2 Design Overview
support above the motor and is coupled directly to the
‘Central Shaft’. The ‘Brake Pad’ is fixed to the ‘Left SupFigure 6 shows a cross-section view of the entire mecha-
port’. nism. The Drive Gearmotor is seen to fit inside the Shaft
In operation, power from the Drive Pulley is transmitAdapter; a setscrew transmits torque between the two.
ted to the Input Pulley by a timing belt. When the PancaRéie Shaft Adapter fits through the Drive Pulley, another
Cylinder is extended, the central shaft pushes the Outpatscrew transmits torque between these two. The far end
Pulley toward the Input Pulley. Friction generated by thad the Shaft Adapter fits loosely in a rulon insert in the
preload between the friction discs forces the Output PiRight Support to handle loads which would otherwise cre-
ley to rotate with the Input Pulley. This is the ‘Drive’ate cross-axis moments on a cantilevered motor shaft.
state. When the Pancake Cylinder is retracted, the cenThe Central Shaft screws into the female threads of the
tral shaft pulls the Output Pulley towards the Brake Padancake Cylinder. It is free to translate axially, and radial
Here friction forces the Output Pulley to lock rigidly, asoads are supported on either end by rulon inserts. The
the Brake Pad is fixed to the Left Support. This is tHection discs are cut out of a brake lining material and
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Figure 4: Single-Actuator Configurations
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Figure 6: Mechanism Cross-Section View

right with a belleville spring, which is supported by

the flange on the central shaft.
are bonded to the pulleys and left support; they serve to g

couple the Output Pulley to the Brake Pad or Input Pykssembly is managed by first fitting the outer races into
ley according to the applied preload and also as shallgwe output pulley and retaining them with the cap, then
flanges for the timing belt. pushing the inner races onto the central shaft from the
Perhaps the most confusing part of the design is thght to the left and, while under load against the belleville
preloaded bearing pairs. A single deep-groove ball begpring, snapping the retaining ring into place. Preload-
ing is only designed to support radial and axial loads;ifig is accomplished similarly in the Input Pulley except
cannot support cross axis moments. A pair of ball bealtat in place of the retaining ring, a spacer supported by
ings can supports moment loads in addition to force loagéise Right Support holds the inner race of the right bear-
and does so best when the radial play of the bearing isifgy fixed. As for assembly, after fitting the sub-assembly
moved by ‘preloading’ the balls against the races. Badkver the protrusion, the right end is fit through a hole in
to-Back (DB) preloading (fixing the outer races apart ande Right Support and tightened in place with a nut until

forcing the inner races together) is preferable for handlifige flange of the Protrusion contacts the face of the Right
moment loads because the points at which the load lir@spport.

cross the axis are far away from each other [4].
Preloading is accomplished in the Output Pulley of Fi
ure 7 as follows:

%3 Analysis

The loads are small for the part sizes concerned, so little
material analysis is necessary. Two areas requiring analy-
« Fixing the outer races axially between a flange m§S for sizing purposes, though, are the friction discs [1,
chined into the pulley and a cap screwed onto tﬁelo'OG] and timing belts [1, 4.16.06].
pulley.

e Separating the outer races with a spacer

3.3.1 Friction Discs
e Fixing the inner race of the right bearing against a S .
retaining ring The contact patch of the friction discs is an annulus with
inner radiusry, outer radiusr,, and thickness given by
e Forcing the inner race of the left bearing toward the= r, — r;. To be conservative and simplify the problem



of calculating the relationship between slipping torue belt width, and:. is the number of teeth in the mesh given
and preloadFy, we can assume that the friction forcéy
acts only at radiug, and that friction coefficient: is a
constant. The relationship is then given by

1 g (-2t
-zt 4
180 €08 21a “)
wherez; andz, are the number of teeth on the small and
Fry = Tr (1) large pulley, respe_ctively, tis the pitch (mm), and a is the
Uy center to center distance of the pulleys (mm).

Ze

Taking the stress to be constant over a contact area of

971t also simplifies the problem while yielding conser- 10Taue:
. . Mspezzlzeb
vative results. The contact stressis M= 100 (5)
Fy T, where M,,.. is the specific torque (Ncm/cm-width, as
Oc = - 2 (2)

Friction material is readily available with a friction coeffi- pg\yer:
cient ofx = .55 and max contact stress of 500 psi at 5000 Poaab Mn
rpm. It can be verified that an annulus/gf = 1.4” and p — —speztlred 3 (6)
ro = 1.5” will support a torque of 1 Nm with only 25 Ib 1000 9.55 x 10
preload and simultaneously satisfy a safety factor of twdere P, is the specific power (W/cm-width, as tabu-
on contact stress. lated) and n is the rotational velocity (RPM).
These three equations are satisfied well by a 1/4” wide
XL timing belt around equal 1.4” pitch diameter pulleys.

3.3.2 Timing Belt

According to [5], timing belt sizing is based on three facfensile Strength The weakest of BrecoFlex’s 1/4” XL
tors: belt satisfies the tensile strength imparted under the situa-

« Tooth Shear Strength tion above according to tabulated ratings.

e Belt Tensile Strength Flexibility BrecoFlex XL belt can wrap around a pul-
- ley with a minimum of 10 teeth. The 1.4” pulleys quoted
e Belt Flexibility above have 22 teeth, so flexibility is not a concern. 1/4”

. L belt satisfies all requirements.
If the conditions of all three of these factors are met und>ér q

the given situation, then the belt should have serve a Iong3
maintenance-free life. 3.3.3  Other Parts

Detailed analysis does not need to be shown for other
Tooth Shear Strength: The following equations mustparts, but a few remarks should be made:
be satisfied to ensure that belt teeth do not break in sheay 1 only torque bearing shaft is the shaft adapter. It

is to be made of 7075 aluminum because it is to be

Peripheral Force: threaded, so stresses will be safely below yield for
5 10° . M this material.
>< .
Fy= —a FuspezZeb (3) e The only significant radial forces on the pulleys are
due to pretension in the belts, which should be low,
where F,, is the shear force)M is the torque (Nm)dg so the cantilevered Protrusion need not be analyzed.
is the pitch circle diameter (mm};, s, is the specific It, too, is to be made of 7075 aluminum due to
tooth shear strength (N/cm-width, as tabulatédis the threadings.
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e The ball bearings used have a static thrust load rdt-3 Materials
ing of over 50 Ib when only: 25 b is the necessary ]
preload between the friction plates, and preload dffi@w materials were ordered from McMaster-Carr when
to the belleville springs is only 8 Ib. Radial loag&ot immediately available in the laboratory or mac_hlne
supported over the two bearings are only due to pid1oP-  The metal of choice was generally aluminum
tension in the belts and thus very small compared $961-T6 for its good machinability, low cost, reasonably
both dynamic and static ratings. Moment loads suB'gh strength, and relatively onv density. For externally
ported by the pair are incidental and small. threaded parts, however, aluminum 7075 was chosen due
to its higher strength and thus greater robustness. Only
e The load on the caps that retain the ball bearingse output pulley cap was machined from steel (unknown
within the pulleys is limited by the maximum forcealloy) due to its necessarily low thickness - this was more
exerted by the piston. The eight #4 screws retaining a precaution than a definite necessity, as only the most
these caps are more than sufficient. rudimentary analysis would have been possible analyti-

_ ) ) cally. Rulon was designated to replace linear ball bearings
e rulon inserts support radial loads transmitted througfa. .5 use it is the industry standard for this use.
the central shaft but permit axial translation. Each

of the rulon inserts is long, the separation between

them is high, and rulon has a very low coefficientf 4  Conventional Machining

friction against metal - it is expected that these will

be a good space-saving substitute for items sold Mest parts were machined from raw material on conven-

linear bearings. tional mills and lathes. Specific steps for machining were
not formally planned due to the level of experience of the
machinist. All operations on the mill required only a stan-

4 Fabrication dard vise to hold the part - a rotary table was not required.
Round parts were always held with appropriate collets;
4.1 Drawings the collets were mounted to blocks which could be held

in the vise. On the lathe, parts were also held by collets,

Once the models were complete,_ drawings were 9€NGHth the exception of the pulley stock. This was too large
ated for each part. Critical dimensions were generally lﬁ)

belled f he d # which th hi d b r the collets compatible with the lathes in the Emerson
. cle ,rom the datum ofrwhic t € machin€ would B4 chine shop, so the pulley stock was wrapped with shim
zeroed'. Notes regarding hole tapping, shaft threadi

"Gock for protection and centered with a test indicator in

ific tol t included the drawi Re four-jaw chuck. Drill chucks were useful on both ma-
Specific tolerances wemsot Inciuded on the Arawings = cpineg for using drill bits with no corresponding collet.

it was hoped that reasonable care in machining would
sufficient to produce a satisfactory product. Many copi?ﬁe
of this mechanism will be necessary for a robot and th
it would be undesireable to spend time adhering to str
tolerances. The degree of success of this approach will
noted later in the report. Machining drawings are include
in Appendix B.

tool grinder was used to reduce the width of a groove
Hitter to .025” as required by the retaining ring. Other
erations included linear cutting (horizontal and vertical
fhdsaw and hacksaw), external threading (die set), and
ernal threading (tap set).

4.2 Stock Parts 4.5 Advanced Machining

Several parts were ordered from vendors, most notabthile the clutch-brake was designed such that all parts
McMaster-Carr, as it was desired that parts be inexpamould be completed using only conventional equipment,

sive and readily available. A complete list is included iseveral parts were machined with advanced equipment for
Appendix C. convenience.
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4.5.1 NC Machining ceived in time and the pneumatic equipment was never

, . ordered due to its cost.
The ‘Left Support’ features an annular pocket in which

the brake pad is seated. This could be cut in a number of

ways with conventional equipment - for instance, using& Testing

rotary table on a manual mill. However, it was decided

that this was a perfect job for the NC mill in the Emersonhe clutch-brake prototype was intended to support the
machine shop. It should be noted that although the dryestigation of several questions, the results of which
run of the very simple program was executed by the mgould permit the design of a final model for the walking
chine perfectly, when the machine actually began to géot:

the material, it deviated significantly from its program-

mmg on the third pass when it made a Sharp turn frome Coefficient of friction of friction material

the circular path and began to cut a roughly linear groove.
The emergency stop was pressed; no reason for the ma
function could be determined. The same program was
tested again, first with a dry run, and then re-running they  aiq) play necessary to ensure complete disengage-
cut. Both times the NC machine performed as expected. nant of friction discs

While the part did not come out as planned due to the mal-

function, the pocket was still functional so the part did not . .
have to be re-made. 5.1 Coefficient of Friction

P Actual relationship between friction disc preload and
slipping torque

The coefficient of friction of the friction material was

4.5.2 Waterjet measured by setting spare friction discs on the remain-

o _ _ . ing friction material sheet stock and increasing the angle
The friction discs could be conventionally machined, fQff the sheet with respect to horizontal. The static coeffi-
instance, with properly sized hole saws, however the dyfnt of friction could be determined by finding the angle
that would have been produced by the operation woufl\yhich as static disc began to slide; the dynamic coeffi-
be a lung hazard. Instead of risking a very big mess, @t of friction could be determined by finding the angle
friction discs were cut using Thomas Besemer's waterigtyhich a sliding disc continued to slide at a constant rate.
machine. Also, the pulley caps could have been machinggk relationship between plane angland coefficient of
by starting from round stock, drilling the required holgiction 11is i = tan @ whered. According to the coulom-
patterns, and cutting the pieces to the desired thicknggg- model, thecoefficientof fricion should be constant; it
Instead, though, these pieces originated from rectangwgpyid not depend on the preload between the sliding sur-
stock due to limited lathe access. The circular discs cqfees. In other words, the the friction force should be lin-
taining the hole paterns were then cut from the rectanguéeg”y related to the preload with a slope equal to the con-

blanks using the waterjet. stant coefficient of friction. To test this assumption, the
preload between the friction disc and friction sheet was
4.6 Assembly increased by attaching a mass to the friction disc. The re-

sults of the tests are summarized in Table 3. The static
Once all parts were machined and cleaned they coulddaefficient of friction is clearly greater than the dynamic
assembled. As in the CAD model, the overall assemladgefficient of friction in both preload cases, as expected.
could be broken down into several subassemblies. Spéso, the dynamic coefficient of friction under increased
cific procedures were not documented, but rather cangreload is approximately the rated value. However, there
inferred from the CAD model. Contrary to expectationss a sharp decrease in the measured coefficient of fric-
assembly was relatively easy and took very little tim&on when the preload was increased, indicating that the
Unfortunately, though, the final assembly was not fullgoulombic model does not hold. If this curve can be ex-
complete as the rulon stock and drive motor were not teapolated, then under even higher preloads, such as those
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Preload| Static | Dynamic it is important to determine the smallest play such that
Low 1 8 the device functions as intended. This could be accom-
High 6 4 plished by adjusting the number of washers between the

- o . right support and top and bottom supports and testing the

Tgble 3: Measured Coefficients of Friction for F”Ct'o%peration of the mechanism - the minimum play required
Discs can be measured directly in this way. Without the drive
motor and pneumatic system, however, this test was too
present in the clutch/brake, the coefficient of friction willifficult to complete, but general observation suggests that

be lower than the rated value and thus the slipping torcjlie nominal play designed into this prototype - a few thou-
will be lower than expected. sandths of an inch - would be sufficient.

5.2 Preload vs Slipping Torque 6 Evaluation

Testing the relationship between friction disc preload and

slipping torque would have been much easier had téhile the design will not be measured metrically against
drive motor and pneumatic system been present in thellie specifications, it is important to discuss the consider-
nal assembly - it would have been simple to regulate tpton of certain needs and additional constraints and the
pressure of the air driving the cylinder to preload the ouXtent to which these needs were met.

put pulley against the input pulley, lock the output pulley,

ar_ld yarying the voltage applied to the drive motor uni 1  Cost

slipping between the input and output pulleys occured;

the slipping torque would then be the motor current mulifhe cost of the mechanism was not surprisingly low,
plied by the motor’s torque constant. Without the desirdwever, almost all of the required components were
actuators, however, an elaborate system of masses madlily available from the (generally) economical vendor
pulleys was devised to apply a constant preload betwebhtMaster-Carr - no custom or special order parts were
the output pulley and the brake disc and apply an increascessary. Some raw materials, such as the friction ma-
ing load at a known radius from the output pulley untterial, rulon, and pulley stock, had high purchase costs -
the discs began to slip. Precise results could not be digwever, only a small portion of these materials would be
tained because the weight of the mass enforcing the pueed in each clutch/brake, so the unit cost of these raw ma-
load between the friction discs could not be determindeéyials was low. It is not undesireable that these materials
but it was estimated that the slipping torque was betwegpuld only be ordered in large quantities, because many
one quarter and one half of the predicted value. This wepies of the clutch/brake would be fabricated for use in
consistent with general observation of the behavior of thewalking robot. The amount of other raw materials out
mechanism - it did not feel like the friction between thef which any conceivable clutch/brake would have been
discs would be sufficient for desired operation - and withachined - namely aluminum - was not excessive, and
the trend that coefficient of friction decreased with préhus this aspect of the cost is reasonable. One item of raw
load. material - the .5” OD, .43” ID aluminum tube - was not
justifyable economically - it would have been almost as
convenient to use the least expensive of round aluminum
stock, and it would take dozens of clutch/brakes to use the
The axial play required to ensure complete disc disefil 6’ of raw material that was ordered. The most expen-
gagement depends strongly on the precision to which #iee off-the shelf components were the ball bearings. It
clutch/brake is manufactured. It is to be assumed, how-difficult to find bearings cheaper than those used, and
ever, that the final versions of the clutch/brake would liteis completely reasonable to use four ball bearings in
no more precise than this prototype model unless the peomechanism which, inherently, must support two inde-
totype testing reveals that such precision is necessarypsadently rotating shafts. In total, the cost of all ordered

5.3 Required Axial Play
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materials and parts was $294.51. The cost of all ordettbe rest of the mechanism, at most requiring a few rele-
materials and parts used in the core clutch/brake mecthant sub-assemblies to be removed from the overall as-
nism (excluding actuators, which are not the componesembly. The shortest-lived component of the mechanism,
of concern in this design project) is estimated at $71.96pugh, will probably be the friction discs. Their rate of
but should be rounded up to $75 due to the uncountedar is unknown, but it is certain that material will wear
value of scrap material. As this is comparable to or leaway during normal operation; it is a problem inherent in
than the cost of the actuator it modifies, the design is catt friction mechanisms. Like the rulon inserts, though,
tainly cost-effective. The total cost per unit can be calcthe brake pads are held in place by the close fit with the
lated by dividing the total cost of all ordered componenssructure and are easily accessibly by removing a few sub-
by the total number of units produced, but it is uncertainassemblies, and so should not be difficult to replace.

this time how many of these mechanisms will be needed

on the robot. It is expected that with careful ordering, t .

unit cost could be kept below the $75 quoted above due '04 Aesthetics

large quantity discounts. The prototype clutch/brake is not ugly nor is it beauti-
ful. Aesthetics can certainly be improved significantly by
6.2 Safety enclosing the mechanism in an attractive case. This, of

course, would have been counterproductive for the proto-
Other than inherent dangers associated with powered @pe, as it is necessary to be able to inspect the internals
tuators, the mechanism itself poses little added safeliyring testing. Also, several parts will be given functional
threat. One possible precaution that should be taken wiagamfers and fillets to facilitate assembly, which will also
operating the mechanism is that of adequate ventilatipnake the parts appear more attractive. Finally, anodiza-
as the brake lining material used for the friction discéion could protect the running shafts against wear, and
while asbestos-free, may produce fine dusts which coulgttainly can be applied to stationary components as well
irritate the lungs. This, however, is the case with mogs make them look more professional.
friction brake designs, and the health threat is not partic-
ulary severe or difficult to prevent. One benefit over other . .
possible mechanisms is the use of belts, which argualy DIScussion
pose less of a safety threat than gears. The pressure in
the pneumatic system is less than that used to pumpAli- of the objectives stated in 2.1.2 were met to some
cycle tires, and the voltage used by the motor is ten tim@dent by the design and also the final realization of the
lower than that required by househould appliances - so fitetotype clutch/brake mechanism, so the project can be

safety threats posed by these forms of potential are smigifiged a success. More important than assessing the level
of success, however, is making suggestions for improving

6.3 Reliability and Maintainabilty the design and fabrication of the clutch/brake.

No sigr?iﬁc_anj[ stresses_ are imposed on the mechanisrfy_ai Conceptual Design

any point in its operation, and so no structural compo-

nent should ever fail. All bearings have a rated life uf-he conceptual design of the clutch/brake has proven it-
der load, but since the most significant of the loads self to be a reasonable choice as it theoreticafigt in re-

the bearings are constant preloads small relative to #igy meets design objectives. Specifically, the three axis
10 million cycle dynamic load rating, they should servBNB configuration of a friction-type clutch does permit a
the mechanism smoothly for the operating life of the rgeint to be driven by a motor, disengaged from the motor
bot. One of the most likely components to wear are tlamd its gearbox to allow free rotation, or be rigidly fixed at
rulon inserts used as linear bearings, but these can beardesired angle in a small, light, robust, and easily imple-
placed simply by slipping the used ones out and slidimgented package. While it is undesirable that the mech-
the new ones in. This will require minimal disassebly @hism must pass through the neutral state when switch-
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ing between drive and brake in theory, the prototype fab- but this would require a conceptual design change
ricated in this project suggests that the simplicity of the and would complicate the design, as considered in
current design outweighs this inconvenience. Also, while 2.4.2.

the choice of linear actuation remains open - and an elec-
tric system would be preferable over a pneumatic systen?’
- itis clear that a single linear actuator is sufficient for the
system’s needs.

Change from a ‘soft’ preloading scheme to a ‘hard’
preloading scheme - have the inner races of the bear-
ings precision ground such that they only meet when
a specified preload is applied. This, however, would
increase the cost of each bearing pair significantly.

7.2 Detailed Design _ , ,

The proper solution must be considered carefully in the
The detailed design of the mechanism has proven suffivision of the prototype design.
cient for meeting the needs of the system, practical toas a general recommendation, each part should be re-
manufacture, and simple to assemble. One area of iffewed and chamfers and fillets should be added where
provement to be considered is the retention of the rulgppropriate to enhance functionality and also where aes-
inserts. Currently the inserts are all free to shift axially iihetics could be improved. For instance, the steps of the
their respective cylindrical holes, but a cap of some sejfiipport protrusion and central shaft and the bore of the
should be designed to prevent them from slipping out gfjlleys should be chamfered to assist in the installation of
place. Also, while preloading the ball bearing pairs wage ball bearings. Finally, a better solution for fixing the
a good idea, the implementation can be improved. TBgake pads to the pulleys should be devised. Originally,
bearing pairs are indeed stiffer under moment loads as fisy were to be fixed using an adhesive; currently they are
sired - but they are also significantly stiffer underque held in place by material deformation/friction. The final
loads - some resistance can be felt in rotation. It seegution should allow for easy replacement, as the pads
that this is due to errors in fabrication. If the parts had fjill wear over time, but retain the pads during operation
together exactly as planned, it is likely that the preloaghgre reliably than a friction fit.
ing would not have stiffened the bearings significantly in
rotatlon. A§ fabricated, however, it seems that the be 3 Eabrication
ings are being preloaded with excessive force - that thé
disc springs are being fully compressed rather than liBefore machining the revision, the tolerances associated
iting the preload on the bearings. A revision might inwith each part's machining to ensure functionality must
clude stacked disc or wave springs to allow for looser tdje calculated and adhered to. If required tolerances would
erances in construction. A remaining concern with thig too tight should each part be machined irrespective
‘soft’ (spring) preloading method, though, is that the beagf the actual dimensions of previously fabricated parts,
ings will become unloaded under certain conditions if thRen each part should be inspected after machining and
applied axial load is greater than the preload. Remedie nominal dimensions of other parts should be altered
exist, however, each has its downside: accordingly. For example, after determining thetual

e Increase the preload to a value greater than the ma 'p;th of Ihe b:)hre in each pulle;t/), the trt:let\;ant Iengthls of :Eet
mum possible applied axial load. This is undesirabfe &' €1C..., th€ spacers can be cut o the proper iength to

because it will make the bearings stiffer in rotatiofi’Sure proper bearing preload.
even under no load, and it will reduce the life of the All of the stock components found at McMaster were

bearings. inexpensive and well suited to their purposes, especially

the ball bearings, but some of the materials should be re-

e Change from the DNB configuration to the NDBonsidered. The aluminum tube used for spacers, for in-
configuration so that that applied axial loads alwaytance, should not be ordered; rather the spacers can be

acts in the same direction, and have the wave or dis@achined from the same aluminum used for the central

spring preload the bearings in that direction. Anothshaft and support protrusion. Also, the pulley caps should

benefit of this change is mentioned in subsection 7 machined from round stock instead of from rectangular
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blanks. For machining, more use should be made of Be
NC milling machine, as it could quickly make some of

Conclusion

the simpler parts. For instance, when machining the 1&#is prototype of the clutch/brake mechanism has given
and right supports by hand, each hole was started witR #rm foundation upon which future revisions can build.
center drill and completed with a drill bit; the tables weréhe concept described in the paper is solid. While the
locked at each position and the drill bits were changeddetails of the design discussed are generally good; a few
ensure that the drill bit was exactly centered at the pymall changes can yield significantly better results. The
sition of the center drill. The NC mill is not generallyfabrication techniques used can be optimized in some ar-
prone to the errors of a human machinist, and can inst&#$ to increase the speed and ease of manufacture. Test-

be used to quickly create the hole patterns with the ceniRg

shows that the basic goals have been realized by the

drill and run a second pass to complete the holes witte@rent design, further testing can more precisely charac-
drill bit. A third pass could chamfer each hole to removi€rize the extent to which this design meets the criteria
burrs - a useful procedure neglected in the original fabf@r a walking robot. It is expected that implementation of
cation. Using the NC mill, it is expected that these simpte suggestions provided in this paper could result in the
blanks could be completed in a matter of minutes rath@fioduction of a second generation prototype from which
than a matter of hours. Before assembly, all parts sho@ldninimally altered final product could be derived. This
be cleaned and degreased to ensure that mating part&ﬂﬂl clutch/brake will serve as a critical component in an
and can be disassembled without difficulty, and to kegfficient bipedal walking robot.

chips out of moving parts to prevent wear and binding.
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