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ABSTRACT

Many assembly machines foonsumer products suffer from the fact that the
mechanisms used to impart the necessary assembly motions to the predars

of magnitude more massive than the product payloads that they Taisy.
characteristic subsequentignits the operatingpeed of thenachine. If the follower
train could be made less massive without sacrificing accuracy and control, it would
therefore allowhigher speesl It is well-known that structures that carry only tensile
loads can be much less massive than th@gemust also carry compressive loads.
This concept is demonstrated in many structures, such as the suspensionTiisige
masteés project set out to investigate the feasibility of a tensi@mber follower

train for a generic cardriven pick and placemechanism.This system was first
dynamically simulated using a computer model, and then tested by constructing a
proof of concept prototype. gamdriven, lowmass tension memben this case a
spring steel stripver pulleysunder spring preload wased toreplacethe

bellcranks and connecting roygical of a conventional follower train. The system
was determined to be feasible and will allow for increased operating speeds at

potentially lower costs as an additional benefit.
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1. INTRODUCTION

Cam actuated mechanisms are common in pick and place assembly stations where
simultaneous assembtyotionsmust be kept in synchronizatiémom station to

station. In order to maintain synchronizatiolgse mechanisms are tyaily

driven viaacommoncentralcam shafhaving multiple camsDue to tle location

of this common shatt is necessary to have a relatively extensive linkage

comprised ohumerousellcranks, rocker arms, and connecting rods to transmit
motion to thetooling. In many cases the mass of these components can far

exceed the mass of thaoling that they actuate. the case of a force closed cam
system a preload device such as a spring must be usetkinto compesate for

the inertia of the followetrain and maintain contact between the cam ted

follower. In order to increase the speed of the system, the preload force must also
increase which iturn imparts greater force on the follower train and associated
parts. Many of these parts must becontee massive in order to withstand the
increased force r es ulstenanigAdditionaly,thted og chasi
friction in all the moving parts increassproportion to the forgeand theefore

themotor required to drive the system must afswease in sizeFor these

reasons it is advantageous to design cam follower train meclsoisrave as

little mass as possible.



2. PROJECT SCOPE

2.1 Goal Statement

Research and test the feasibility of a {owasstensionmembercamfollower

train in a high speed application.

2.2 Project Objective

The objective of this project was to design a tension member follower train that
would be capable of oscillating akh masswith a40mmstrokeat more than 200
cycles per minute. The follower train hadalso maintain accuracy and
repeatability with respect to the placement of the mass and have high cycle life.
A prototype was constructed to study the dynamic characteristics of the follower

train at 250 cycles per minute.

2.3 Approach

The research and dewpiment of this mechanism took place as follows

Research: Based on the parameters described in the project objgutitential
tension members were sought and researched. After compiling data on all
applicable tension members, the member showing tis¢ pnomise was selected

for further analysis.



Conceptual DesigntA conventi onal cam foll ower
application was reverse engineered in order to determine system parameters.
Using these figures, tast fixture incorporatingoth a pulley anén oscillating
dummy mass to represent the tooling Weshdeveloped This fixture was

designed in such a way that it could be installed on a special cam dynamics

testing machine.

Preliminary Modeling: A mathematical model was createdngsTK solver to
assist in the optimization of the pulley and tension member. This step was
necessary in order to determine whether the tension member selection was still
viableand to eliminate two of the unknowrke pulley and the tension member,

thereby allowng further analysis.

Refined Design The conceptual design wastherrefined in aSolidworkssolid
model of the test fixturand detailed drawings of each component were produced.
The solid model also served to verify the mass and momamerdigx values of

the preliminary model

Analysis. A dynamicmathematicamodel representative of tfi@alized design

was then created in Matlab in ordemtaderstand the influence different

parameters had on the systefrhis analysis allowed the @eiination of certain
unknown system parameters such as the required spring constants and preloads

and the resultant cam shaft torque

trai



Fabrication: Various components of the test fixture were either purchaséd or

the case of machined pamsanufactued to print in house and assembled.

Experimentation: After completing the installation of the test fixture on the test
bed datavas obtained from various forms of instrumentation and compared to

results of the dynamic mathematical model.



3. Background study

Research conducted early on in this proyeas aimed at the study specific
tension members used to transmit linear moiticsimilar applications The
remainder of background research focusegrenious research in the modeling

of tension memberand cam follower trains

3.1 Tension Members

Tensionmembers have several advantages over other means of transmitting linear
motion. Most importantly, tension members can be much lighter than members
which experience compressive loaglidue to the fact that the cross sectional
geometry is irrelevant. With tension members only the @esonakarea and

the material which it is comprised of limits the strengimother benefit is that

tension members have the flexibility to be raliggound pulleys in order to

transmit motion to remote locations. This enables the elimination of multiple pin
joints inherentn linkageswhich can result in loss of precision amdjuire

constant maintenance. Opposed to complex rigid members fouadvartional
linkages, tension members have very simple geometry and can therefore be

manufactured atignificantlyreduced cost

3.2 Timing Belts

Timing belts are used quite often as linear motion trarsnislevies. Theycan

becommonlyfoundin office equipment, robotic arms, and machine todisre

5



semiprecison linear position is requirg@/- 0.005 inches). Some of the key
advantages to timinigeltsaretheirlow mass, small bend radius, and low wear on
pulleys. The fact that they are equippdathvieeth over their entire length enables
synchronization through intermediate pulleys as well as thevemeis used as a
drive tape

Althoughtiming beltscan beusedia s d r i v ereeterdppplEationsit i f

more common to see them as a awnus belt as shown Figure 31 below

Figure 3-1: Typical application of timing belt used to tramslinear motion

SourceNook Industries’]

The problem with the use of timing beitsn A f r ee endo applicatio
subjected to dynamic loading failure at the end attachments. This problem

stems from the fact that the strength of timing belts is due to internal cords made

from Kevlar, Hypalon, or steel wire which act as the actual termiembeﬁ].

Because thessords are embedded within the bmdveringit means that all force

must be transmitted to them from the end attachment thithegiolymer belt

covering. Over time, the end attachment eventually strips the covering off the

inner cords resulting in failerof the tension member.



3.3 Flat Belts

Flatbelts share many of the same characteristics as timing belts when used in
linear positioning. The main advantaggtheticflat belts have oveiming belts

is that they can be purchased with a woven outerrsayeThis outer covering is
what gives the belt strength and it can readily be attached to an end termination.
Although this is an improvement over timing belts, under cyclical dynamic

loading there is still a potential for failure at the end terminatdue to pull out.

3.4 Pre-Stretched Wire Rope

Prestretched wire rope is used extensively
cabl e 0 a nloheai motion devies soah acopiers, printers, scannest.
Prestretched wire rope mmanufacturedrom wire rope bysubjecting it to

repeated tensile loading approximately75% of the cable tensile strength
accordance with MILC-5688[°]. The intent of this process is to eliminate
constructional stretch in the structure of the cable due to moverhére

individual strands as they close around the inner core of the cable under tension.
Unfortunately, the amount of constructional stretch in a cable is somewhat
unpredictable. Although most of the constructional stretch in the cable is
removed inhe process described above, it,agarsome cases change over the life
of the cabld®]. This is especially true in cases with varying lead

Another problem inherent with wire rope is bending fatigue in the internal wires

which can evetually result in &ilure F]. This is a problem which is difficult to



detect and therefore requires a predetermined service life dependant on the
application[®].

One advantage to wire rope that is not possible with the other potential tension
members previously discussisdhe capability to route around pulleysimee
dimensions Because of the round cross section of wire rope many complex
direction changesanbe made possible-dowever, due to the physical structure
of wire rope, the outer surface has less than idear properties. It is difficult to
find a pulley material that will have good wear compatibility characterigtitts

wire rope

3.5 Metal Drive Tapes

Metal drive tapes are yet another means of linear motion transmission that was
explored. They ae used in many of the same applications as timing belts and flat
belts, however they are beNetakedrivetmpes t ed t o
offer low mass and very low stretch dudhehigh stiffnessof metals,

specifically steel Position repatability of these systems can be as good-as +/
0.0005 inchesMetal drive tapes can be made from a multitude of metals
including but not limited tgInconel, titanium301 high yield stainlesstee] and
carbon spring steel. Both the carbon sprieglsand high yield stainless steel are
the most common choices due to their high tensile streng8%/@f00 psi and
280,000 psi respectivelyBecause of the high strendtiesestees, a relatively

small cross section is needed to transatlierhigh loads. The ability to maintain

a thin cross section allowseataldrive tapego have theapability of being routed



around reasonably small pulleys addition to having a high strength to weight

ratio. Infinite life is attainable througkelection of popertape thickness and

pulley sizing.

Oneapplicationthat hassuccessfullydemonstrated thiatigue life and other

benefits offlexible metal drive tapgis the shuté-less loom developed by the
Draper Corporati on wasrevolubearyin®hdt@t o s . Thi
eliminated the use of traditional shuttles that carried the thread back and forth
across thé o o méit# theprodudion of woven textile material The

traditional shuttles wereomprised oheavy blocks of hardwood bound with steel
points, severely limihg the operating speed of the loofhe shuttldess loom
replaced the shuttle with a flexible metal tape often referred to as a[fjpi€he

rapier was stored on a reel on one side of the loom and in operation would extend
acrosghe width of fabric transporting thread to the opposite side where it would
detach and return to grab another loop of thréldds process would then repeat
millions of cycles pemonth In thisexample the implementation of a metal tape
allowed the poduction output of the loorno increase by as much as 300 percent

[°].

Thecharacteristicef metal tapefave also made thequite popular in the field

of robotics where tension members are commonly used to actuate arms and end
effectors. Many of thesgpplications involve relatively high intermittent loading

similar to that of a follower train.



3.6 Literature Review

Extensive research was conducted in ordemtterstand different techniques
used to model cam follower systems andétermine what otherhad

experienced with similar tension member systems.

This research included, but was not limited to the readif@pof and Design and

Manufacturing HandbooK] andDesign of Machinery™] by R. L. Norton Both

books describe the modeling of variougesd of cam linkages in great detail.

G. Dalpiaz and ARivola ['Y] studied the modeling of a high performance
automatic packaging machine thailized a canactuated arnconnected via a
timing belt This mechanism similar to the one in question isateg in the

diagramlabeledFigure 32.

N CAM MECHANISM
CAMSHAFT, 475
Axas™ (3)
: awt . (3)
ol
1| | caveFoLLOWER
‘ AXas
O ==
SN / ()
H
ROCKER
"[” '''' 4 B tangential
L MMOTOR accalerometer

Figure 3-2: Schematic oDalpiaz and Rivola experimental machine
SourceA kineto-elastodynamic model of a mechanism for automatic machine.
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In their casethe timingbelt used to transmit oscillating motiomifn the cam

follower to the rocker arrvas used continuously around two pullegsopposed

to the more troublesonié r e e siteatiotvehich is more prone to failure.

Dalpiaz and Rivolalescribe the kinetelastodynami@analysisof their machine

using thdumped parameter metho@heyusel a 5 degree of freedom model to
describehe torsional elementsmma c h of t h esysteasm@ashdenotedd s s ub
by the numbered balloons the above diagramThe parameters for the moments

of inertia and stiffnessf theeach element of the systemere calculated based on

the dimensions of the links with exception of the timing belt between the cam
follower and rocker which was obtained empiricalfiscous dampers

corresponding to each tension member were includdtimodel to take into

account both structural and coulomb damping. The damping coefficient for each
of the viscous dampers was then estimated based on the stiffness of the member it
corresponded withAfter completing theitheoreticaimodel, they compad the
numericalresults toexperimentatiata collected froran accelerometer mounted

on the oscillating rocker arm as shown in Figw2 Rlthough initial results of

the model resembled the experimental ddaéanping \alueswere aljustedin

order to ahievea closer correlation. In conclusidbalpiaz and Rivola found

that their 5 degree of freedom, lumped parameter model was capable of accurately

predicting the dynamics of the machine that was the basis of their research.

11



In 1999 XiangRong Xu, WonrJee Chung, and Yourtgyu Choi['9] set out to
develop a new method for thkgnamicmodelingof robots withflexible links,
specifically those utilizing revolute joints and open loop mechanisrhgyfirst
explain both the RayleigRitz method and the fite element method commonly
used to develop a kineelastodynamic model. The Rayleifitz method
assumes that a link is a continuous body, and only one link is assumed to be
elastic. The finite element meth@used tdirst divide the link into finite
elements then, derive a system of equations which ultimately results in the
dynamic analysis of the system. Furthermore, there are two variations of the
finite element method, the lumped parameter method and the distributed
parameter method. Althoughettistributed parameter method is computationally
more efficienthan the former methdokecause it eliminates the selection of
element types and model shape function of the displacerm&sniimited to

closal chain systems. XianBong Xu, WorJee Chungand YoungHyu Choi
developed a series of motion equations that can be used to efaxtel open

loop systems. They also validated their new method through comparisons to

more time consuming traditional methods.

12



4. Conceptual Design:

Following the esearclof various tension members, it was determined that the
metal drive tapevasbest suited for this application. However, before proceeding
to design it was necessaryfist determine the approximate loading the tension
member would be subjecteditoa typical operation This would verify that the

use of a metal drive tapeasfeasible. Theproject sponsor supplig¢he solid

model shown irFigure 41 in addition to the following system parameters

1 Rise/Fall in 1® Deg. Dwell for240Deg.

1 1087 mm @.28in) Prime Radius

1 1Kg (2.204lbs.) Oscillating mass

1 40 mm (@.57in) Sroke(mass aend of follower arm)

1 400 cycles per minute

13



Figure4-1: Cam f ol |l ower system typically in us

Using the parameters providabbng wih the solid modelthe cam was recreated
in program Dynacamsing a polynomial riséall-dwell functionin order to
determine the peak acceleratiofhe parameters entered into Dynacam in
addition to the resulting position (s), velocity (v), accelera@gnand jerk (j) can
be seen iMppendix A. The peak acceleration of thé.140 inch londollower
arm was determined to 56,800 degseé. Due to thearcof the follower arm

the tangential acceleration at tlapeattachment point on the followema was

calculated to b&5,000in/sec Thr ough the use oF=mMgewtonds

14
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the resulting force due to the oscillatingssavas determined to be

approximately85 Ibf, which was well within the range of a metal belt.

After determining thathe metal belt was indeed a feasible tension member, a
means of testing this element was devised. Afitdstre equipped with a sliding
mass(representative of thmass of the proje@ p on s or Pasdameiab | i ng
drive tapewas designed. The fixture wdssigned in such a way that the metal
tapecould be connected to the follower aom a speciatam dynamistesting
machine(Figure 42) locatedin the Vibrations Laboratory at tiWorcester

Polytechniclnstitute

Figure 4-2: Cam dynamics test machipeor to installation of tensiemember
test apparatus.

15



The design of this fixture incorporated a pulley that the drive tape would be
routed around 180 degrees in order to study the effect of bending on the tape. A
compression spring at the sliding massuld preload the ntal tape in tension

against theulley. This prelimmary design is depicted in thegEre4-3 below.

Pulley\/\
-

Tape Fre—Load Spring

=
3
ol

Sliding Mass

H

:
L 4 /Mefal Tape

Cumshcﬁ\ Follower
R /Arm

7 )

T e
9

Figure 4-3: Preliminary design of tension member test fixture.

Thecam dynamics testing machine is fitted split cams to fa@litee installation
and removal of different camis order to simulate different situatianBue to the
physical constraints of the machiflienited swing radius)n addition to the
costliness associated with the machining of a custom plateadanr, dwell cam
that had previously been used for another experiment was selétied

parameters of thimur dwellcam used for this experimentatiareas follows:

16



Segment 1: Rise0.5 inches in 50° with-%-6-7 polynomial displacement
Segment 2: Dwell for 40°

Segment 3: Fall 0.5 inches in 50° with-8-5 polynomial displacement
Segment 4: Dwell for 40°

Segment 5: Rise 0.5 inches in 50° with-&5 modified trapzoidal acceleration
Segment 6: Dwell for 40°

Segment 7: Fall 0.5 inches in 50° witmodified sine acceleration

Segment 8: Dwell for 40°

Using Dynacam he peakangular acceleration of the follower arm at 400 rpm
was found to b&6,163 deg/séand the resultingangential acceleratiodue to

the 13.50 incharc of the follower arm wasetermined to b&7,945 in/setat the
point of tape attachmenThe Dynacam prograiparameter addition to the
resulting SVAJ plots can be seerAppendix B. The force resulting from the
oscillating mass at this acceleration was then calculatee &pproximately 100
Ibf, which was still within the reach of a metal tag&learly, one can see that the
four dwell cam that waselected willresult ina more than adequate simulation of
the forces that the mass and tension member would undergo &ithrth

program presented by the project sporaetf00 RPM

17



5. Preliminary Modeling

At this point it wasecessaryo establishwhat the diameter of the pulley would
need to be in order tmaintainareasonablstress in thenetaltape. The goal was
to make the pulley as small as possible in order to minirtszeoment of inertia
which would add effective mass to the systefccording to metal belt
manufacturer design guidelingsis recommended thatpulley diameter be at
least 625 times greattran the thickness of the béitachieve infinite life
expectancy The manufacturer also states tthat total stress of a metal belt

tape(equation 5.1ot exceed one third tHeelt materiad gield strength .

lcjtotal = lc-,lwork + lc-’Jbending (5-1)
ﬁwork: / (K’V X t) (52)
Bpending= (E X t) / (£ u’)D (5.3)
Where:
U = Tension in Bel't
w = TapeWidth

t = TapeThickness

E

Youngo6s Modulus of Elasticity

Poi ssonds Ratio

u

D = Pulley Diameter

18



Using these equationga mahematical model was developed in TK Solier
allow various parameters such as tdygethicknesstapewidth, andpulley
diameter to be easily optimizé&ud orderto achieve minimal bending stress
(Appendix C) Parameteswerealso added to this model &@count for thdorce
due to the oscillating point mass of the pulley, anddhee due to the spring that
would preload the tape in tension. The force of $pisngwould have to
counteract the force due to the inertia of phltey, assuming that therwould be
no slippage between the tape and pullBgsed on thavailability of belt

material and constraints in the mechanism it was decided thatiadtvaide

AISI 1095 steebelt would be most appropriatén order to determine the ideal
thicknessf the drive tape he safety factor of theapewas calculatedor various
thicknesse$rom outputs of the modelThe equation used to compute the safety

factor 6.4) was based on experimentm performedoy a metal belt manufacturer

[14] )

Ntape: (1/3 X S)/) / ljtota| (54)

Where:

S, = Yield Strength of Tap#aterial

This equation was found to batherconservative based dhe fact that in order
to achieve infinite fatigue life for steels having a tensile strength greater than

200,000 psi, therelurance strengtis 100,000 psi.The tensile strength for 1095

19



steel hardened ®0 Rc. was determined to be approximately 347,000'dsi
meaning that itvould have a 100,000 psncorrectecendurance limi{ S e Thé
following correction factors wernhen calculated and applied to the endurance
limit to take into account for physical differences between the standard fatigue

test specimen and the metal tape.

The loading correction factor was based on the fact that the tape is subjected to

both bendingand axial loading.

Cload=1 (Axial Loading)

Cioad=0.70  (Bending)

In order to determine the size correction factor the Kuguel method was used

where the equivalent diameter of the tape was found using equation 5.5 and 5.6.

Ags = 0.05 (thckness) x (width) (5.5
Ags=0.05 (0.010 inches) x (2.00 inches) = 0.001
equiv= (A95 / 0.07663° (5.6)
Oequiv= (0.001 / 0.0766) = 0.114

The correction factor for the ground surface of the steel tapeetesnined

using equation 5.7 and the values in TablAl

20



Table 1-1A:

Surface Finish A (kpsi) | b (kpsi)
Ground 1.34 -0.085
Machined or Cold Rolle¢ 2.7 -0.265
Hot-Rolled 14.4 -0.718
As-Forged 39.9 -0.995
Csut=A (Sut)b (57)

Court = 1.34 (L73,500psi) °%% = 0.48

The temperature correction factor was based on the following criteria and the fact

that the machine will be operated at room temperature.

Ciemp= 1 (Where temperature < (840° F)

The reliability orrection factor was based on Tabi2A and the fact that 90

percent reliability was desired.

Table 1-1A:
Reliability % | Crelian
50 1.000
90 0.897
99 0.814
99.9 0.753
99.99 0.702
99.999 0.659

Creliab = 0.897

21



Application of te correction factors can be seen in equation 5.8 as follows.

Se = cIZ)ad C:size Csurf CtempcreliabS eo (58)

Se =(0.70)(1)(0.4B(1)(0.897)(@00,000) = 30,202psi

The corrected endurance limit for the metal taf@0i202psi.

Based on these calations t was determined thatraaximum safety factoof
1.615 could be obtainedith atape thicknesbetween .25and .030 inches. i$
interesting to note that the safety factor remained essentially constant over this

range of tape thicknesses as daeg inFigure 51.

Tape Safety Factor vs. Tape Thickness

1.64

1.62

1.58
1.56 /
1.54

1.52

Ntape

1.50

T T T T T T T T T T T T T
O a4 O G L A S O O N A D o o N D D D D S D >
N IS IR 2T R AR S AN 2 2 A N 2 2 A N 2N 2 A s A s I S S SR A
Q'Q 6'0 Q'Q QQ Q(') 0(') 0'0 Q* Q'Q QQ Q(') 0(') 0'0 09 QQ 0(') 0'0 D'Q Q'Q QQ QQ 09 0'0 Q'Q Q'Q

Tape Thickness (inches)

Figure 5-1: Plot oftapesafety factor vs. tape thickness
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The problem with using a tapleicknesdalling within this ideal range (.025

.030 inches), is that the pulley must be between 15.00 and 18.75 inches in
diameter due to thbending stress. Not only would a pulley of this size be
impractical for this application, but the resultant motra#nnertia would be too

large For this reason it was decided that a 1.5 safety factor attained through the
use of a .010 inch thick tapeould be adequateThis reduction in tape thickness
would mean that the pulley could be as small as 6.250 inches in diameter, and the
resultant force in the tape due to #feectivemass of the pulley would be cut in

half.

The next step was to optimidee geometry of the pulley for low mass moment of
inertia about the axis of rotatiotnlike traditional flat belts which are made out
of more compliant materials such as leather or woven syntheigtal belts can
notbe kept on track through the udeccowned pulleys. The tracking of metal
belts and drive tapes must be influenced sdiglthe precise alignmennd
parallelism of the pulley asewith respect to one anothérhe peripheral surface

of the pulley must & kept perfectly flat and conceiatwith the center axisin
extreme cases where the distance between end attachment points is great, flanged
pulleys may be used to force belt tracking. This technique is not recommended
for situationssuch as this ongyhere pulleys are located clogethe end
attachmergand belt tension is high dangeswill causerapidtapeand pulley

wear. Fortunately, both of these factoi wimplify the pulley design,

manufacture, and reduds moment of inertia. For strength and manufacturing
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purposes itvas determined that an aluminum pulkewing an dbeam cross
section would be most practicah solid model of the pulley was then created in
Solidworks, and optimized to reduce the mass moment of inertia about its pivot.

Theresulting pulley is showm Figure5-2.

Figure 5-2: Final design of aluminum flat pulley
With the design of the pulley finalized, the moment of inertia of the pulley was

enteed into thdirst TK Solver modelo determine the total tensiamthe tape.

According to the model, the total tension in the tape due to the oscillating mass
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and pulley, and the force of the spring used to counteract thessviaalel be

approximately270 Ibf.

After determining the design of the pulley and ¢éisématedioad that it must

carry, the axle and bearings for the pivot could be siZ@idin bearings were
selectedased on the fact thhearings which utilizeolling elemensg are known

to introduce vibrations to the systerA. hardened and grour@625 irch diameter
dowel pin was selected for the axle as it would ensure minimal deflection under
these loads over such a short span. The surface finish and hardness of this axle
would also have idédearing compatibility with common bearing materidis.

order todetermine the bearings that would be needed to support the load at the
projected speed, theearingpressuren psiand velocityin feet per minutat the
bearing interfacavere calculatedsing equations.9and 510 and the parameters

listed in Tade 5-1.

P = (Bearing Load) / (Shaft Dia. x Bearing Length) (5.9
V = (Shaft RPM) x (.262) x (Shaft Dia.) (5.10
Table 5-1:

Bearing Load | 270Ibf.
Shaft Diameter| 0.625inches
Bearing Length 1.5 inches
ShaftSpeed 210rpm
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The resultingoearing pressure and velocityas found to be&3 psi (1.5 inch long
journal) and 55 fpm respectivelyThese numbers were then multiplied together to
obtain the PV value. The PMting is anumber whictbearing manufacturersse

to rate various bearing aterialsin order to determine if a certain material will be
suitablefor a given applicationThe PV value was calculated to I#&820in this
case, eliminating the possibility of most plastearing. A bronze 954 alloy

bearing with a 125000 PV ratingas found to be more than sufficient.
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6. Refined Design

The conceptual design described in sectonm was then refined based on the
calculations made in the previous sectionthfee dimensiaoal solid model of the
existing cam test beddthe newtestfixture was constructed in Solidwork

view of theresulting model can be seen ilglres 6-1 and 62.

Figure 6-1: Solid model of assembled test fixture (rear viepwing the
oscillating mass and preload spring
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Figure 6-2: Solid model of assembled test fixture (side view) showing the drive
tape and follower arm attachment point.

The side plates used to support the pulley pivot were construct@@boinch

6061 T6 aluminum tomsure stiffness. A THK linear ball bearing slidias

selected to guide the oscillating mass verticalbfing andtangent with the

pulley. Clamps were designed to attach the metal tape at both the follower arm
and at the oscillating mass. This clamp style of attachment was chosen in order to
minimize the tendency for fatigue that would be inherent with other means.
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Provisions were made at the follower end clamp for botimlane piezoelectric

force transducer and an accelerometer. Provisions for an accelerometer were also
made at the oscillatingrass, enabling comparisons to be made between the two
points. A mount for the preload spring was located above the oscillating mass

and equipped with a hollow jack sev to facilitate installation. The entire fixture

was designedothat it could be ealsiremoved from the machine and would not

affect the use of the machine for the experimentation for which it was designed.
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7. Analysis:

Although the basic design of the machine had lestablisheda few questions

were left unanswereddow stiff doesthe spring need to be at the oscillating
mass? How stiff des theollower arm return spring need to be? Waeadthe
preload requirements of both springs? Given the fact that the cam test bed was
originally designed to operate at 120 rprould the motor have enough power t
operate this system at 400 rpnWere the assumptions madéha preliminary
analysiscorrect? The solution to answering these questions waet@lop a

kineto-elastodynamictwo-masstwo-degree of freedom computenodel.

The first step toward creatingisimodel was to determine te&ectivemass of

each component in the follower tranthe follower roller. This was

accomplished by first obtaining the mass of each component in the solid model
and the mass maent of inertia of the follower arm about its pivot using the mass
properties calculator in Solidworkd he effective point mass of the followernar

wasthenfound by applying equation.1

Where:

I.,= Mass moment of inediof follower arm about pivot point

r = Radius from pivot point to tape attachment point
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The mass moment of inertia of the arm in addition ta¢saltingeffective mass

at the radius (r) from the follower arm pivot can be seen in Talle

Table 7-1:
Mass Moment of Inertia £)) | 0.6687 blokin”
Radius (r) 13.50 inches
Effective Mass (rg) 0.00367 blobs

The effective mass of each component due to the lever ratio of the follower arm

was then determined using equat{@r®) below.

Meft = M (11/r2)? (7.2)

Where
rl = The distance from the follower arm pivot point to the mass in question.

r2 = The distance from the follower arm pivot point to the roller follower.

The mass of each of the follower train components in addition te$iéting

effective mass at the follower roller can be seen in Tal2e

*A bl(r)il% represents the inch pound system unit for mass as defined by Robert L.
Nortorr.
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Table 7-2

Component Mass (blobs)| Effective Mass at Follower
(blobs)
Follower Arm 0.003&¢ 0.015831
Follower Roller 0.0008 0.0008
Spring Pivot Block 0.00147 0.00147
Spring Clamp Plate 0.001L728 0.06648
Tape Termination 0.00093 0.004012
Tape Termination Clamp Plaj 0.000155 0.000669
Force Transducer 0.00016 0.00016
Tape Termination Yoke 0.00104 0.00104
Shoulder Bolt & Nut 0.00055 0.00237
Point Mass of Pulley 0.00203 0.00875
Oscillating Mass & Hardware| 0.003 0.01406
Metal Drive Tape 0.00044 0.001898
Total 0.0116 0.0%7

The spring rate of th@.010 thick x 2.00 widenetal tape wathen determined to

be 18,700 Ib/irusingthe parameters in Tablé3 andequation 7.3.

Table 7-3

Cross Sectional Area of Taj

0.020 irf

Length of Tape

31.50 inches

Youngos

Mo d u l

30,000,000 ps

Tape Spring Rate

18,700 Ib/in

K=(AE/L)

(7.3)

K = ((0.020 if)( 30,000,000 psi)) / (31.50) £8,700 Ib/in

Where:

K = Spring Constant

A = Cross Sectional Area of Tape

E =

Youngos

Mo d
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L = Length of Tape

The effective stiffness of the tape at the roller follower tuae lever ratio of the

follower arm was then founm be 80,500b/in, using equatio’.4 and the

parameters ifable 74.

keff = k (r/r2)? (7.4)

keff = (18,700 Ib/ir) (13.50 / 6.507 = 80,500 Ib/in

Where:

r, = Distance between follower arnvpt point and tape attachment.

r, = Distance follower arm pivot to roller follower.

Table 7-4
Tape Spring Constar 18,700 Ib/in
r 13.50 inches
r 6.50 inches

Effective Stiffness | 80,500 Ib/in

The next step toward tremmputemodel was to deelop a lumped mass model
that was representative of the systelBased on analysis, it was determined that
there were essentially two sslgstems that interact with om@other dynamically.
One subsystem was the top hatfonsisting of the oscillating ass, pulley, and

preload spring. The bottom ssggstemwas comprised of the remaining parts
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such as the follower arm, follower return spring and hardware, tape end
attachment clamps, et&or this reason, it was decided that a-twasstwo-
degree of fredom model would best represent the sitmatiThis model is

depicted in Kyure 71.

Figure 7-1:. Lumped mass model of systdm = z when cam is in contact with
follower roller).

In this model mass2 (0.025 blobsand mass 10.032 blobsyepresenthetop and
bottom subsystems respectivelyl'he follower return spring is repreged by k1,
the steel tape by k2 (80,522 Ib/imnd the oscillating mass preload spring by k3.
The system damping due to the damping of the springs and coulomb friction i
the various pivots is represented by c1, c2, and c3.pd@$idon of mass 1 and
mass 2 are represented by z and x respectively, while s represents the

displacement of the cam.
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From the lumped mass model free body diagrams representing both masses were

createdn Figure 72.

k2{s-x}T TcZ{s_dot - X_dot) k3

|

Mass 2

Hl MT Jﬂ i

fcam k2(s-x)

Figure 7-2: Free body diagrams of mass 1 and mass 2

|

i+

c2(s_dot - x_dot)

The free body diagrams show ttieection of the forces due to the springs and

dampers. These diagrams were the basis for the folladififegentialequations:

Derivation of Mass 1 Equation:

F Fi1= m

Fe() T Fgi Fsi Ko(z-X)-Co(Z — %) = mi
Fe(t) T CiZ - kizT Kz (z-X) T € (2-%) = mZ

Fe (T Ci2 T KizT koz + kX T CoZ + Gt = m Z
Fe(t) = mZ + iz + kiz + oz T koX + 2 T cpt

F; (t) = mlz + (C]_ + Cz)ZI-' + (k]_ + kz)Z ) kzX T C23IC

Where E (t) =0:

Mz =-(Cr + )Z T (Ky + K)Z + koX + Cpt
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Z=-(Ct T (Kt k)z +keX +Cp % (7.5)
mq mq mq mq
Derivation of Mass2 Equation:

EF:mz.':'f.l'

mzj{- = kz(Z-X) + cz(z'-si:) ) k3X T Cs x
Mo % = Koz - KoX + CoZ - Cox T KgX T C3 %
mpx = kozi (Ka+ Ka)x T (Co+ Ca) + G 2

=Koz (Kot Ke)x T (et Q)X +Cp 2 (7.6)
moy mo mo mo

Notation Key:

¢ = Dampimg Coefficient

k = Spring Constant

Fc = Force of Cam on Follower

Fs =Force of Spring on Follower

Fd = Force of Damper on Follower

m = Mass of Moving Elements

t = Time in Seconds

s =Rise of Cam

z = Displacement of Mass 1 in Inches

Z = Velocity of Mass 1 in Inches/Second
Z = Acceleration of Mass 1 imches/Second

x = Displacement of Mass 2 (Oscillating Mass) in Inches
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i = Velocity of Mass 2in Inches/Second

% = Acceleratiorof Mass 2in Inches/Second

Throwgh the use of four dummy variables, the following state space equations

wereobtained:

Where: yi1=X W%=x Yy3=S y==5

Va=-(CL+ ) yaTl (Kit k) ys+ (k) yi1+C (Y2 (7.7)
m; my my my
V3= Ya (7.8)
V2= (Ko) Y31 (Kot ka) y1-(Co+ G3) Yo + (C2) Ya (7.9)
ma mz ma mz
Vi=Y2 (7.10)

In order to solve these state space equat{@rs- 7.10)for a numerical solution,

a modelutilizing an adaptive steBungeKutta methodvasdevelopedn Matlab
(Appendix D). A discussion of the specifiedinary differential equatioQDE)
solver that wasdectedfor problem is located iAppendixE. This modelwould

not only allow the determination of the required spring constants and preloads,
but also the resulting cam shaft torque and position error of the oscillating mass.
Additionally, the model endbd the verification of earlier calculationsrthe

tension in the tape.
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The campingcoefficients (c1, c2, and c3) weaitsocalculated in the Matlab

modelusing the equati@i7.11 and 7.12.

m (7.11)
( V2 + kE)
c=1|2m ® g
m (7.12)
Where:
¢ = Da mp ftypiaally Rss thand.1 according to Kostér

Iterativesimulations were performed using tt@mpletedViatlabmodel to
determinghestiffness requirements féwoththe follower return and oscillating
mass preload sipigs in order toprevent follower jump anthaintaintension in

the metal tapat thetarget speed of 400 rpnunfortunately, the camshaft torque
resulting from the necessary springs at this spemdd far exceed the available
torque ofthe cam test bedrive motor. For this reason the peak operating cam
speed was scaled down to 250 rpm. At this spgeedoeak acceleration of the
oscillating mass would be abot@00in/seé vs.the 15,000 in/setthat themass
would sedn the project spons@ intendd application. Ultimately, the tension in
the tape would be reduced from the proje@&2d Ibfin the sponsds application

to 290 Ibfin the experiment on the cam test bed at 18G@&¢. Plots of the
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displacement, velocity, and acerdtion of the syem at 250 rpncan be seen in

Figures 7-3 through 75.
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Figure 7-3: Plot of simulatedcam follower displacement over one revolution of

cam.
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Figure 7-4: Plot of simulatedcam follower velocity over one revolution of cam.
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Figure 7-5. Plotof simuatedend effectolacceleratiorover onecamrevolution

According to the modeht 250rpm thefollower return springvould need to have
an effective springtiffnessof 288 Ib/inat the follower rolleeandwould need to
have a preload of 140 liof orderto prevent follower jump It was also
determined that the spring maintaining tension in the steel tape would need to
have a effectivespring rate of 323 Ib/in and a preload of 50 Ibf. The resulting
force on the camand tension in the metal tape29 rpm is depicted ifigures 7-

6 and 77 respectively
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Figure 7-6: Plot of simulatedcam followerforce over onecamrevolution.
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Figure 7-7: Plot ofsimulatedtension in metal tape over onamrevolution.
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The position error between the twassesan be seen in the plot oz
Figure 7-8 below.
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Figure 7-8: Plot of simulatedposition error between mass one and mass two.

One can observe that the tasahulatedposition error of the top mass with
respect to the bottom maissapproximatky 0.0B5inches. This position error is
due to the axial deflection of the tape, which althoragherstiff at80,522 Ib/in

due to the lever ratjcstill has some measurable deflection even with a peak load
of a little more than & Ibf. Overall, this psition error is minimal in comparison
to conventional linkages which would have clearances in multiple pin joints in
addition to deflection in its members.

The torqueamposed on the camshaft due to the follower return and oscillating

mass preload sppigs can be seen Figure 79.
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Figure 7-9: Plot of simulatedcamshaft torque over one revolution of cam.

As one can see from the pltte peak torque was approximatéiQo in/lb

neglecting friction in the cam shaft bearings and roller folloildre cam

dynamics test bed is equipped with a three horsepower electric motor with a full
load torqueating of 132 inlb. This motor drives the cam shaft of the machine

via belt drive with a reduction ratio of 5.7:1, meaning the peak available torque at
thecam shaft is roughly 7504ib. Based on this information the motor would

have ample power tdrive the machine at 250 rpm with the parameters used in

the model.
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8. Fabrication:

After determining the values for the unknown parameterscanfirmingthatthe
design was feasible in the mathematical matelas time to build the test fixture
to enable the collection experimentatiata.

The first step was to obtain all necesgauychasegbarts and materials from
various vendorsUsing equation 7.4 thequired spring constants were
determined for both the oscillating mass preload spring and the follower arm
return spring.A die spring having a 75 Ib/in spring rate and a 4 inch free length
was selected to fulfill the 323 Ib/in effective spring rate tixas determined
necessary in order to preload the oscillating mass and tape in tension. Likewise,
an extension spring having&8 Ib/in spring ratevith a built in 75 Ib preloadvas
chosen to meet tH288 Ib/in effective spring ratequirementdr the folower arm
return spring.Machined partsuch as the main support plates, pulley, and tape
end attachmentsere all made to pristlocated imMppendixF. After assembling,
the completed fixture was then aligned with the follower arm on the test ed an
mountedto the plate above the camshaft using fourIB8JNC socket head cap
screws The force transducer and accelerometers were then installed and wired
into the Dytran current power source. Photos of the completed test fixture

installedon the test bedan be seen iniures 81, 82, and 83.
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Figure 8-1: Rear view of cam test bed showing completed fixture mounted on
test bed and metal tape routed around flat pulley.
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Figure 8-2: This rear view of canest bed depicts the tape end clamp at the
follower arm, equipped with force transducer and accelerometer.
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Figure 8-3: Front view of test fixture showing support plates and connection to
test bed.
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Figure 8-4: Front view of test fixture showing oscillating mass mounted to the
linear slide along with the tape preload spring between the two pulley support
plates. One can also see the accelerometer located to the left of the prelogd sprin
that will be used to monitor the acceleration of the oscillating mass.

In the process of mounting the test fixture, it became apparent how critical the

alignment between the oscillating mass, pulley, and follower end clamp must be.
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